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The remarkable physicochemical properties of nanomaterials have attracted researchers due to the numerous applications in the
field of chemistry, biology, and physics. Despite the various applications, superparamagnetic iron oxide nanoparticles (SPIONs) are
harmful to living organisms and to the environment as they are released without any safety testing. In this study, SPIONs were
synthesized and further characterized. The aim of the study was to examine the toxicity of synthesized SPIONs against animal
models: Zebrafish—Danio rerio, Earthworm—Eudrilus eugeniae, and Drosophila—Drosophila melanogaster through histology
using Hematoxylin–Eosin and Prussian Blue staining. The accumulation of SPIONs was further quantified by using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS). Through histology images, it was observed that the SPIONs had caused damages
and a lower concentration of 0.001–0.002 μg/ml of metal accumulation was detected in the ICP-MS analysis.

1. Introduction

New horizons of technical advancement have been opened
with the help of nanotechnology [1]. There are some promising
applications of nanoparticles in nanomedicine, wastewater
treatment, etc. [2–7]. Magnetism is one of the numerous mag-
nificent qualities of nanoparticles that fascinates researchers of
both material sciences and biosciences [8–10]. Research is
being conducted on the applications of magnetic nanoparticles
in many fields [11–14], which include improving cell seeding
and distribution in tissue engineering scaffolds, targeted imag-
ing, and therapy [15, 16]; targeted imaging and therapy [17];
improving anticancer drug efficiency by amplifying reactive

oxygen species stress [18]; drug delivery applications [13];
magnetic resonance imaging [19]; magnetically induced local
hyperthermia [20–22]; wastewater treatment [23–30], etc.
Superparamagnetic Iron Oxide Nanoparticles (SPIONs) act
as carriers for drug targets as they obey to an external mag-
netic field [31]. They can deliver biotherapeutics by targeting
the ligands or stimulator-sensitive moieties that are respon-
sive to external stimuli, such as light, ultrasounds, or magnetic
fields [32]. They help in the implementation of drugs directly
to the target area with lower systemic concentration [33].
SPIONs are also employed in the diagnosis of a variety of
diseases. Intravenous injection of folate-tagged SPIONs in
an antigen-induced arthritis model improved macrophage
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endocytosis in vitro and produced hypointense signals
in affected joints; it may also be used in X-ray imaging
[34, 35].

Despite the advantages, biocompatibilities and toxicities
of iron oxide nanoparticles raise real concerns [36, 37].
When iron oxide nanoparticles were injected into a rat
model, it was claimed that they created oxidative stress, low-
ering the antioxidant capability of the blood cells [38, 39]. It
has been reported that nanoparticles induce oxidative stress,
which affects cell signaling [40]. SPIONs are reported to cause
oxidative stress responses such as inflammation, damage
to the membrane, denaturation of protein, mitochondria-
mediated apoptosis, lipid peroxidation, genotoxicity, etc.
[41, 42]. Low level of oxidative stress activates the genes
responsible for transcription defense through transcription
factor, leading to the activation of inflammation and apopto-
sis, and necrosis [43]. The impact of iron oxide nanoparticles
on cellular systems, like vascular systems, including blood
cells, fibroblast, stromal cells, reproductive cells, lung cells,
liver cells, kidney cells, and cerebral cells, have also been
reported earlier [44]. Iron oxide nanoparticles induces geno-
toxicity in intratracheally instilled mouse lungs, and the
inflammatory responses lead to oxidative and lipid

peroxide-related DNA adduct formations [45–48]. The
CCK-8 and lactate dehydrogenase assays can be used to deter-
mine cytotoxicity [49], and Comet reaction can be used to
determine the genotoxicity in biological tissue [50]. Various
functional groups can be added to SPIONs to minimize the
adverse biological effects [51]. Mice, Drosophila [46], earth-
worms [52], fishes [53–56], and even its embryos [36, 57] are
some of themodel organisms previously reported for studying
the toxicological effects of iron oxide nanoparticles. The
objective of this investigation is to explore the histopatholog-
ical impact of SPIONs in three different animal models: zeb-
rafish (Danio rerio), earthworms (Eudrilus eugeniae), and
Drosophila (Drosophila melanogaster). The study aims to
assess the harm and accumulation of SPIONs resulting
from their administration to these animal models. This
research provides insights into the potential applications of
SPIONs in fields such as drug delivery and X-ray imaging.

TABLE 3: Dietary ratio provided to Drosophila melanogaster.

Organism Feed Ratio of feed (1) Ratio of feed (2) Ratio of feed (3) Ratio of feed (4) Control Generation

Drosophila
melanogaster

NP :NF 0.002ml : 50ml 0.003ml : 50ml 0.004ml : 50ml 0.005ml : 50ml
50ml of feed without

NPs
3

NPs - Nanoparticles; NF - Normal Feed.

FIGURE 1: SEM analysis of SPIONs.

TABLE 1: Dietary ratio provided to Danio rerio.

Organism Feed Ratio of feed (1) Ratio of feed (2) Ratio of feed (3) Ratio of feed (4) Control

Danio rerio NP :NF 1 : 3 2 : 2 3 : 1 4 : 0 0 : 4

NPs - Nanoparticles; NF - Normal Feed.

50 nm

FIGURE 2: TEM analysis of SPIONs.

TABLE 2: Dietary ratio provided to Eudrilus eugeniae.

Organism Feed Ratio of feed (1) Ratio of feed (2) Ratio of feed (3) Ratio of feed (4) Control

Eudrilus eugeniae NP :NF 1 : 3 2 : 2 3 : 1 4 : 0 0 : 4

NPs - Nanoparticles; NF - Normal Feed.
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Previous studies have demonstrated that SPIONs with varying
physiochemical properties can exhibit either lower cytotoxicity
or toxicity that is dependent on the dosage, particularly at
dosages of 100 g/ml or higher [58].

2. Materials and Methods

2.1. Materials Required. Ferrous sulfate heptahydrate (FeS-
O4·7H2O) was purchased fromHiMedia; Ferric chloride hexa-
hydrate (FeCl3·6H2O) from Thomas Baker; Formaldehyde
(CH2O) and tetramethylammonium hydroxide (C4H13NO)
from SD Fine-Chem Limited, Mumbai, India, and agar from
Micro Fine Chemicals. Semolina was acquired from Vedant
Organics (div. of Esteem Pharmaceuticals); jaggery from
Cloudtail India. Zebrafishs (D. rerio) were procured from
Aquarium Professionals; earthworms (E. eugeniae) from SS
Vermicompost and Drosophila (D. melanogaster) from The
Genetics Laboratory of Kristu Jayanti College, Bengaluru,
India.

2.2. Synthesis of SPIONs. SPIONs were synthesized using
magnetic field-mediated reaction method [35]. Accordingly,
0.1 g of ferric chloride hexahydrate (FeCl3·6H2O) and 0.1 g of

ferrous sulfate heptahydrate (FeSO4·7H2O) were separately
dissolved in 1ml of nitrogenized double distilled water and
then mixed together for 5min. 500 µl of nitrogenized iron
salt solution was then added to 500 µl of tetramethylammo-
nium hydroxide (C4H13NO) and kept in vortex for 5min.
The obtained black precipitate was then washed in 1ml of
acetone and dried in hot air oven at 60°C for 30min. The
pellet was then dissolved in 700 µl of formaldehyde solution
(CH2O), and 300 µl of nitrogenized H2O was added dropwise
with simultaneous vortex, which was followed by 500 µl
formaldehyde solution. The obtained solution was then
kept in the magnetic field for 2 days and was then dispersed
in formaldehyde solution. The nanoparticles were then
washed four to five times in nitrogen-purged double distilled
water prior to toxicological experiments.

2.3. Characterization of SPIONs. Characterization of SPIONs
was done to analyze their chemical and structural properties.
The SPIONs were subjected to Scanning ElectronMicroscopy
(SEM) (Zeiss Ultra Plus, Oberkochen, Germany), Transmission
Electron Microscopy (TEM) (TEECNAI G2 Spirit Biotwin—
120kV), where the size and surface morphology of synthesized
SPIONs were checked, Atomic Force Microscopy (AFM)
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(Bruker, Dimension icon model, Germany) to examine the
confinement of the nanoparticle to the three coordinates
as 3D images, X-ray Diffraction (XRD) by Smartlab X-ray
Diffractometer (Rigaku Corporation, Japan) to check the
crystallinity and Vibrating Sample Magnetometer (VSM)
(LakeShore Co. Ltd., Lake Shore 7407, Westerville, Ohio, USA)
with a maximum magnetic field of 2.5T and dynamic moment
range of 1× 10e−6–10e3 emu to check the magnetization
property.

2.4. Feed Preparation. Feed was prepared separately for
D. rerio, E. eugeniae, and D. melanogaster. Stock solution
of 0.010mg/10ml of SPIONs were prepared using distilled
water and used in this study against earthworm and
zebrafish. For study against Drosophila, we used different
concentrations of SPIONs ranging from 0.002 g/1ml to
0.005 g/1ml.

2.4.1. D. rerio Feed Preparation.Micro pellet feed was soaked
in different concentrations of SPIONs suspension and
incubated at room temperature until all the nanoparticles

were absorbed into the feed. It was then dried in a hot air
oven at 40°C overnight, after which the nanoabsorbed feed
was kept at the room temperature for 15min to cool and then
stored for further use.

2.4.2. E. eugeniae Feed Preparation. Dried cow dung was fed
to the E. eugeniae. The stock SPIONs solution was suspended
in the deionized water in different concentrations and were
sprayed onto the cow dung and dried, which was then stored
for further use.

2.4.3. D. melanogaster Feed Preparation. 25 g of jaggery was
crushed and boiled in 250ml of water until it was dissolved
completely. 25 g of semolina was added to the previously
prepared solution, which was followed by the addition of
10% agar. About 1.9ml of propionic acid was added to the
prepared porridge and thoroughly stirred while it was still
hot. The porridge was then transferred to 5 beakers (50ml
each). Stock SPIONs of varied concentrations were added to
the heated mixture and thoroughly stirred. 10ml of each was
poured into separate test tubes while the porridge was still

ðaÞ ðbÞ ðcÞ

ðdÞ ðeÞ
FIGURE 6: Histology images of zebrafish exposed to different concentrations of SPIONs using Hematoxylin–Eosin stain: (a) control; (b) 1 : 3
ratio of SPIONs to feed; (c) 2 : 2 ratio of SPIONs to feed; (d) 3 : 1 ratio of SPIONs to feed; (e) 4 : 0 ratio of SPIONs to feed. Black arrow
lipofuscin; red arrow erosion of organ; blue arrow interstitial space.
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warm. After 10min, themoisture content in the test tubes was
wiped with cotton and kept overnight for solidification.

2.5. Feeding the Organisms. Four different concentrations of
feed were given to D. rerio, E. eugeniae, and D. melanogaster.

2.5.1. Feeding D. rerio. After a month-long acclimation,
D. rerio were bifurcated into five different fish bowls, among
which one bowl was considered as control. The administered
feed details are given in Table 1.

2.5.2. Feeding E. eugeniae. E. eugeniae were introduced to the
soil containing cow dung in a plastic tub and allowed to
acclimate for a week. The earthworms were fed dried cow
dung at regular intervals. In order to ensure proper growing
circumstances for the earthworms, the moisture conditions
in the box were also checked regularly. The administered
feed details are given in Table 2.

2.5.3. Feeding D. melanogaster Culture. D. melanogaster
(10 flies each) were inoculated into the prepared test tubes

for feeding and the study for three generations, i.e., larva,
pupa, and adult fly, each of which were collected for analysis.
The administered feed details are given in Table 3.

2.6. Inductively Coupled PlasmaMass Spectrometry (ICP-MS)
and Staining of Organisms. The organisms after the study
period, were subjected to histopathological staining, for
which they were preserved in 10% formaldehyde solution.
Hematoxylin–Eosin (H&E) staining was done to detect
changes in the tissue of the organism, according to the pro-
cedure followed by Samrot et al. [59] and Cardiff et al. [60].
Prussian Blue staining was also done to examine the iron
accumulation inside the tissue [61–63]. Organisms from
each concentration were subjected to acid digestion [64]
and analyzed using ICP-MS analysis (Agilent Technologies,
7700 series, Santa Clara, CA, USA).

3. Results and Discussion

3.1. Characterization of SPIONS. The topographical view
revealed that the size of synthesized SPIONs was in the range

ðaÞ ðbÞ ðcÞ

ðdÞ ðeÞ
FIGURE 7: Histology images of zebrafish exposed to different concentrations of SPIONs using Prussian Blue stain: (a) control; (b) 1 : 3 ratio of
SPIONs to feed; (c) 2 : 2 ratio of SPIONs to feed; (d) 3 : 1 ratio of SPIONs to feed; (e) 4 : 0 ratio of SPIONs to feed. Black arrow lipofuscin; blue
arrow interstitial space; yellow arrow denotes iron accumulation.
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10–25nm (Figure 1), which was also confirmed by TEM images
(Figure 2). Samrot et al. [59] also reported the size of SPIONs to
be around 25nm, synthesized using ammonia as a reducing
agent. In earlier reports, Samrot et al. [65] synthesized SPIONs
which ranged from 9 to 25nm. SPIONs synthesized using
precursor solutions such as FeCl3 and FeCl2 were found to be
40–45nm in size [66]. In a study by Sathya et al. [67], the size
of iron oxide nanoparticles synthesized using a magnetic
stirrer and ultrasound method ranged from 20 to 90 nm.

The 3D structure of the synthesized SPIONs was con-
firmed by AFM analysis (Figure 3). It was confirmed that the
particles were spherical and well dispersed. According to
the XRD pattern (Figure 4), the synthesized SPIONs were
in the inverse spinel structure. Shukla et al. [68] reported that
the iron oxide nanoparticles exhibited peaks at 30.1, 35.5,
42.6, 53.6, 57.0, and 62.8 assigned to the diffraction plane
of the spinel structured magnetite nanoparticles (220),
(311), (400), (422), (511), and (440), respectively. VSM mea-
surements were done to estimate the magnetization and

coercivity of the synthesized SPIONs. The magnetization
curves clearly indicated the superparamagnetic behavior of
the synthesized SPIONs (Figure 5).

3.2. Histology.H&E stain is usually used for the identification
of different kinds of cells and its pattern, shape, and struc-
tures, whereas Prussian Blue staining is performed to identify
the accumulation of iron as it can form ferric ferrocyanide
complex by producing blue color in the tissue [69, 70]. Intes-
tines of D. rerio were stained using H&E following exposure
to different concentrations of SPIONs (Figure 6). Lower
concentrations of SPIONs did not show any significant
impact, whereas exposure of higher concentrations caused
erosion in the goblet cells in the intestinal area and on the
intestinal wall of D. rerio. Tissues stained using Prussian
Blue (Figure 7) revealed the accumulation of iron oxide
nanoparticles inside the tissues. It was accumulated in and
around the intestinal walls. Samrot et al. [59] earlier reported
that the metal nanoparticles impacted the rate of reproduction.
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FIGURE 8: Histology images of earthworms exposed to different concentrations of SPIONs using Hematoxylin–Eosin stain: (a) control; (b) 1 : 3
ratio of SPIONs to feed; (c) 2 : 2 ratio of SPIONs to feed; (d) 3 : 1 ratio of SPIONs to feed; (e) 4 : 0 ratio of SPIONs to feed. Black arrow
lipofuscin; red arrow erosion of organ; blue arrow interstitial space. E, Epidermis; CM, Circular Muscle; LM, Longitudinal Muscle.
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Villacis et al. [71] reported the occurrence of fragmentation
of DNA and micronuclei, malondialdehyde generation, and
reduction in gene expression.

The exposure of SPIONs had a negative impact on the
tissue of E. eugeniae as well, which was seen in the histology
images. The earthworm’s exterior structure was altered sig-
nificantly. As the concentration of SPIONs increased, the
circular and longitudinal muscles were found to be degraded
in addition to the gizzard area (Figure 8). E. eugeniae treated
with different concentrations of SPIONs, and control were
also studied using Prussian Blue staining (Figure 9), which
showed the accumulation of SPIONs and is believed to be the
reason for damaged circular muscle and epidermal erosion.
In earlier reports, it has been evidenced that exposure of
Fe2O3 onto the earthworm, significantly decreased its growth
and rate of reproduction [72, 73]. Samrot et al. [52] also
reported erosion of epithelium, fibrosis of the circular mus-
cle, and gut disintegration of earthworms on exposure to
magnetite nanoparticles.

The histology images of D. melanogaster exposed to dif-
ferent concentrations of SPIONs. Figures 10–15 depicted
visible distortion in the waxy cuticles of larvae at lower con-
centrations, whereas degradation at higher concentrations
was also noticed (Figure 10). The deposition of iron in the
larvae of D. melanogaster in Figure 11 is visualized using
Prussian Blue staining. The images show the accumulation
of SPIONs in the larvae’s anterior and in the midguts. The
mouth, spiracles, and trachea in the anterior and the ovary
and gonads in the posterior of the larvae have been found to
be degraded at higher concentrations.

The histology images of the D. melanogaster pupa stained
with H&E are shown in Figure 12. The images do not show any
damages after being exposed to lower concentrations, such as
0.002 g : 50ml and 0.003 g : 50ml of SPIONs : feed ratio but
higher concentrations, such as 0.004 g : 50ml and 0.005 g : 50ml,
exhibited erosion of the puparium, anterior, and posterior
regions and severe damages in the tracheal region. The Prussian
Blue staining of the pupa illustrated the accumulation of the iron
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FIGURE 9: Histology images of earthworms exposed to different concentrations of SPIONs using Prussian Blue stain: (a) control; (b) 1 : 3 ratio
of SPIONs to feed; (c) 2 : 2 ratio of SPIONs to feed; (d) 3 : 1 ratio of SPIONs to feed; (e) 4 : 0 ratio of SPIONs to feed. Black arrow lipofuscin;
blue arrow interstitial space; yellow arrow denotes iron accumulation. G, Gut; E, Epidermis; CM, Circular Muscle; LM, Longitudinal Muscle.
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FIGURE 10: Histology images of Drosophila larva exposed to different concentrations of SPIONs using Hematoxylin–Eosin stain: (a) Control;
(b) 0.002 g : 50ml ratio of SPIONs to feed; (c) 0.003 g : 50ml ratio of SPIONs to feed; (d) 0.004 g : 50ml ratio of SPIONs to feed;
(e) 0.005 g : 50ml ratio of SPIONs to feed.

ðaÞ ðbÞ ðcÞ
FIGURE 11: Continued.

8 Journal of Nanomaterials
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FIGURE 11: Histology images of Drosophila larva exposed to different concentrations of SPIONs using Prussian Blue stain: (a) control;
(b) 0.002 g : 50ml ratio of SPIONs to feed; (c) 0.003 g : 50ml ratio of SPIONs to feed; (d) 0.004 g : 50ml ratio of SPIONs to feed;
(e) 0.005 g : 50ml ratio of SPIONs to feed.

ðaÞ ðbÞ ðcÞ

ðdÞ ðeÞ
FIGURE 12: Histology images of Drosophila pupa exposed to different concentrations of SPIONs using Hematoxylin–Eosin stain: (a) control;
(b) 0.002 g : 50ml ratio of SPIONs to feed; (c) 0.003 g : 50ml ratio of SPIONs to feed; (d) 0.004 g : 50ml ratio of SPIONs to feed;
(e) 0.005 g : 50ml ratio of SPIONs to feed.
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FIGURE 13: Histology images of Drosophila pupa exposed to different concentrations of SPIONs using Prussian Blue stain: (a) control;
(b) 0.002 g : 50ml ratio of SPIONs to feed; (c) 0.003 g : 50ml ratio of SPIONs to feed; (d) 0.004 g : 50ml ratio of SPIONs to feed;
(e) 0.005 g : 50ml ratio of SPIONs to feed.

ðaÞ ðbÞ ðcÞ
FIGURE 14: Continued.
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ðdÞ ðeÞ
FIGURE 14: Histology images of adult Drosophila exposed to different concentrations of SPIONs using Hematoxylin–Eosin stain: (a) control;
(b) 0.002 g : 50ml ratio of SPIONs to feed; (c) 0.003 g : 50ml ratio of SPIONs to feed; (d) 0.004 g : 50ml ratio of SPIONs to feed;
(e) 0.005 g : 50ml ratio of SPIONs to feed.

ðaÞ ðbÞ ðcÞ

ðdÞ ðeÞ
FIGURE 15: Histology images of adult Drosophila exposed to different concentrations of SPIONs using Prussian Blue stain: (a) control;
(b) 0.002 g : 50ml ratio of SPIONs to feed; (c) 0.003 g : 50ml ratio of SPIONs to feed; (d) 0.004 g : 50ml ratio of SPIONs to feed;
(e) 0.005 g : 50ml ratio of SPIONs to feed.
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(Figure 13). No visible accumulations were observed at lower
concentrations, but at higher concentrations, the posterior
region of pupa was accumulated with iron nanoparticles.
Raj et al. [74] reported that a high dose of silver nanopar-
ticles at the early stages of development could negatively
impact the behavior and metabolism of D. melanogaster.

Adult D. melanogaster did not show any considerable
impact at the lower concentration but revealed the formation
of lipofuscin-like granules in the abdominal region. But
whereas at higher concentrations, the head, thorax, and
abdomen were entirely distorted (Figure 14). The iron accu-
mulation is visible in the histology images (Figure 15) stained
by Prussian Blue. Abdominal region of adult D. melanogaster
also showed lipofuscin-like granules responsible for the ero-
sion in gut area. The thorax and abdomen were entirely
degraded at the higher concentrations. Ong [75] revealed
that the survival rate of D. melanogaster fed with silver nano-
particles decreased significantly when compared to con-
trol flies.

3.3. ICP-MS Analysis. The concentration of SPIONs in the
aqueous solution of acid-digested organisms from each
concentration was studied using ICP-MS analysis [76]. The
control samples showed no substantial deposition, albeit a
small amount (0.001–0.002μg/ml) was detected, which can
be attributed to the presence of metal in the organism’s
natural habitat. Figures 16 and 17 shows the metal
accumulation inside the bodies of D. rerio, E. eugeniae, and
different stages of D. melanogaster, which was supported by
histology images as well.

4. Conclusion

SPIONs have been synthesized and characterized using SEM,
TEM, AFM, XRD, and VSM in this study. The toxicity studies
of SPIONs were carried against D. rerio, E. eugeniae, and the
different stages of D. melanogaster and histology studies were
carried out by staining the tissues with H&E and Prussian Blue.

The exposure of nanoparticles onto the organisms were
depicted through histology studies, and metal accumulation
was investigated by ICP-MS analysis. The synthesized
SPIONs had considerable damages in the organisms which
are suspected to be toxic.
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Cellulosic biomass hydrolysis yields a nanoscale substance known as nanocrystalline cellulose (NCC). Gel, liquid, or powder is
adaptable to a variety of uses. Nanocrystalline cellulose has unique renewability, biodegradability, and mechanical and
physicochemical qualities, and abundance boosts the material’s mechanical strength by many orders of magnitude when
introduced into the material matrix (polymer, ceramic, or metal). Nanocrystalline cellulose is not related with any serious
environmental issues because it is a natural substance. The progress of this biomaterial as a green and renewable biomaterial
for the fabrication of lightweight and biodegradable composite materials gives further impetus. The current aim of
nanocrystalline cellulose research is to optimise nanocrystalline cellulose characteristics for dispersion in hydrophilic and
hydrophilic media. To assess the nanocrystalline cellulose reinforcing, antibacterial, stability, hydrophilicity, and
biodegradability, imaging methods and protocols in complicated matrices will need to be developed. This review includes a
discussion on nanocrystalline cellulose biocomposites.

1. Introduction about Nanocrystalline Cellulose

Current interest in cellulose-based materials has increased in
demand for renewable and environmental considerations
[1]. Natural cellulose fibers have exceptional strength and
durability benefits, making them unique in various polymer
matrices for reinforcement [2]. One of these agricultural
wastes is rice straw consisting of three components: cellulose,
hemicellulose, and lignin. The organic fiber is cellulose and
hemicellulose, whereas the cell wall is lignin. Cellulose consti-
tutes approximately 50% to 1/4 of the plant tissues and is a sig-

nificant component of all plant materials; photosynthesis is
continuously supplied [3]. It is environmentally friendly and
renewable, has low density, has low surfaces, and contains
hydroxyl surface bands that enable strong oxygen bonds in
the single or close chains [4]. Cellulose is the world’s largest
natural biopolymer. Figure 1 shows hierarchical patterns for
cellulose microphones, nanofibers and nanocrystals, and
transmission electron micrographs of cellulose microphones.

In the natural world, an essential element is the connection
of nanocellulose with hydrogen to other polymer matrices,
making cells from highly organized structures that hold chains
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firmly together and form highly tense microfibrils [9, 10].
Nanocellulose, its unique characteristics, has enhanced
mechanical andheatproperties suchas a layer,mould, and latex
[11, 12] by making it an exciting and safe material for polymer
strengthening. Various reviews discussed the possible use of
composite compounds by cellulose nanocrystals and cellulose
nanofibrils [13, 14]. Cellulose has been a typical biomass with
a broad spectrum of applications due to sharply growing
demandsof renewabilityandsustainability inrecentyears.Dur-
ing the last decades, particularly, nanocrystalline cellulose has
deliberatedhigh surface area, lowdensity, andgoodmechanical
strength, biodegradability, and nontolerable nanostructure
characteristics. The nanocrystalline cellulose is now booming
in numerous industries and daily applications, including drug
excipients, polymers, reinforcement of adherents, and personal
care products like hair conditioners and shampoos.

Figure 2 shows the amorphous cellulose chain area
removed from cells of a rod structure by acid hydrolysis.
Highly intensified scientific research is carried on nanometric
cellulose because it is highly available and renovated. They also
apply in different fields with their attractive mechanical and
chemical characteristics. Both cellulose and nanometric fillers
are associated with nanometric cellulose [16]. Nanocellulose is
a biological material with the strength of tensile material sim-
ilar to steel or Kevlar, a high specific surface area of low densi-
ties, and good biodegradability. Because of this, nanocellulose
is being investigated to be used in some different equipment
and sizes, including packaging materials, biomedical equip-
ment, adhesives, electronic, and electroplating [17–25]. In
the material sciences, the cellulose-nanofibers attract a consid-
erable number. Due to their magnetic properties (for example,
large areas (100 m2 g-1)), augmented volume-to-volume pro-
portions of 100, and strong crystallinity, it has low density,
lightweight mechanical characteristics, and high-poric mesh
arrangement compared with other business fibers [26]. They
are also easy to use at cheap rates, as they use less energy dur-
ing combustion and can be easily recycled [27], in addition to
their intrinsic properties and ecologically sodium fibers.

The chemical and mechanical processes are used to
extract natural fibers of nanosizes. Hydrolysis chemical is
widely used for the extraction of nanocrystalline cellulose.
The nanocrystalline celluloses become tremendously inter-
ested in material science studies because of its nanometric,
high crystallinity, high appearance rates, high mechanical
resistance, low density, easy access, and high abundance
[28, 29]. The addition of nanocrystalline celluloses has also
been reported to decrease starch film permeability by water
vapour. It is easy to the morphology of nitric cell fluid, which
increases starch-based packaging’s slow-down tortuosity and
thus improves its suitability for food packing application
[30]. The cellulose molecular chains have inter- and intramo-
lecular hydrogen connecting networks as shown in Figure 3.

Students have been highly interested in nanocellulose as
a new nanobiomaterial. The nanocrystalline cellulose has a
high aspect ratio and a high specific surface area [32]. Fur-
thermore, a highly crystalline area in the single molecular
structure makes nanocrystalline celluloses mechanically
and accessibly available in food packaging [33]. As a result
of its strong hydrogen bonding and its high surface area,
the nanocrystalline cellulose is integrated with the organic
polymer structures as a packaging material to handle protein
defects [34]. Research shows that the alginate film and water
barrier [35] are greatly affected by nanocrystalline cellulose.

Cellulose is the primary renewable polymer in the world
and is used as nanofiller for PBS. It is often present in plants,
tunicates, algae, and bacteria. It consists of a vast molecular
polymer composed of multiple β-1,4 glucose units and
hydroxyl groups on the side of the chain. Acid hydrolysis
is the most common nanocrystalline cellulose extraction
technique that breaks down cellulose amorphous areas and
crystallises them [36]. Figure 4 shows the structure of the
plant cell wall.

In recent years, research has been undertaken intensively
on innovative materials filled with nanocellulose [38]. It is
because of nanocellulose’s exceptional properties. Cellulose
is inherently produced from large plant natural sources, such
as rice [39, 40] wood, cotton, and biomash [41]. The algae
and certain bacteria of cellulose are also synthesized. Marine
animal tunics are other exciting sources of cellulose. In many
applications, cellulose composites may be used. The adverse
effects reduce on polymer composites. For years, it is still
known that cellulose has surprised scientists such as auto-
motive, packaging, electronics, and sport [42–44]. The struc-
tural structure and cellulose reduction and nonreturn in the
planer form are illustrated in Figure 5.

Cellulose is most widely discovered as an important nat-
ural material for various applications. Mainly for the pro-
duction of paper, door panels, seat backs, headliners,
packing trays, dashboards, mobile covers, packaging, sports
cars or liner, etc., biobased materials are used [46–49].

2. Different Properties of
Nanocrystalline Cellulose

The nanocrystalline cellulose meaning covers the strongest
and rigid natural market materials [50], such as the resis-
tance of high voltages, high hardness, large surfaces [51],

Transverse section

Cellular wall structure

Cellulose fibrils

Individual microfibril

Cellulose microstructure

Cellulose molecule

Sugar unit

Figure 1: Hierarchical structures of cellulose and cellulose
microfibrils, nanofibers and nanocrystals, and transmission
electron micrographs [5–8].
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Figure 2: Schematic of nanocrystalline cellulose [15].

Figure 3: Composition of inter- and intramolecular hydrogen bond networks [31].
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Figure 4: A schematic diagram of plant cell wall structure [37].
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low densities, high-load ratio, hydroxyl reactive clusters’ var-
iable surface characteristics, and other chemicals, with elec-
trical, mechanical, thermal, and optical characteristics.

2.1. Chemical Properties. Under climatic conditions, age, and
degradation process, the natural fiber is structured and
chemical. The chemical components spreading across cell
walls are the primary and secondary wall layers. Each chem-
ical plant varies from one plant to the next and is presented
in Table 1 [52]. Each plant cell wall is primarily charging cel-
lulose. The polymerization of 30-36 β-1 chains and 4 corre-
lated glucose units is a rigid and insoluble crystalline
material around cell walls. Hemicelluloses also include plant
polymers and acids such as xyloglucans, xylenes, glucoman-
nans, and galactoglucans. Therefore, hydrogen uses to coor-
dinate the cellulose fibrils and gravel them into a matrix of
hemicelluloses and lignin’s with high molecular weight pec-
tin molecules. In between cellulose and lignin in some walls,
the hemicelluloses act as a clamp [53]. Lignin is also a con-
necting agent that enhances cellulose strength [54].

Cellulose is a biomass-derived biopolymer that is sus-
tainable, abundant, and natural. The cellulose structure is
arranged in fibrils with a lignin and hemicellulose matrix
surrounding it [56]. It is the classic example for the plant
of polymer plants of a renewable and biodegradable fabric
polymer [57]. According to researchers, the overall produc-
tion of the biopolymer is forecast to exceed € 7.5/1010
tonnes per year. However, only about 6 to 109 tonnes are
processed in the paper chemical, fabric, material, and chemi-
cals [58]. Figure 6 shows the biodegradable polymer matri-
ces. Table 2 shows the chemical compositions of some
natural fibers.

2.2. Thermal Properties. As regards nanocrystalline cellulose,
its thermal property is one of the main restrictive factors in
the application of nanocrystalline cellulose(NCC) mechani-
cal characteristics at high temperatures [50]; however, the
nanocrystalline cellulose is excellent for the treatment of
heat thermoplastics (n200°C) [61] (NCC degradation, usual
at 0 temperature). For example, in the paper industry, paper
with extra durability, strength, and flexibility is produced
using nanocrystalline cellulose. In addition, nanocrystalline
cellulose has unique papers with optical characteristics
[62], in some cases.

2.3. Optical Properties. Researchers initially found liquid
crystalline nanocrystalline cellulose, which resulted in an

interesting observation of the nanocrystalline cellulose in
1959, in birefringence suspension. Most of the studies
focused on nanocrystalline cellulose observations of this
phenomenon. Li et al. produced a solid, cellulose iridescent
film with a unique NCC feature to create safety documents
such as banknotes, passports, and flat-water supplies [61]
concerning the optical qualities of nanocrystalline cellulose.

2.4. Mechanical Properties. Table 3 shows the cellulose nano-
crystals and other strengthening materials mechanical
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Figure 5: Structural organization of cellulose in planner form showing reducing and nonreducing end [45].

Table 1: Chemical composition of standard lignocellulosic fibers
[52, 55].

Type of fiber
Composition (wt %)

Source Cellulose Hemicellulose Lignin

Wood
Hardwood 31-64 25-40 14-34

Softwood 30-60 20-30 21-37

Nonwood

Bagasse 32-55.2 16.8 19-25.3

Coir 32-43.8 0.15-20 40-45

Corn cobs 26.1 45.9 11.3

Corn stalks 35 25 35

Cotton 82.7 5.7 <2
EFB 43-65 30 19

Oil palm frond 56.03 27.51 20.48

Flax 62-72 18.6-20.6 2-5

Hemp 68-74.4 15-22.4 3.7-10

Jute 59-71.5 13.6-20.4 11.8-13

Kenaf 31-72 20.3-21.5 8-19

Ramie 68.6-85 13-16.7 0.5-0.7

Sisal 60-78 10-14.2 8-14

Sunn 80 10 6

Wheat straw 43.2 34.1 22

Curua
70.7-
73.6

9.9
7.5-
11.1

Abaca 56-63 20-25 7-13

Alfa 45.4 38.5 14.9

Bamboo 26-65 30 5-31

Banana 63-67.6 10-19 5

Coconut 36-43 0.15-0.25 41-45

Soy hulls 56.4 12.5 18

Rice husk 25-35 18-21 26-31

Rice straw 59.1 18.4 5.3
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properties. Nanocrystalline cellulose characterizations are
calculated through atomic force microscopy (atomic force
microscope), analysis of radiation diffraction, inelastic radi-

ation dispersion, and Raman effect. It carries theoretical
and indirect experimental measures [63].

Nanocrystalline cellulose has been extensively studied in
several areas, including polymer electrical electrolytes, pack-
aging, antireflective, and solid iridescent movies for its excel-
lent mechanical properties [67]. Finally, nanocrystalline
cellulose natural cellulose characteristics are not only

Poly (Amides)

Poly (Anhydrides)

Poly (Amide-enamines)

Poly (Vinyl alcohol)

Poly (Vinyl acetate)

Poly (Glycolic acid)

Poly (Caprolactone)

Poly (Orthoesters)

Poly (Ethylene oxides)

Poly (Phosphazenes)

Poly (Lactic acid)

Polysaccharides
starch, cellulose, chitin

Proteins
collagen/gelatin, casein,
albumin, fibrinogen, silks

Polyesters
polyhydroxyalkanoates

Other polymers
lignin, lipids, shellac,
natural

Figure 6: Biodegradable polymer matrices [59].

Table 2: Chemical compositions of some natural fibers [60].

Fiber
Cellulose

(%)
Hemicellulose

(%)
Lignin
(%)

Waxes
(%)

Sugarcane
bagasse

45 30 24 1

Bamboo 26-43 30 21-31 —

Flax 71 18.6-20.6 22 1.5

Kenaf 72 20.3 9 —

Jute 61-71 14-20 12-13 0.5

Hemp 68 15 10 0.8

Ramie 68.6-76.2 13-16 0.6-0.7 0.3

Sisal 65 12 9.9 2

Coir 32-43 0.15-0.25 40-45 —

Pineapple leaf
fiber

81 — 12.7 —

Curaua 73.6 9.9 7.5 —

Table 3: Cellulose nanocrystals and other strengthening material
mechanical properties [10, 64–66, 50].

Material σ (MPa) E (GPa) ρ (g cm-3)

CNC 7500 - 7700 110 -220 1.6

Glass fiber 4800 86 2.5

302 stainless steels 1280 210 7.8

Softwood kraft pulp 700 20 1.5

Carbon fiber 4100 210 1.8

Boron nanowhiskers 2000 - 8000 250 - 360 —

Aluminum 330 71 2.7

Carbon nanotubes 11000 - 63000 270 - 950 —

Kevlar KM2 fiber 3880 88 1.4

σ = tensile strength; E = elastic modulus in axial direction; ρ = density.
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inherent but have unique features like high crystallinity
index (N70 per cent), large surface area (~150m2/g), and
high tensile strength aspect ratios (~70) (7500MPa). NCC
has been taken into account in specific sectors in recent
years, for example, regenerative medicine, printing, optical
applications, and composites [68].

3. Extraction Methods of
Nanocrystalline Cellulose

In order to reach nanostructured cellulose molecules of high
crystalline and surface areas, the hierarchical structure of
natural fibers must be separated. Many extraction methods
for glycosidic strips have been reported to break the cellulose
nanofibril domain. It includes and combines two or more
such techniques and mechanical, chemical, and biological
treatment. Furthermore, all such methods lead to the devel-
opment and disintegration of nanostructured cellulose mol-
ecules. Generally, nanofibrillar cellulose, called cellulose
nanofiber, is produced by mechanical cellulosic decomposi-
tion. Cellulose’s nanofibers such as homogenising, cryo-
crushing, microfluidisation, grinding, and high-intensity
ultrasonic have mechanical approaches available [69]. An
essential approach to the alignment process is enzymatic
pretreatment for lignocellulosic fiber. We know that pre-
treatment in mild and chemical processing conditions is eco-
nomical, energy-free, environmental, productive, and
biological [70].

In biological pretreatment, lignin and hemicellulose
decay with the help of lignocellulosic materials such as
brown, white, and spongy red champagne and bacteria.
The natural treatment may include an enzyme from
microbes. Brown red and soft fungi attack mainly cellulose,

while white red hits both cellulose and lignin. Compared to
other pretreatment procedures, there are also inherent dis-
advantages, such as long pretreatment times and high rates
[71, 72]. Cellulose-nanocrystalline, alkaline pretreatment,
acid hydrolysis, oxidants, and ionic fluids are the most
promising methods in chemical pretreatment. Acid hydroly-
sis is the standard method used to prepare nanocrystalline
cellulose because of moderate working conditions and excel-
lent suspended stability. The amorphous regions around the
cellulose fiber are destroyed in controlled conditions to
maintain crystalline areas under acid hydrolysis. Nonethe-
less, to separate lignin from its cellulose biopolymers must
be energetically pretreated. Then, biopolymers formed and
required deconstruction, derivation, and nanoparticles.
Three main routes are manufactured with cellulose-based
polymers. The principal routes for biopolymer production
in different forms of cellulose are exhibited in Figure 7.

Natural fillers based on cellulose nanofibrils and cellu-
lose microfibrillated, essential particle size factors affect the
stability, durability, and strength of lignocellulose-based bio-
composite materials [73–75].

3.1. Plasma Processing Technology. The formation of cellu-
losic nanomaterials is derived from biomass residues. In
the last few years, however, several attempts have been made
during production on the bench scale to improve the pro-
cess’ acceptance in an industrial context. In this light, the
heterogeneous solid acid catalyst of the cotton linter micro-
crystalline cellulose with amberlite IR 120 was one step of
forming nanocrystalline cellulose in this regard. The first-
order kinetics of 42.8 per 10-2 min-1 and a response rate of
10.1 per 10-5 mol/minute were followed in the production
method.

Cellulose
deconstruction

monomers-
based polymers

Nanocellulose-
based polymers

Naturals cellulose
fibres and
cellulose

derivatives-based
polymers

Cellulose
based

polymers

Figure 7: Main routes for the production of biopolymeric materials from various forms of cellulose [45].
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It has shown that in ultrastructural morphological anal-
ysis, the average particulate diameter is 36nm. Further-
more, they investigate four distinct types of
lignocelluloses: feedstocks, a rapid and effective grinding
method, liquefaction, centrifugation, and washing for
nanocrystalline cellulose isolation [77]. Liquefaction of gly-
col and methane sulfonic acid shows efficacy during isola-
tion. However, in terms of implementation, it takes a lot
of time to respond to multistage processes and increases
the total cost. In addition, a pot-oxidant method for hydro-
lysis has been developed as a biomaterial for the manufac-
ture of cellulose tools with plain electroprocess. The mean
nanostructure material fiber diameter was 51:6 ± 15:4nm.
In addition to conventional procedure, a 6.5 per cent added
to crystallinity for the product acquired with the pot
response. A further study used microcrystalline cellulose
empty fruits to isolate nanocrystalline cellulose with ultra-
sound TEMPO oxidation as lignocellulosic feedback. Sonic
treatment was observed when the yield increased by about
39 per cent compared to the nonsonic condition, with a
significant effect on the insulation process. Structural anal-
ysis shows a rod similar to crystalline morphology for
extracted nanocrystalline cellulose biomass, with an average
length of 122 nm, respectively, and a width of 6 nm [78]. A
new plasma solution method helps develop the nanocrys-
talline cellulose [79], microcrystalline cellulose, and FP as
the source material in an electrolytic solution. Figure 8
shows the scheme for the experimental system used in
plasma therapy for nanocrystalline cellulose development.
The graphic anode placed under atmospheric pressure
transmits direct current into the surface area of the electro-
lytic solution as a cathode. As a consequence, the redox
reaction occurs when the glow discharge appears. Cellulose

oxidation causes the hydroxyl surface to occur during the
reaction when plasma processing is carried out with dis-
tilled water due to subsequent hydrolysis.

3.2. Acid Hydrolysis. Concentrate the desired acid and deion-
ized water in combination with the purified initial product.
It is the best technique used to separate cellulose nanocrys-
tals from cellulose fibers [38, 78, 80]. The procedure involves
acid-induced deconstruction, including the spread of acid
molecules through heterogeneous acid hydrolysis to cellu-
losic microfibrils. Glycosidic bonds are cleaved into the
amorphous cellulose fibrils which cause the hierarchy of
fibril bundles to break down into cellulose nanocrystals
[39, 81].

There was a selective splitting in the cellulosic chains
[20] in the difference in kinetic hydrolysis from paracrystal-
line to crystalline areas. These acids’most common chemical
function consists of the release of a glycosidic cellulosic ion,
which causes oxygen elements to spread and amorphous gly-
cosidic bond hydrolytic splits [16] to react to glycosidic
bonds between the two oxygen moieties 103, 102, 103, 103,
and 102. The acidic therapy hydrolyzes pectin, and hemicel-
lulose residues break polysaccharides into simple sucre.
Thanks to their large freedom of motor after the hydrolytic
division, these crystallites can grow in size and thus in
dimensions greater than the original microfibrils [20]. Cellu-
lose nanocrystals have quickly reduced their polymerization
due to acid hydrolysis. Dialysis with deionized water sepa-
rates and rinses the mixture at the end of the procedure to
remove residual acid and neutralised salt as in Figure 9.

Sonic treatment is generally applied [16, 38, 78, 84, 85]
to improve and homogeneously disperse cellulose nanocrys-
tals in aqueous media.

Anode

Plasma
Magnetic

stirrer
Graphhiite
electrode

DC power
supplymA

Figure 8: Schematic representation of the nanocrystalline cellulose preparation experimental using plasma processing technology [76].
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3.3. Ionic Liquids. Cellulose is a potent solvent ionic liquid. It
consists of liquid molten salts and is thus commonly referred
to as “green” solvents at environmental temperatures. The
first ionic liquid used to isolate NCC from the sugarcane
bagasse was 1-butyl-3-methylimidazolium chloride. Studies
show that cellulose dissolution in 1-ethyl3-
methylimidezolium acetate results in no substantial 85°C
degradations of the polymer cellulose chain. Cellulose dis-
solving potentially of this sort of ionic liquid is not decided
to the same degree by the ionic liquid presence of water
[86]. The cellulose has been dissolved and blocked by the
homogenizer. Consequently, 100% NCC crystalline struc-
ture is one of the effective uses of ionic liquid. Cellulose
was dissolved and passed by an ionic fluid without obstruc-
tion. Then, by adding water, cellulose was taken in, and by
freezing, NCC regenerated. The reaction temperature,
microwave power, and weight relationship between cellulose
and ionic liquid are soluble in cellulose. The best solubiliza-
tion found was also demonstrated when the 400W micro-
wave response temperature was 130°C and 1% ionic liquid
ratio [82]. Thus, cellulose insolvency retains 1-ethyl-3-
methylimidazolium acetate with just 15-16wt % of its water
content. Some reports describe prepared NCCs, including
totally amorphous and partially crystalline NCC, by regener-
ating lignocellulosic ionic liquid [87]. The crystallinity
observed seems to depend on the time of dissolution, cine-
matic recovery, and solvent-free choice. Therefore, the ionic
liquid offers a new route for the disintegration and restora-
tion of lignocellulosic substances.

3.4. Mechanical Treatment. In the process of production
with hydrolytic acid, oxidative and enzyme treatment com-
binations, or directly [14, 88, 89], the mechanical methods
of producing nanoscale cellulose particles have also been
extensively studied. They include microfluidisation, ultra-
sound, homogenization at high pressure, and ball milling.

The methods are often used to make cellulose nanofibers
with nanometers or decades of nano-thermometers and up
to several meters in length [10, 90]. Some researchers have
used high energy bead framing (HEBM) [89] to develop a
scalable mechanical method in recent years. Applications
of commercially available microcrystalline cellulose (MCC)
have been isolated from and aqueously dispersed or diluted
acid (phosphoric acid) by the authors in the course of a
HEBM process. The morphology and the dimension ratio
values of acid hydrolysis are very similar to the cellulose
nanocrystals. The cellulose nanocrystal output rate was
between 57% and 76%. The resulting rod, similar to cellulose
nanocrystals, is a high thermal stability crystallinity index

between 85 and 95%, which is used to melt the most com-
mon thermoplastics. The isolation of cellulose nanocrystals
by ultrasonic use was also mentioned by another mechanical
method [61, 89]. Rod-shaped cellulose nanocrystals were
made using a purely physical high-intensity ultrasound
method from an aqueous dispersion of microcrystalline cel-
lulose. The cellulose nanocrystal was 10-20 nm in diameter
and 50-250 nm in length.

However, the output of this method of cellulose nano-
crystals does not exceed 10%.The ultrasound effect was not
selective, meaning that amorphous cellulose and crystalline
cellulose can be eliminated. Water is known to have the abil-
ity to hydrolyze polysaccharides [91]. The main features of a
prevailing hydrolysis rate are water molecules and the acces-
sibility of H3O

+ and water species. In sub- and supercritical
water, lower and higher species levels are present [92]. Their
use for hydrolysis reactions could therefore be efficient. In
some studies, water has previously been used to produce lig-
nocellulosic material at high temperatures and pressure.
Very few studies on subcritical water hydrolysis method cel-
lulose nanocrystals production have been reported [93]. Not
only because of its greener characteristics but also because of
the low and cleaner waste, low corrosion, and low reactant
costs, it is the sole use of water as a reagent promising.
[94] used this procedure for the production of commercial
microcrystalline cellulose nanocrystals. The authors
reported that optimising reaction conditions certainly means
high-quality cellulose nanocrystals [93]. Hydrolyzed cellu-
lose joins with subscriptive water (120°C and 20.3MPa for
60 minutes). The states of the experiment permit for more
water, activity, and ionization diffusion. Partial cellulose
hydrolysis with a yield of 21.9% has therefore been achieved.
The cellulose nanocrystals obtained showed a high index of
crystallinity (79.0 per cent) and rod-like form with the same
aspect of cellulose nanocrystal as those reported. Moreover,
the thermal firmness of these cellulose nanocrystals was bet-
ter than the source of cellulosic (approximately 300°C).

4. Modification of Nanocrystalline Cellulose

Table 4 shows the effect of structural modifications on nano-
based crystalline cellulose. Change of the nanosurface cellu-
lose is the essential process to ensure homogenous
distribution and enhanced polymer matrix compatibility.
Some techniques for this purpose have also been registered,
including esterification, siltation, polymer grafting, and
mediate oxidation of 2.2,6.6-tetramethylpiperidine-1-oxyl
(tempo).

Cotton fabric

NCC films NCC suspension Sonication Dialysis

Hydrolysis Centrifugation

Cotton powder Cotton powder CentrifugationDialysis

Grinding

Figure 9: Schematic representation of the different steps used to produce CNCs using acid hydrolysis [10, 82, 83].
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4.1. Acetylation. The esterification reaction has become a
famous method of hydrophobic cellulose surface treatment.
Cellulose pretreatment groups replace the surface cellulose
groups with acetic nanoparticles with cellulose function
groups (COCH3). Acetylic anhydride is used in homoge-
neous and heterogeneous forms with acetylating cellulose
nanoparticles in the presence of acetic acid and small
amounts of catalysts such as sulfuric acid or perchloric acid.
When the partially acetylated molecules are sufficiently solu-
ble during a consistent acetylation process, on the other
hand, precipitate isolation is not necessary during the het-
erogeneous reaction. In homogeneous reaction conditions,
a replacement time, temperature, and molar cellulose deriv-
ative ratio can be easily managed. Natural polymer degrada-
tion is negligible during the response and degrading, and
additional routes are available to replace or implement new
working groups in full. The state of acetylation plays an
essential role in altering the physical properties of cellulose
while maintaining the microfiller morphology. Research
shows a high degree of transparency and decreased hygro-
scopicity of acetylated composites and improved thermal
resistance to cellulose acetylation and increased natural
resistance to acetylated plant fiber/polyester compos-
ites [103].

4.2. Silylation. Another efficient mechanism to stabilise the
spread of nanocellulose particles into a suspension is the
partial nanocellulose situation. On the nanocellulose surface,
a random distribution of alkyl molecules such as n-butyl, N-
octyle, N-dodecyle, and isopropyl defines its content by sur-
face substitution (DS). Cellulose might disperse with DS
value 0.61–1, resulting in a colloidally stable dispersion, with
intact morphological properties, in a solvent that has low
polarity (tetrahydrofuran). But since the chains in the centre
of crystals are linked with high sialylation (DS over 1), crys-
tals are disintegrated and original morphology is lost. After
the surfaces were altered by the partial sialylation of various
alkyl moieties [104], Goussé et al. received a stable suspen-
sion of tetrahydrofuran tunicate whiskers (THF).

4.3. Polymer Grafting. An alternative way to improve the
fiber-surface hydrophilicity is polymer grafting on the nano-
cellulose surface. Two main strategies are used for polymer
grafting. Connector components are used in the “grafting
on” approach to attach the presynthesized polymer chain
to the hydroxyl cellulose surface groups. On the other hand,
the “graft of” approach-initiated polymerization on location
constitutes polymer chains onto the substratum by the
immobilized initiator. The first approach to the “grafting

Table 4: Effect of structural modifications on nanobased crystalline cellulose [95–102].

Methods of modification Process followed Key results

Chemical modification
Partial oxidation of cellulose which was immediately
followed by interaction of aldehyde groups with

amino group of polyglutamic acid

The modified cellulose exhibited enhanced
compatibility with hydrophobic polylactic

acid when composite materials were
prepared

Surfactant-aided modification
Suspension of NCC was mixed with various

surfactants of different concentrations using orbital
shaker at 200 rpm for 24 hours

The modified NCCs were observed as potent
drug carrier for paclitaxel

Surface modification

1% (w/v) of NCC suspension was mixed with TA and
DA using 1 and 40mg/mL of concentrations,

respectively. The mixture was stirred for 3 hours at
room temperature prior to obtain the final product

The modified NCC obtained from OPEFB
was observed with improved curcumin

binding efficiency in the ranges of 95-99%

Hexadecyltrimethylammonium
bromide- (CTA-) assisted
hydrophobic modification

Spin coating technique was used to prepare CTA-
based NCC film

Surface plasmon resonance technique
revealed the ability of the film to sense

copper ions more efficiently

Chemical modification

Alkaline hydrolysis of Eichhornia crassipes using
10% (w/v) of NaOH at 100°C for 3 hours followed by
acidic oxidation using peracetic acid (CH3CO3H) at

80°C for 2 hours

NCC obtained from chemical modification
of the biomass was observed to remove an
anionic dye (reactive blue 21) and basic dye

(crystal violet) efficiently

Cationic surfactant
cetyltrimethylammonium bromide-
(CTAB-) mediated surface
modification

100mL 0.4% (w/w) of NCC suspension prepared
from Citrus limetta albedo (by alkali treatment,
bleaching, and acid hydrolysis) was added into

100mL 4mM of CTAB solution, and the mixture was
heated at 60°C for 3 hours

After the modification, NCC was observed
with enhanced surface area and also
investigated as sustained release drug

delivery system for NSAID

Chemical modification

A derivative compound of nanocrystalline cellulose
was synthesized, namely, cationic dialdehyde

cellulose (CDAC), by sequential oxidative reductive
amination process

Nanocrystalline cellulose was observed as
promising nanofiller with improved strength
and antiswelling properties for reinforcing
chitosan (CTS) film when 1% of CDAC was
well mixed with 1% solution of chitosan

Chemical modification
The surface modification is anticipated in aqueous

organic media through aromatic nucleophilic
substitution in the presence of an alkaline reagent

The modification explored the chemistry of
postmodification for the applications of

grafting molecules onto cellulose
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on” approach was [105] to take the grafting of DNA oligo-
mers on the cellulose surface [74], while Habibi et al. first
reported the “grafting from” approach. This work involved
the modification of the area by the grafting of poly (e-capro-
lactone) using stannous octoate (Sn (Oct)2) [7] through the
ring-opening polymerization.

4.4. Active Agent/Surfactant Surface Area. By interacting
with the subfactor and/or active surface agents, the hydro-
philic cellulose suspension adhesive can also be increased
to a nonpolar hydrophobic polymer matrix. Tensile is gener-
ally defined as an agent to lower water surface tension. Thus,
the use of cellulose modified by surfactant would alter the
dynamic of nanocomposites’ surface tension relative to their
interface. The interfacial tensional value generally lies
between the two immiscible phases of the surface tension
values. Therefore, if two-stage molecules have similar surface
tensions, interfacial tension will be zero [106].

For this reason, literature uses stresses such as alkenyl
succinic anhydride, isocyanate, polypropylenes malleated,
or chlorosilane. Noncovalent surface modification typically
takes place by adsorption of the surface of nanocellulose.
Surface modification by nanocellulose surfactant made of
mono and phosphoric acid diester and alkyl-phenolic tails
was introduced by [107]. Cellulose-modified particles have
been dispersed in nonpolar solvents. Furthermore, in nano-
composites, [64] reported the polystyrene nanocellulose-
coated surfactant. In addition, improve the dispersion of
ionic surfactant modification cellulose in polylactic acid
(PLA) polymer matrix [108].

5. Applications of Cellulose Nanoparticle-
Reinforced Biocomposites

The potential for various applications for cellulose nanopar-
ticles is present, and their use in nanocomposites is widely
studied. With the integration of biofibers, biofibers, based

on renewable energy resources such as cellulose plastics,
starch plastic, polyhydroxyalkanoates, and polylactides, will
become green biocomposites soon. Nanocells are primarily
considered for applications on paper and packaging and
construction, automotive and furniture, electronics, phar-
maceuticals, and cosmetics as in Figure 10.

For companies producing electro-electro acoustical
devices, nanocellulose is used as a high-quality sound mem-
brane. Nanocellulose has been used in various applications,
including first-rate electronic paper additives (e-paper),
ultrafiltration refining membranes, oils for mineral oil
regeneration, and membranes. The high strength, rigidity,
and small dimensions of nanocellulose can convey special
features to the use of fiber-reinforced composites and may
later in different applications, and it is shown in Table 5
[109].

5.1. Biomedical Applications of NCC. Since the toxicity of
nanocrystalline cellulose has not been implemented, NCC
has been introduced to biomedical applications by several
research groups. [116] suggested modified nanocrystalline
cellulose, especially chemotherapy agents, for the targeted
delivery of medicines [113]. For example, NCC successfully
targets and controls the supply of folic acid in the mamma-
lian brain to cancerous tumours. Nanocrystalline cellulose
also has numerous biomedical applications, such as the diag-
nosis and stagnation of NCC (e.g., the use of human elastase
enzyme at a damaged site) [117] and also has cardiovascular
graft replacements [8], enzyme/protein [118] immobiliza-
tion, and viral inhibitors (alphaviruses and perhaps also her-
pes simplex viruses). The fluorescent labelling of
nanocrystalline cellulose provides potential applications in
biomedical questions such as biosamples, bioassays, and
applications in bioimagery [63].

5.2. Other Potential Applications. Tissue engineering, waste-
water packaging, structural and efficient characteristics of
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Figure 10: Applications of cellulose nanoparticle-reinforced biocomposites in various fields.
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cellulosic products, and significant applications in the phar-
maceutical sectors are also being utilised in several areas:
alternative materials, the recognition of metal ions, and the
production of electronic goods and parts. In polyvinyl alco-
hol, nanocrystalline cellulose is widely used and distributed
to enhance mechanical properties (PVA). The main ingredi-
ent in nanocrystalline cellulose modification as a binding
agent was 1-hydroxymethyl5-dimethylhydantoin with cya-
nuric chloride (cych) (HDH). The synthesiser NCC cych-
HDH-Cl has been discharged into PVA or chitosan for anti-
bacterial film preparation after chlorination. Effects on
Staphylococcus aureus (ATCC 6538) and Escherichia coli
O157:H7 (ATCC 43895) [119] were significantly detrimen-
tal to the latter. Membranes of cellulose acetate (CA) are also
used for food packaging. Nanocrystalline cellulose particles
are, however, well integrated with these membranes to
enhance their industrial usefulness, using N-halamine pre-

cursors for polymethacrylamide (NCC PMAMs). Thus, for
Staphylococcus aureus and Escherichia coli, the composite
membranes had good antibacterial properties within 10
and 5 minutes, respectively [83].

In the recent successful cellulosic derivatives study,
Figures 11 and 12 shows a variety of applications. In prepa-
ration of biocomposite materials, nanocrystalline cellulose is
widely used as possible nanofiller. But poor addiction
between the matrix and the fillet causes nanoparticles to
autoaggregate and reduces adhesion of the polymer matrix.
Tempo-mediated oxidation was performed for PLA- and
PHBV-strengthened polymer composites to overcome these
constraints by the nanocrystalline cellulose suspension
resulting from OPEFB [120].

The biocomposites are developed to offer full potential as
packaging materials through the increased oxygen obstacle
and mechanical stability. In addition, nanocrystalline cellu-
lose helps maintain structural integrity in the production
of sensors due to its structural description of a high surface
area, an important aspect ratio and considerable rigidity.
Nanocrystalline cellulose quantum point-assisted tyrosinase
[122, 123], an integrated biosensor for aqueous system phe-
nol detection, has been developed.

The NCC was amended during CTAB architecture to
improve the conductivity of samples by decreasing the
hydrophilicity of the cellulose derivative. In the end, a sensor
has urbanized reasonable phenol detection limits with
0.0008 mg/L LODs of 0.5 to 3.8 mg/L. In research, NCC
modified by CTAB and GO was produced to permeate the
nickel ions selectively. SPR has been used to determine the
nanocomposite material’s binding affinity constant. A nickel
ion of a broad range of 0.01 to 0.1 mg/L is the 1.6/103 bind-
ing affinity constant [98]. In addition, for possible use in fuel
cells as conducting membrane, a single proton-driving
nanocomposite was prepared with NCC imidazole-doped
molecule. The maximum electrical conductivity showed at
140 B/C with 1 imidazole per 1.7 units of glucose was 2.7
10-2 s/m, which is an improvement of 5 times that of non-
doping performance [110, 124].

Figure 11: Promising applications of cellulosic derivatives.

Table 5: Applications of NCC derivatives in different fields [110–115].

Type of cellulosic
derivatives

Field of
applications

Key findings

NCC (nanocrystalline
cellulose)

Biomedical
3D printable with cartilage regeneration once NCC aerogel structure was crosslinked with

polyamide epichlorohydrin

NCC (nanocrystalline
cellulose)

Waste water
treatment

Starch-based hydrogel nanocomposite reinforced with magnetic functionalized NCCs for the
application as a novel nanoadsorbent in the removal of cationic dye from aqueous solution

NCC (nanocrystalline
cellulose)

Food packaging
Incorporation of 8% NCC resulted into the improvement in food preservation characteristics

both in gelatin and starch-based composite films

MCC (microcrystalline
cellulose)

Pharmaceutical
MCC was well observed as an efficient adsorbent for peppermint oil (PO), a multicomponent

liquid drug

MCC (microcrystalline
cellulose)

Pharmaceutical
MCC-based hydrogels were observed in vitro to load and deliver cephalexin in various simulated

body fluids

MCC (microcrystalline
cellulose)

Polymer
composite

Surface-modified MCC using urea was filled with chitosan for the preparation of polymeric
composite materials with improved stability and function

MCC (microcrystalline
cellulose)

Adsorption
Pyridonedi acid functionalized (PDA) was synthesized for the removal of lead and cobalt with

maximum adsorption capacities of 177.7 and 122.7mg/g, respectively
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6. Conclusions

The exploration of new materials for advanced applications
has been fascinating for environmentally sound biorenew-
able materials from various natural resources.

(i) Among the several renewable resources, cellulose is
the most common and significant polymer in
nature. Several types of cellulose may be processed,
including fiber, cellulose microphones, and nanos

(ii) Recently, cellulose nanocrystals (CNC), especially
for their crystalline structure and crystalline struc-
ture, were investigated in several advanced applica-
tions. Despite the great advantages of cellulose
nanocrystals, their broad application was limited
in terms of energy consumption and production
costs

(iii) Thus, the first portion of this study concentrated on
cellulose supplies and CNC manufacturing pro-
cesses. They also spoke about cellulose structural
organization and cellulose nanomaterial nomencla-
ture for beginners

(iv) We consider that the research presented in this
paper increases researchers’ interest in nanomateri-
als based on cellulose and a fundamental under-
standing of nanocrystals from cellulose
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Mostly at the micro- and nanoscales, efforts were made to produce innovative thermoplastic nanocomposite materials. These
composites were reinforced with natural fibres and artificial additives with improved mechanical characteristics. This research
entails the creation of a novel nanocomposite material made up of unsaturated polyester resin, graphite at the nanoscale, and
flax fibres at the microscale. Flax fibres make up 4, 8, and 12% of the binding matrix’s weight, respectively. A constant quantity
of nanoparticles equal to 4 wt% of the binding matrix is used. In order to stick the graphene to natural fibres, an appropriate
surface alteration approach is needed, and this work will focus on the plasma technique of interface adherence. Fibres were
employed as a reinforcement with polyester to create a nanocomposite that improved adherence between the fillers while also
retaining the matrix alkalisation. In order to assess interferential adherence and fibre distribution homogeneity in the matrix
system, the composite was made up of hand lay-up technique. The manufactured composite was engrossed into fluid N2 at
-196°C. A SEM was utilized to undertake treated and untreated specimens for spectroscopy analyses. Mechanical possessions
like tension and flexural were accomplished. In comparison to previous tested doses, the 5 percent alkali-treated flax
incorporating graphite has shown promising outcomes than other samples.

1. Introduction

Awareness of environmental issues and social response is
raised, as improved pollution regulations and inefficient
oil consumption, prompting consideration of ecofriendly
products. Organic fibre is one of the most ecologically

compost resources on the market, exceeding man-made
materials in a number of ways. As per a recent industry
assessment, the global market for organic fibre-based
material is expected to reach $3.9 billion by 2023. The
global trend in the NFPC industry, as per current esti-
mates, will continue to develop fast [1]. A natural fibre-
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based polymer composite has become increasingly popular
in consumer goods and the rising industrial sectors in
recent years. The NFPC industry is expected to increase
by 12% worldwide during the next five years (2021–
2025), as per forecasts [2, 3]. Natural fibres are nonsyn-
thetic, non-man-made fibres. Animals and plants can both
provide them. Natural fibres derived from both sustainable
and nonrenewable substances, like groundnut, jute, hemp,
and cotton, have gotten a lot of consideration in recent
decades. Bast fibres, namely, kenaf, hemp, ramie, flax,
and jute as well as all other forms of cellulose fibres, can
be classified as “roots and wood.” Fibre-reinforced poly-
mer matrices are extremely lightweight, low cost, and less
damaging to processing equipment and have relatively
high mechanical properties, so they are used in numerous
submissions owing to the better strength and advantages
of organic fibres over man-made fibres. It is getting a lot
of attention. Flexural strength and tensile strength
enhanced surface polish of moulding composites, plentiful
recycling, and flexibility at assured individual facilities,
renewability, and stumpy interface risks. Plant fibres and
particles, both tough and gentle, are added to the poly-
meric materials [4, 5]. Figure 1 demonstrates the compos-
ites with different applications.

Flax appears to be the only major species in the Linaceae
class, which has twelve divisions and around 350 names.
Flax was still the first fabric produced of grains and subse-
quently strengthened into mixtures that was recovered in
Egyptian burials about 5000B.C. It is among the most often
used biofibres. Flax has been farmed for decades for fabric
and lubricants, and it is a main ingredient [6]. Flax is the tar-
get of intensive study as well as the incorporation of desired
features like herbicide endurance, organic and inorganic
antioxidant enzyme activity, and better oils and protein cat-
egories. Linseed is a 0.5-2.9m in height annual herb having
branches measuring 11-30mm [7]. Low density, strong elas-
tic modulus, flexibility, and a high surface to volume ratio
characterise such ligno fibres. Flax fibre’s mechanical charac-
teristics are determined by its location in the stems. Enhance
the loading level from 2.40% per minute to 8% per minute to
raise interfaces shear capacity by few more % with no effect
in the composite’s overall strength properties. Even though
natural fibre-based composites are not without flaws, they
remain a viable option. Since natural fibres have a lower
water barrier, they absorb a lot of water and have poor
mechanical properties [8]. Figure 2 displays the compensa-
tions and drawbacks of dissimilar fibres.

Several additives are contained in the same lattice to pro-
duce hybrid composites. By removing the disadvantages of
individual aggregates, combination improves the material
properties of natural composites [9, 10]. Therefore, the
impact of blending fibres in grids has outlived its usefulness
in terms of increasing biomechanical qualities. The nanofi-
bres are used to improve the bond between the matrix and
reinforcements, significantly increasing the properties. As a
result, the use of nanoparticles in thermoplastics is becoming
increasingly prevalent. Due to their subatomic scale, nano-
crystals have features that can still be utilized to build new
items or improve the efficacy of structural members [11].

The nanosized particles have a variety of uses in water puri-
fication, energy generation, and contamination detection,
and a substantial proportion of research discusses how inno-
vative nanoparticles might be employed to solve key envi-
ronmental issues. Graphene is a single dioxide film of
molecules organised in a hexagon crystalline substance,
which is the most recent substance to catch scientists’ inter-
est [12, 13]. The remarkable physicochemical features of gra-
phene, particularly its extremely large surface region,
electron and thermal movement, and good mechanical, have
piqued curiosity. These remarkable qualities comprise
prompted substantial efforts to integrate graphene into a
wide range of technological applications, from electronic
systems to biomaterials. As well as nanomaterials and poly-
mer composite components have been seen in the identifica-
tion of innovative activated carbon or photocatalytic activity
machinery for economical decontamination, as key compo-
nents for another water filtration substrate and also as elec-
trocatalyst for particulate traceability or eviction in the area
of natural engineering [14–16]. Different chemical treatment
procedures can increase the adhesion among unsaturated
polyester resin and flax fibre. Thermal comfort may be made
from bast fibres such as flax. The elastic modulus of flax
fibres was discovered to be influenced by the size and orien-
tation of a tensile strength after evaluating them during load-
ing condition and repetitive packing trials. The formation of
coherence interfacial adhesion between both the fibre and
matrix improves the fibre-reinforced nanocomposite sub-
stance’s effectiveness. Surface modification of the nanocom-
posites, on the other hand, causes undesired consequences
like mechanical deterioration, renegotiation by severe swell,
and exterior deterioration [17, 18]. Polymers being used in
industrial applications, for instance, would have to be able
to endure temperatures of up to 200 degrees Celsius. Micro-
structural minerals and plastics have the highest rigidity, are
much more resilient, and have greater strength and durabil-
ity. As a result, freezing processing of composites could be a
key component of revolutionary goods to increase the qual-
ity of organic lignocellulosic fibres [4, 10, 19, 20]. The fore-
most persistence of this study is to develop and evaluate
hybridised organic nanostructures for material characteris-
tics. The graphite and flax fibre fabric hybrids were made
by hand. The material properties of the fabricated samples
were evaluated following different durations of immersion
in aqueous nitrogen at 77K.

2. Investigational Resources and Methods

2.1. Flax Fiber. Flaxseed that has not been treated is being
used in the study. Flaxseed strands have such superior
mechanical properties and may be easily extended when
damaged. The relative humidity is roughly 11%. The molec-
ular structure seems to have a considerable influence on the
properties of the filaments and the properties of the material
as a result. Strands were chopped to a 5mm length in order
to be used with textile trimming machinery. The flaxseed
strands were supplied by the Ganga fibre factory in Salem,
Tamil Nadu, India. Figure 3 illustrates the flax fibre and
matrix materials.
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2.2. Nanofiller. The graphite employed by the researcher has
been of protective coating, with a purity of 90%. To create
different nanomaterials, different amounts of 0.1-6 percent

of the polymer matrices were used in sequential increments
of 1 percent by weight of the polymer matrices. Figure 4(a)
depicts the graphite material used in this experiment. The
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graphite used in this study was black in colour with a known
quantity of 11.25 g/mol and an iron concentration of
≤100 ppm.

2.3. NaOH Dispensation. One of the really common treat-
ments on plant fabrics used for lightweight materials is alka-
line hydrolysis. Surface modification disrupts hydrogens on
the intermediate scaffolding, resulting in improved load
bearing capacity. The quantity of tannins, a lipid that covers
the majority of the external skin of flaxseed, is decreased to a
considerable extent. Also, it aids in cellulose isomerization
and the exposure of lengthier allotropes.

For this type of dehalogenation, fresh flax was obtained
and carefully washed. As a consequence, the flaxseed was
carefully chopped into lengths ranging from 5 to 8mm.
According to the study, the linseed strand was then soaked
in a 10% NaOH solution at maximum strength for four
hours. After that, liquid-converted linseed was dampened
using methanol until its pH neared 7, as determined by flu-
orophore. To eliminate any surplus ingredients, the com-
bined material was carefully strained using deionized
water. It would bring the acidic process to a close.

2.4. Fabrication of Hybrid Composites. The graphite
employed by the researcher has been of protective coating,
with a purity of 90%. To create different nanomaterials, dif-
ferent amounts of 0.1-6 percent of the polymer matrices
were used in sequential increments of 1 percent by weight
of the polymer matrices. The ultrasonic irradiation proce-
dure was applied to distribute graphite with flaxseed in syn-
thetic materials. Furthermore, to distribute the graphite and
flax, multiple sheared mixing techniques have been used, as
well as continually mixing the mixture. Such motorised mix-
ing is done for a set amount of time till the combination is
homogeneous. During motorised churning, gases are main-
tained but must be removed using a related discipline tech-
nique. The mixture is cured for two hours at 650°C,
followed by three hours at 1050°C. The resins and cure
chemical combinations were poured into a 300mm × 300
mm × 3mm aluminium mould to manufacture biocompo-
sites. Table 1 shows how the nanocomposite manufacturing
were made depending also on limitation categories. Follow-
ing that, the produced specimens were flooded in liquid N2
at 77K for cryogenic treatment for various times according

to the specification. The treated plates were detached from
the cryogenic compartment and maintained normal
temperature.

2.5. Testing of Composite Specimen. As shown in Figure 5,
the laminating specimens were extracted to ASTM D 638-
03 models for uniaxial tensile testing and ASTM D 790
models for bending testing.

2.6. Scanning Electron Microscope (SEM). SEM was used to
do microinspections of fractured lamination testing. To
increase the ionic characteristics of the mixes, all materials
were laved, dehydrated, and afterwards mechanically coated
with nanometres of gold throughout SEM magnification.

3. Result and Discussion

3.1. Tensile Strength. The mean tensile changes of a flax-/
graphene-reinforced hybrid composites with fibre weights
of 4%, 8%, and 12% were evaluated based on the varied fibre
loadings. Figures 6(a) and 6(b) show the bar and area plot of
ductile properties. The tensile strength of the composite
improves with the addition of flax fibre content till it reaches
8% and then drops to 12%. When compared to a 12 percent
fibre-reinforced composites, the inclusion of 3 percent gra-
phene and 8% boosts the tensile strength of the nanocom-
posites. The poor transfer of stress owing to the
maldistribution of fibre all across the matrices is the cause
of low durability in 12 percent fibre composites. In the final
outcome, the compound formed a polymer high area with
weak fibre-to-fibre and fibre-to-graphene contact. The fibres
were effortlessly pulled from the resin at loading in current
state. It demonstrates that the fibre/graphene hybrid’s 12
percent strengthening consequence is inadequate to tolerate
the tensile force. The fourth sample (eight percent flax fibre
and three percent graphene-reinforced composite) has an
extreme ductile value of 48.96MPa, which really is 10.75
percent greater than the fifth specimen. This is primarily
attributable to the establishment of crosslink density
between fibre matrices, which occurs as a consequence of
the fibres filling in the voids in the composites by admitting
extra fibre, thus providing sufficient force distribution across
clusters [14, 21].

(a) (b)

Figure 3: Photographic images of flax fibre and matrix materials.
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3.2. Flexural Strength. The bending strength of flax/gra-
phene/polyester hybrid composites varied as shown in
Figures 7(a) and 7(b). When the fibre content of the hybrids
is raised until it reaches 8%, the flexural strength increases
until it drops to 12%. When the fibre loading of the compos-
ites is increased, the flexural strength value consistently
increases. In 8% of the fibre content of the nanocomposite,
the highest flexural strength was achieved. The yield of a 4
percent flax with 3 percent graphene sample is 21.78 percent
greater than the yield of a 12 percent flax with 3 percent gra-
phene specimen. Furthermore, the percentage of flax with 3
percent graphene is 4.65 percent greater than the percentage
of flax with 3 percent graphene specimen in the 12 percent
of flax with 3 percent graphene specimen. In all situations,
the flexural strength of the fourth specimen is greater than
other specimens. Flax fibres are haphazardly put without
appropriate orientation, producing unequal fibre distribu-

tion, which is the main source of this disparity. The compos-
ite was unable to endure the flexural strength as a result of
this. The higher percentage of fibre content could achieve
adequate crosslinking density and poor hydrophilicity
between fibre and matrix at 12% hybrid, while the needed
percent of fibre loading can achieve adequate bonding
strength at 8 percent specimen. The 8 percent flax fibre with
3 percent graphene composite exhibits strong bonding,
allowing the reinforcement to distribute stress evenly all
across the matrices [6, 22].

3.3. Effect of NaOH Treatment. The alkali or NaOH proce-
dure was used to change the morphology of flax fibre’s inter-
face. Figures 8(a) and 8(b) show the effect of NaOH
treatment on tensile and flexural strength. The impact of
NaOH processing on the tensile and flexural characteristics
of flax-/graphene-derived nanocomposite is shown in the
figure. The mechanical characteristics of the fourth speci-
men, which contained 8% flax and 3% graphene, were the
greatest of the five. The 5 percent NaOH-treated nanocom-
posite specimens had the best tensile and flexural character-
istics when compared to untreated and 3 percent alkali-
treated composite specimens. The efficiency of eliminating
impurities from the surface of the fibre was not good enough
to get through lesser NaOH concentrations, caused by inad-
equate fibre interaction with matrices. Flax fibres were
chemically pretreated for 4 hours with a 5 percent sodium
hydroxide (NaOH) solution to remove hydrophilic hydroxyl
groups and impurities from cellulose fibre flax. Although

(a)

(a)

O

O

O

OH

OH

O

OH

O

OH

OHOH

OH

OH

OH

OH

OH

OO

OO

O

O

O

(b)

(b)

Figure 4: (a) Photographic image of graphene powder. (b) Biochemical assembly of filler.

Table 1: Combination levels of nanocomposites.

Specimen Combinations Treatment

Specimen 1 Polyester+graphene Untreated

Specimen 2 Polyester+flax Untreated

Specimen 3 Polyester+4% flax+3% of graphene 3% and 5% of NaOH

Specimen 4 Polyester+8% flax+3% of graphene 3% and 5% of NaOH

Specimen 5 Polyester+12% flax+3% of graphene 3% and 5% of NaOH

Force (F)

t

L

Figure 5: Schematic image of flexural testing.
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with the polyester matrix and graphene, this will increase
fibre adherence and resilience. This improves the mechani-
cal and morphology characterisation by increasing the levels
of a polymerization process as well as the degree of crystal-
linity of fibres [23].

3.4. Effect of Cryogenic Treatment. In cryogenic fabrication,
the nanocomposite pieces were subjected to fluid N2 at
-196°C and went through current treatment. Under cold cir-
cumstances, the average values of tensile and flexural behav-

iour of flax- and graphene-incorporated hybrid materials are
revealed in Figure 9. Nanocomposites with 30 minutes cryo-
genically treated samples had enhanced tensile and flexural
strength when compared to untreated samples. It might be
owing to the latent stress induced by compression interac-
tion as a consequence of the cold draining of materials.
Residual stresses were formed at a low temperature as a
result of matrix changes, including fibre contraction. Since
fibres have a reduced thermal process of continuous poly-
meric composites, the resulting stress is compressed as in
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thread with strain inside the matrix. Such compressing inter-
layer pressures help to maintain the fibres and polymers in
contact and improve adhesion, which leads to better results.
Liquid nitrogen cracking of manufactured composites makes
the components more resistant to relatively low tempera-
tures [2, 4, 10]. Figures 9(a) and 9(b) demonstrate the
impact of cold working on the physical and mechanical
properties of nanomaterials.

3.5. Microstructural Analysis. SEM was employed to investi-
gate the surface morphology of the nanocomposite sample
following the transverse tensile test revealed in
Figures 10(a)–10(c). The interface of the nanocomposite
fails mostly due to inadequate adhesive binding and fibre
pull-out for unprocessed flax fibre (Figure 10(a)). Fiber
breaking is uneven and happens in the direction of the fibre.
The rate of fibre pull-out is reduced, and fibre breaking is
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much more uniform with alkali-treated fibres. This shows
that the interfacial adhesion between alkali-treated flax fibre
and the polyester matrices has improved. Figure 10(b) illus-
trates a graphene-based flax fibre composite with a changed
fracture surface and good resin-fibre binding. Furthermore,
the brittle look of the matrix indicates strong interfacial
interaction, which can contribute to improved nanocompos-
ite mechanical characteristics. The permeability of the com-
posite materials is next studied by examining the cross
section of alkali- and graphene-treated polymers at greater
magnification (Figure 10(c)). The interface permeability
(lumen permeability and insemination permeability) in 3
percent alkaline-processed fibre composites is depicted in
Figure 10(b). Because of the permeability, the composite
may break quickly in the direction perpendicular.
Figure 10(c) shows that when alkali-treated flax fibres are
exposed to 5% alkali, similar permeability is not observable.

4. Conclusion

From the preceding study that natural fibres can be used
more effectively in polymeric materials, the following state-
ments were derived from the experimental part.

(i) In a tensile test, the 5% surface treatment increased
strength by 33 times and load bearing capability by
8 times when compared to a clean polyester speci-
men. Natural fibres are treated to improve the
matrix’s toughness

(ii) We discovered that 3% alkali-processed flax gave
more than six times the output of unprocessed flax

in mechanical testing. The strength of the structure
decreases when the reinforcement is increased

(iii) The improper dispersion of flax and the bonding
capabilities of flax with polyester might be the rea-
son of the reduced strength of untreated flax. After
a certain chemical treatment, fibres grow harder
and bonding becomes easier

(iv) Cellulose depolymerizes, revealing crystallites of
short length. As a result, we may conclude that
treating flax fibres aids in the attainment of greater
strengths

(v) The nanocomposite that has been cryogenically
treated for 30 minutes has the maximum mechani-
cal strength. It might be due to the latent tension
created by compression contact as a result of nano-
composites’ cryogenic straining

(vi) In future, chemical treatment effects like bonding,
cracks, fracture toughness, and FTIR can be studied

Data Availability

The statistics often used to support the study’s conclusions
are supplied in the paper. On request, the associated author
can provide more data or information.

Conflicts of Interest

The authors state that the publishing of this paper does not
include any conflicts of interest.

(a)

(a)

(b)

(b)

(c)

(c)

Figure 10: Microstructural images of (a) untreated, (b) 3% NaOH-treated, and (c) 5% NaOH-treated nanocomposites.

8 Journal of Nanomaterials



Acknowledgments

The authors appreciate the supports from the Mizan Tepi
University, Ethiopia, for providing help during the research
and preparation of the manuscript. The authors thank the
Sree Krishna College of Engineering and C. Abdul Hakeem
College of Engineering & Technology for providing assis-
tance to this work.

References

[1] B. Bakri, A. E. E. Putra, A. A. Mochtar, I. Renreng, and
H. Arsyad, “Sodium bicarbonate treatment on mechanical
and morphological properties of coir fibres,” International
Journal of Automotive and Mechanical Engineering, vol. 15,
no. 3, pp. 5562–5572, 2018.

[2] M. A. Rahuman, S. S. Kumar, R. Prithivirajan, and S. G. Shan-
kar, “Dry sliding wear behavior of glass and jute fiber hybrid
reinforced epoxy composites,” International Journal of Engi-
neering Research and Development, vol. 10, no. 11, pp. 46–50,
2014.

[3] S. Sanjeevi, V. Shanmugam, S. Kumar et al., “Effects of water
absorption on the mechanical properties of hybrid natural
fibre/phenol formaldehyde composites,” Scientific Reports,
vol. 11, pp. 1–11, 2021.

[4] A. Sreenivasulu, K. S. Ashraff Ali, P. Arumugam et al., “Inves-
tigation on thermal properties of tamarind shell particles rein-
forced hybrid polymer matrix composites,” Materials Today:
Proceedings, vol. 59, Part 2, pp. 1305–1311, 2022.

[5] G. Velmurugan and K. Babu, “Statistical analysis of mechani-
cal properties of wood dust filled jute fiber based hybrid com-
posites under cryogenic atmosphere using Grey-Taguchi
method,” Materials Research Express, vol. 7, no. 6, 2020.

[6] V. Fiore, T. Scalici, and A. Valenza, “Effect of sodium bicar-
bonate treatment on mechanical properties of flax-reinforced
epoxy composite materials,” Journal of Composite Materials,
vol. 52, no. 8, pp. 1061–1072, 2018.

[7] N. E. Zafeiropoulos, C. A. Baillie, and J. M. Hodgkinson,
“Engineering and characterisation of the interface in flax
fibre/polypropylene composite materials. Part II. The effect
of surface treatments on the interface,” Composites. Part A,
Applied Science and Manufacturing, vol. 33, no. 9, pp. 1185–
1190, 2002.

[8] M. Evtimova, M. Vlahova, and A. Atanassov, “Flax improve-
ment by biotechnology means,” Journal of Natural Fibers,
vol. 2, no. 2, pp. 17–34, 2005.

[9] S. Sekar, S. Suresh Kumar, S. Vigneshwaran, and
G. Velmurugan, “Evaluation of mechanical and water absorp-
tion behavior of natural fiber-reinforced hybrid biocompo-
sites,” Journal of Natural Fibers, vol. 19, no. 5, pp. 1172–
1782, 2022.

[10] T. Raja, V. Mohanavel, S. Suresh Kumar, S. Rajkumar,
M. Ravichandran, and R. Subbiah, “Evaluation of mechanical
properties on kenaf fiber reinforced granite nano filler particu-
lates hybrid polymer composite,” Materials Today: Proceed-
ings, vol. 59, pp. 1345–1348, 2022.

[11] M. Vovk and M. Šernek, “Aluminium trihydrate-filled poly(-
methyl methacrylate) (PMMA/ATH) waste powder utilization
in wood-plastic composite boards bonded by MUF resin,”
BioResources, vol. 15, no. 2, pp. 3252–3269, 2020.

[12] V. Ganesan and B. Kaliyamoorthy, “Utilization of Taguchi
technique to enhance the interlaminar shear strength of wood
dust filled woven jute fiber reinforced polyester composites in
cryogenic environment,” Journal of Natural Fibers, vol. 19,
no. 6, pp. 1990–2001, 2022.

[13] A. Atiqah, M. N. M. Ansari, M. S. S. Kamal, A. Jalar, N. N.
Afeefah, and N. Ismail, “Effect of alumina trihydrate as addi-
tive on the mechanical properties of kenaf/polyester composite
for plastic encapsulated electronic packaging application,”
Journal of Materials Research and Technology, vol. 9, no. 6,
pp. 12899–12906, 2020.

[14] F. Sarker, P. Potluri, S. Afroj, V. Koncherry, K. S. Novoselov,
and N. Karim, “Ultrahigh performance of nanoengineered
graphene-based natural jute fiber composites,” ACS Applied
Materials & Interfaces, vol. 11, no. 23, pp. 21166–21176, 2019.

[15] F. Perreault, A. Fonseca De Faria, and M. Elimelech, “Environ-
mental applications of graphene-based nanomaterials,” Chem-
ical Society Reviews, vol. 44, no. 16, pp. 5861–5896, 2015.

[16] S. A. Hallad, N. R. Banapurmath, V. Patil et al., “Graphene
reinforced natural fiber nanocomposites for structural applica-
tions,” IOP Conference Series: Materials Science and Engineer-
ing, vol. 376, no. 1, 2018.

[17] A. Karthikeyan, K. Balamurugan, and A. Kalpana, “The effect
of sodium hydroxide treatment and fiber length on the tensile
property of coir fiber-reinforced epoxy composites,” Science
and Engineering of Composite Materials, vol. 21, no. 3,
pp. 315–321, 2014.

[18] V. Ganesan, V. Shanmugam, B. Kaliyamoorthy et al., “Optimi-
sation of mechanical properties in saw-dust/woven-jute fibre/
polyester structural composites under liquid nitrogen environ-
ment using response surface methodology,” Polymers, vol. 13,
no. 15, p. 2471, 2021.

[19] G. Velmurugan and K. Babu, “Optimization on mechanical
behavior of hemp and coconut shell powder reinforced epoxy
composites under cryogenic environment using Grey-Taguchi
method,” SSRN Electronic Journal, vol. 2019, 2019.

[20] G. Velmurugan, K. Babu, L. I. Flavia, C. S. Stephy, and
M. Hariharan, “Utilization of Grey Taguchi method to opti-
mize the mechanical properties of hemp and coconut shell
powder hybrid composites under liquid nitrogen conditions,”
IOP Conference Series: Materials Science and Engineering,
vol. 923, no. 1, 2020.

[21] V. S. Srinivasan, S. Rajendra Boopathy, D. Sangeetha, and B. V.
Ramnath, “Evaluation of mechanical and thermal properties of
banana-flax based natural fibre composite,” Materials and
Design, vol. 60, pp. 620–627, 2014.

[22] L. Fiore Vincenzo, “Effect of stacking sequence and sodium
bicarbonate treatment on quasi-static and dynamic mechani-
cal properties of flax/jute epoxy-based composites,”Materials,
vol. 12, no. 9, p. 1363, 2019.

[23] S. Kalyana Sundaram, S. Jayabal, N. S. Balaji, and
G. Bharathiraja, “Study of chemical and mechanical properties
of Dharbai fiber reinforced polyester composites,” Advanced
Composite Materials, vol. 27, pp. 107–117, 2018.

9Journal of Nanomaterials



Research Article
Optimization and Mechanical Characteristics of AA6061/Zirconia
Nanocomposites Fabricated by Ultrasonic-Aided Stir
Casting Method

Amel Gacem,1 Moamen S. Refat,2 H. Elhosiny Ali,3,4,5 S. C. V. Ramana Murty Naidu,6

B. Beenarani,7 Pranjali Deole,8 S. Sandeep Kumar,9 S. Rama,10

Amnah Mohammed Alsuhaibani,11 and Abdi Diriba 12

1Department of Physics, Faculty of Sciences, University 20 Août 1955, 26 El Hadaiek, Skikda 21000, Algeria
2Department of Chemistry, College of Science, Taif University, P.O. Box 11099, Taif 21944, Saudi Arabia
3Research Center for Advanced Materials Science (RCAMS), King Khalid University, Abha 61413, P.O. Box 9004, Saudi Arabia
4Department of Physics, Faculty of Science, King Khalid University, Abha 61413, Saudi Arabia
5Department of Physics, Faculty of Science, Zagazig University, Zagazig, Egypt
6Department of Mechanical Engineering, Sri Venkateswara College of Engineering & Technology, Etcherla, Srikakulam,
Andhra Pradesh 532410, India
7Department of Computer Science Engineering, Saveetha School of Engineering, SIMATS, Chennai, Tamil Nadu 600124, India
8Department of Mechanical Engineering, Shri Ramdeobaba College of Engineering and Management, Nagpur,
Maharashtra 440013, India
9Department of Computer Science Engineering, Koneru Lakshmaiah Education Foundation, Vaddeswaram,
Andhra Pradesh 522302, India
10Department of Mechanical Engineering, Gokaraju Rangaraju Institute of Engineering and Technology, Hyderabad,
Telangana 500090, India

11Department of Physical Sport Science, College of Education, Princess Nourah bint Abdulrahman University, P.O. Box 84428,
Riyadh 11671, Saudi Arabia

12Department of Mechanical Engineering, Mizan Tepi University, Ethiopia

Correspondence should be addressed to Abdi Diriba; abdi@mtu.edu.et

Received 8 May 2022; Revised 16 July 2022; Accepted 19 July 2022; Published 20 September 2022

Academic Editor: Arpita Roy

Copyright © 2022 Amel Gacem et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Using the Taguchi Grey response surface approach, this study investigates the effect of novel ultrasonic-aided stir casting
conditions on the production of AA6061/zirconia nanocomposites. A Taguchi L16 orthogonal array was utilized to conduct the
researches, which included ultrasonic power (1.75-2.5 kW), time (5-20min), temperature (750-900°C), which can cause
premature solidification, stir pressure (100-250MPa), and reinforcement weight percentage (wt% of reinforcement).
Ultrasonic-aided stir casting technique has five adjustable parameters (2-5). The ultimate tensile strength, elongation
percentage, hardness, and size of the grain material were some of the metrics used to evaluate the process performance. It was
decided to employ the response surface approach to model and optimize the numerous replies into one grey relational analysis.
AA6061/zirconia nanocomposites were studied using statistical methods such as 3D surface plots and variance analysis.
2.2537 kW, 16.28min ultrasonic duration, weight % of reinforcement of 1.9, stirring temperature of 700.73°C, and stirring
pressure of 142.63MPa were found to be the best parameter values.

Hindawi
Journal of Nanomaterials
Volume 2022, Article ID 2453412, 15 pages
https://doi.org/10.1155/2022/2453412

https://orcid.org/0000-0002-1007-6709
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/2453412


1. Introduction

In a variety of industries, metal matrix composites play an
important role due to their light weight, greater durability,
and outstanding resistance to wear as well as corrosion
[1]. Lightweight aluminum matrix composites (AMCs)
are employed in several technical applications because they
have tensile strength, less coefficient of thermal expansion
[2], increased mechanical and anticorrosion qualities, and
a less coefficient of thermal extension [3, 4]. In contrast,
the mechanical characteristics of aluminum matrix com-
posites are strongly reliant on the kind, quantity, and
nature of the strengthening properties contained in its
matrix [5]. AA6061 is a heating-resistant metal of alumi-
num and Cu that is a common alloying element [6].
Weight, strength, and corrosion resistance (and high
machinability) make them ideal for use in aerospace or
automobile engineering. A chemically inert ceramic with
outstanding thermomechanical characteristics, zirconia
(ZrO2) is a versatile material [7]. For example, zirconia’s
density is 3.95 grams per cubic centimeter, its melting
point is 2056°C, and its thermal expansion coefficient is
7.4μm/°C. Zirconia reinforcements have been found to
greatly upgrade the mechanical characteristics of alumi-
num alloys in previous studies [8, 9]. Furthermore, nano-
sized zirconia elements have a significant impact on the
mechanics and thermomechanic characteristics of nano-
structured owing to their high surface-to-volume propor-
tion [10]. MMCs with near net forms can be produced
using the liquid metallurgical process known as stir casting
[11]. Since it eliminates porosity and improves surface tex-
ture and mechanical qualities while also utilizing a finer
microstructure than conventional casting, stir casting is a
preferable method [12]. While traditional stir casting
may be used to introduce nanoparticles [13] into the metal
matrix, it is quite difficult to do so. Excessive churning will
result in the matrix being oxidized and clumping together
[14]. In these circumstances, ultrasonic therapy (UST) can
be employed to efficiently distribute nanosized reinforce-
ments [15]. Grains are refined and degassed using UST
in the composite production sectors. When high-intensity
ultrasonic waves are used during ultrasonic therapy, the
melt is subjected to intense cavitation and acoustic stream-
ing. Because of this, ultrasonic therapy breaks apart nano-
particulate groups and evenly disperses the particles that
make up the material melt [16]. It is therefore ineffective
to just employ the use of ultrasonic therapy in the produc-
tion of nanocomposites. To improve nanocomposites’
microstructure and mechanical characteristics, the ultra-
sonic therapy stir casting process is a common production
technique [17]. Many recent studies have shown that
adjusting the casting process parameters utilizing various
optimization tools may improve the mechanical and
microstructural characteristics of composites [18]. It was
found that 106MPa, 200°C, and 30 s are the optimal values
for stir casting pressure, die heating temperature, and stir
duration for the stir casting method of LM24 alloy to
increase the UTS and stiffness. Wetting of dispersion
issues was resolved by treating AA6061/1wt% ZrO2 nano-

composites with ultrasonic treatment, which caused in a
rise in ultimate tensile strength yield of 37% and 81%, cor-
respondingly, as equated to the base alloy [19]. It was
found that ultrasonic processing with a 1400W/cm-2

power level and a 5% solute concentration resulted in
the best grain refinement in a study by [20]. With the help
of T-GRA and ANOVA, [21] investigated whether process
parameters (UTS, stiffness, and % of extension) affected
the microstructure and mechanical characteristics of
AA6061-ZrO2 compounds (ANOVA). The optimal values
were discovered to be a stirring pressure of 128MPa, a
molten temperature of 848°C, and a weight percentage of
SiC [22]. Improve multiple responses processes with the
use of the RSM and examination of the desirability
approach, two commonly used methodologies. It is possi-
ble to determine the best input conditions using these
methods. An ANOVA, RSM, and a desirability function-
based technique was utilized by [23] to identify the best
combinations of manufacturing parameter A413 alloy,
which is made by stir casting. It was found that the phys-
ical and microstructural characteristics of LM13 alloy were
affected by molten metal and die temperatures, as well as
stir pressure. Higher stir pressure decreased grain size
and enhanced hardness and density, according to the data
[24]. However, hardness declined with increasing melt and
die temperatures. Microstructure and mechanical charac-
teristics of 6061 alloy AA were examined by [25]. Assum-
ing 700°C and 140MPa, the average grain size was 80 nm.
Pouring temperature had no effect when the stir pressure
was more than 70MPa. To improve the wear characteris-
tics of AA7150-hBN composites, [26] utilize Taguchi L25
orthogonal array-ANOVA. Taguchi’s L16 orthogonal array,
stirring pressure, pressure holding duration, and die
preheating temperature all had a significant impact on
composite reactions including stiffness and high strength-
ening, according to [27, 28] employing an artificial neural
network prediction model to investigate how the settings
used in stir casting affected the solidification time. It was
shown that both the mold and pouring temperatures had
significant effects on casting quality and freeze time. For
AA2024-SiC nanocomposites, [29] established remarkably
low error % artificial neural network models to forecast
the density and hardness. Stir casting processing parame-
ters include pouring temperature, pressuring duration,
and die temperature which were examined in depth by
[30]. Nanocomposites using traditional stir-stir casting
have had difficulty achieving acceptable microstructural
and mechanical qualities, as has been widely documented
in previous investigations [31]. These obstacles can be

Table 1: Characteristics of zirconia.

Property Values

Density 6.15 g/cm3

Colour White

Melting point 2973K

Shape Spherical

2 Journal of Nanomaterials



solved by employing a technology known as ultrasonication-
stir linked stir casting, which has proven effective in the last
several years. No one has employed an optimal combination
of ultrasonic therapy stir casting parameters, and the litera-
ture study clearly shows that there is a considerable need
for improving these parameters to fabricate aluminum
nanocomposites. According to [32], L16 orthogonal array
16 distinct AA6061/zirconia nanocomposites were made
utilizing the UST-stir linked stir casting process. There were
five variables that could be tweaked in the ultrasonic-aided
stir casting process: power (1.75-2.5 kW), duration (5-
20min), pour temperature (750-900°C), stir pressure (100-
250MPa), and wt% ZrO2 (2-5%). The results were analyzed
using these parameters. We selected hardness, elongation
percentage, and particle size as the replies. The TGRSM
approach was utilized to invent the finest mixture of
parameters [33–35]. The best condition was verified by
conducting a desire analysis and a confirmation experiment.

2. Methods and Materials

2.1. Matrix and Reinforcement. It was decided to use zirconia
alloy 6061 as the matrix composite in this study. The nano-
powder of zirconia (ZrO2) was used as reinforcement.
Table 1 lists the characteristics of ZrO2.

2.2. Selection of Process Parameters and Responses. For high-
quality castings, it is vital to pick the right casting process
parameters and operating levels. Selecting control parame-
ters with an inadequately big or narrow operating range,
you may end up with a flawed or incomplete solution.
Nanoparticle aggregation and matrix material oxidation
would occur if the ultrasonic therapy power and the ultra-
sonic therapy duration were increased [34]. Lower ultra-
sonic therapy power and duration, on the other hand,
are insufficient for dissolving nanoparticle clusters and
removing dendrites from microstructures. Due to a
delayed cooling rate, dendritic structures emerge when
the melt is poured at a higher temperature. Premature
solidification might occur if the pouring temperature is
too low and the processing parameters are shown in
Table 2.

2.3. AA6061/Zirconia Nanocomposite Fabrication. Initial
melting was done in mild steel employing an electric resis-
tance furnace with highest heating system of 1200°C. A K-
type thermocouple has been used to show the temperature
of the furnace and the melt. We used an inert gas shield to

safeguard the melting process. Zirconia nanoparticles were
also dried in a muffle furnace by heating them to 300°C for
an hour. The composites were manually stirred for two
minutes at 500 revolutions per minute utilizing a graphene
layered stainless steel stirrer when it reached the appropriate
melting temperature. Zirconia nanopowder was added to the
melt and agitated for another 5 minutes before being
removed [35]. A titanium alloy ultrasonic probe was used
to disseminate ultrasonic waves into the slurry after
adequate churning. The sonotrode was submerged in the
melting space to a deepness of 300mm during the ultrasoni-
cation operation. Power was raised to 2.5 kilowatt and the
frequency was set at 20 kHz. Warm steel mold dies
(300mm high by 50mm wide) were used to bottom-pour
the melt before it could harden. It was critical that all of
the experiments be conducted with a 1-minute stir period.
Accordingly, the process parameters for producing the 16
distinct AA6061/zirconia nanocomposites were adjusted
according to the Taguchi L16 orthogonal array. A high-
precision weighing scale (accurate to 0.00001 g) was used
to measure the porosity of the manufactured materials.

2.4. Heat Treatment of Nanocomposites. Precipitation hard-
ening under a T-6 tempering condition hardened the nano-
composites. In solution treatment, the nanocomposites were
maintained at 510°C for two hours before being immediately
quenched in water. In addition, the aging process was car-
ried out for 14 hours at 165°C. Heat treatment was done in
an argon endangered atmosphere employing a high-
temperature muffle boiler. In a double disc-polishing
machine, abrasive polishing sheets of 400, 600, 1200, and
2000 grit were used to make microstructural study speci-
mens. Particle size was determined using the ASTM E 112-
96 linear intercept method.

2.5. Hardness Test. Nanocomposites were tested for micro-
hardness (VHN) using a Vickers hardness tester (Bluestar
Vickers hardness tester). Indentation testing was performed
on the polished specimens using a 10 kg load as well as a
dwell duration of 15 seconds.

2.6. Tensile Test. Tensile tests were conducted to determine
how casting factors affected the nanocomposites’ ultimate
tensile strength and elongation %. Figure 1 indicates the
specimen schematic of tensile tests done on an Instron ten-
sile testing equipment with a strain rate of 1mm/min. A
gauge span of 251mm was used for the tensile test, which

Table 2: Processing factors and its levels.

Processing factors Level 1 Level 2 Level 3 Level 4

Ultrasonic therapy power (KW) (A) 1.75 2 2.25 2.5

UST time (min) (B) 5 10 15 20

Pouring temperature (°C) (C) 750 800 850 900

Squeezing pressure (MPa) (D) 100 150 200 250

Weight percentage of reinforcement (wt%) (E) 2 3 4 5
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Figure 1: Measurement of the tensile test sample.
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Figure 2: XRD forms of materials: (a) AA6061 and (b) zirconia.
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was completed successfully. Hardness and tensile testing
were performed on samples.

3. Results and Discussion

3.1. Intermetallic Phase Analysis of Nanocomposites. The
XRD patterns of AA6061 and AA6061/2 weight % Zr nano-
composite are shown in Figures 2(a) and 2(b), correspond-
ingly. It can be shown in Figure 2(a) that the natural
intermetallic phase generated by Cu and Al atoms reacting
in the 6061-aluminum alloy corresponds to the peaks associ-
ated with both the phase and the intermetallic CuAl2 phase.
It may be seen in Figure 2(b).

3.2. Process Optimization Using TGRSM. Taguchi L16
orthogonal array was employed to done the testing, with
two replications for each trial. Results for each stage of the
experiment are summarized in Tables 3 and 4. First, the
response values were functional to Grey relational analysis
and its GRA output was employed as an input for response
surface methodology displaying and optimizing. Every set
of normalized sound to noise ratio values of replies is used
to determine the GRC values. Grey relational grade was cre-
ated by averaging the GRC values of different GRCs into a
single quality index. All responses and their accompanying
grey relational grade are shown in Table 5. When grey rela-
tional grade reaches its maximum value on the sixteenth
trial, it is close to the optimal parameter level. Variations
in grey relational grade values, as seen in Figure 3, illustrate
that parameter levels selected have a significant influence on
the grey relational grade. RSM was used to analyze the grey
relational grade values obtained by RSM. Minitab software
was used to determine the model coefficients for the

second-order polynomial equation that expresses the impact
of factors on grey relational grade.

3.3. ANOVA on Grey Relational Grade. The ANOVA was
chosen to investigate the most critical factors that contribute
to the generation of grey relational grade values. Table 6
indicates the ANOVA outcomes for grey relational grade.
While the “p value” showed the importance of the model
terms, the “F value” showed the model’s significance. We
identified all of the factors and interactions that were exam-
ined in the model (A/B/C/D/E) as the most important vari-
ables. Table 7 shows that the polynomial model’s R-squared
value was quite near to unity. Using this data, the model is
able to forecast future results based on the results of actual
experiments.

Figure 4(a) demonstrates the model’s suitability. Polyno-
mial model predictions of grey relational grade agree with
those obtained under experimental circumstances; it is dis-
covered. The adjusted R-squared value was quite close to
the projected R-squared value. To put this into perspective,
the model has an adequate precision of 30.016, as indicated
in the tables. Figure 4(b) displays that the studentized resid-
uals follow the normal distribution, as may be demonstrated.
This suggests that polynomial models can be used to predict
GRG values in the experimental area with reasonable accu-
racy and precision.

3.4. Grey Relational Grade Surface Plots in 3D. 3D surface
plots, as illustrated in Figures 5(a)–5(c), were produced to
study the effects of processing factors on grey relational
grade. The grey relational grade value is strongly influenced
by the ultrasonic therapy power and pouring temperature, as
illustrated in Figure 5(a). It has been found that grey rela-
tional grade values increase when ultrasonic therapy power

Table 5: GRC and grey relational grade values.

Exp. no.
GRC

Grey relational grade Rank
Hardness (VHN) Elongation (%) Grain size (μm) Ultimate tensile strength (MPa)

1 0.382 0.511 0.902 0.343 0.5337 12

2 0.409 0.453 0.797 0.408 0.5163 14

3 0.403 0.388 0.749 0.486 0.5058 15

4 0.334 0.334 1.000 0.334 0.5000 16

5 0.474 0.416 0.808 0.438 0.5337 13

6 0.564 0.535 0.665 0.618 0.5945 9

7 0.516 0.564 0.688 0.606 0.5933 10

8 0.415 0.733 0.762 0.512 0.6064 8

9 0.668 0.614 0.602 0.733 0.6539 4

10 0.461 0.775 0.668 0.609 0.6272 6

11 0.734 0.543 0.605 0.601 0.6197 7

12 0.585 0.568 0.616 0.751 0.6295 5

13 0.748 0.635 0.481 0.856 0.6792 3

14 0.631 0.583 0.558 0.533 0.5761 11

15 0.642 1.000 0.407 0.819 0.7172 2

16 1.000 0.926 0.334 1.000 0.8148 1
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increases. Respondent values increased as ultrasonic therapy
power increased owing to particle dispersal, grain enhance-
ment, and varied nucleation. Pouring temperatures increase
the grey relational grade value. Because the freezing period
was prolonged and the number of secondary dendrites
increased, there were more secondary dendrite forms. At
lower ultrasonic therapy power levels, pouring temperature
had little effect. UST time, melt pouring temperature, and
other variables, including ultrasonic therapy power (2250

watts), stir pressure (200MPa), and weight % of reinforce-
ment, are depicted in Figure 5(b) as a function of grey rela-
tional grade. The grey relational grade value rises to 0.678 at
minimum pouring temperatures and lengthier ultrasonic
therapy intervals. Figure 5(b) displays a strong link among
the ultrasonic therapy time as well as the pouring tempera-
ture. The grey relational grade value fell as the pouring tem-
perature was increased to 900°C. It was found that the grey
relational grade was highest when the ultrasonic therapy

Table 7: Adequate precision values and model adequacy R-squared.

Standard variance 0.0132 R-squared 0.9887

Mean 0.6064 Adjustable R-squared 0.9757

Coefficient of difference 2.1618 Forecast R-squared 0.9049

Forecast residual error SS 0.0064 Adequacy precision 30.0166
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Figure 3: Variations in GRG levels among different trials.

Table 6: ANOVA on grey relational grade.

Source SS DoF Mean square F value p value

Model 0.1047 8 0.0133 75.23 <0.0002
A 0.01938 1 0.01947 12.32 0.002

B 0.04415 1 0.04415 26.71 0.002

C 0.00222 1 0.00213 13.35 0.011

D 0.00520 1 0.00511 30.76 0.002

E 0.01179 1 0.01179 69.61 0.000

AC 0.00123 1 0.00123 8.14 0.033

BC 0.00446 1 0.00446 26.92 0.002

DE 0.00665 1 0.00665 39.68 0.000

Residual 0.00121 7 0.000182 — —

Cor. total 0.105 15 — — —
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was longer and the pouring temperature was lower. The
best strategy to ensure that the product is safe to consume
is to increase the ultrasonic therapy duration and lower
the pouring temperature as much as feasible. A longer
ultrasonic therapy time will reduce the chance of nanopar-
ticle agglomeration. Pouring at a lower temperature speeds
up the cooling process, which improves the qualities of the
finished product.

Figure 5(c) shows the interaction between stirring pres-
sure and weight percentage. When the ultrasonic therapy
power, the ultrasonic therapy duration, and the temperature
are all persistent, the grey relational grade values are pro-

jected over the assortment of stir pressure and particles
weight. According to this diagram, a high grey relational grade
is produced when the wt% of particles is 6% and the stirring
pressure is 250MPa. Grain refining, elimination of porosity
melt, and dendritic fragmentation all contribute to a rise in
the grey relational grade value as the stir pressure increases.
At first, an increase in nanoparticle weight % increased the
multiperformance of AA6061/zirconia nanocomposites cast
by ultrasonic-aided stir casting. Reinforcement with a
higher wt% results in an increased grey relational grade;
this indicates, therefore, an ideal 3wt% ZrO2 concentration
for enhanced mechanical properties.
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Figure 4: (a) Actual vs. predicted grey relation grade. (b) Studentized residuals vs. normal % probability.
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3.5. Influence of Factors on the Response. By means of main
effect plots, it is possible to demonstrate the influence of
numerous factors on the results. Plots of the principal effects
for a range of responses are shown in Figures 6(a)–6(d). On
the graphs, it appears that ultrasonic therapy power (A) is
the most important factor in determining the correct
responses. In addition to improving hardness, ultimate ten-
sile strength, and % of elongation, increasing the UST power
also reduced grain size. Intense ultrasonication at a greater
ultrasonic therapy power helped disperse the nanoparticles
evenly throughout the matrix. At this moment, the nanopar-
ticles were strapped into the intergranular regions of the pre-
viously produced grains. Due to the grain’s inability to
spread any more as a result of this technique, an even finer
grain structure was created.

With regard to ultrasonic therapy time (B), it is clear that
an increase in this value enhances the replies up to a certain
point in time. The ultimate tensile strength, % elongation,
and particle size all improved pointedly after a 15-minute
UST time. The nanoparticles were evenly disseminated
throughout the matrix because of the ultrasonication proce-
dure. As the ultrasonic therapy time increased to 20min, the
hardness, ultimate tensile strength, and elongational per-
centage all dropped, but the grain size improved. Due to
nanoparticle aggregation, the maximum UST duration had

less of an impact on the reactions of the subjects. Because
of this, it is possible that an optimal ultrasonic therapy dura-
tion at midvalues is all that is needed to distribute nanopar-
ticles effectively.

Plots of the main impacts show how answers vary
depending on the weighted percentage of reinforcement
used (E). Up to 3% of nanoparticles in the solution increased
the reactivity. This was possible because of the uniform dis-
persion of nanoparticles throughout the system. Amounts of
nanoparticles in excess of 3wt% reduced the responses. It is
common for nanoparticles to agglomerate in the matrix at
higher percentages of the total weight. In addition to acting
as stress concentration locations, the agglomerated particles
also reduced mechanical responses. As a result, increasing
the weight % of reinforcement reduced ultimate tensile
strength and % of elongation. Table 8 shows the confirma-
tion trials results.

Stress and strain graphs of materials manufactured under
different processing conditions are shown in Figure 7.
Increased ultrasonic therapy power was clearly associated with
an increase in strain rate. Using high-powered sonication, a
uniform dispersion of nanoparticles and fine grain refinement
is achieved. Increases in nanoparticle weight % diminish elon-
gation at various ultrasonic therapy powers, according to
stress-strain curves. For example, at increased ultrasonic
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Main effects plot for grain size (𝜇m)

A B C D E

1750

80

100

120

140

160

180

200

M
ea

n

2000 2250 2500 5 10 15 20 750 800 850 900 100 150 200 250 2 3 4 5

(d)

Figure 6: Main effects plots: (a) hardness, (b) ultimate tensile strength, (c) elongational %, and (d) size of the grain.

Table 8: Results of confirmation trials.

Factor setting Initial factor
Optimum factors from Taguchi Grey response surface

methodology
Trial values Enhancement in response value

Level A3B3C1D2E4

Ultrasonic therapy power = 2:25367 kW Ultrasonic therapy
time = 16:28min Pouring temperature =700.73°C Squeezing
pressure = 142:63MPa Weight % of reinforcement = 1:9

Grey relational grade 0.6199 0.8208 0.203

Hardness (VHN) 144.75 152 7.250

Ultimate tensile strength (MPa) 298.73 339.58 40.850

% of elongation (%) 6.98 10.6 3.620

Grain size (μm) 128.56 43 85.560
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therapy power, the grain fineness was greater and the disper-
sion of nanoparticles was more homogenous at 1.5 and
6wt%. Consequently, the ductility improved greatly. In con-
trast, low-power sonication was unable to achieve uniform
dispersion at high levels of reinforcement. To compensate
for the loss of ductility, the material was coated with
nanoparticles.

4. Conclusion

TGRSM was utilized to optimize ultrasonic therapy power,
duration, pouring temperature, and the stir pressure. The
investigation’s findings are as follows.

(i) This study demonstrated that grain refinement,
homogeneous dispersion, and nanoparticle cluster-
ing were all impacted by distinct processing factors.
Zirconia particles were shown to be nonreactive
with AA6061 according to XRD measurements

(ii) Multiobjective problems were transformed into
similar single-objective problems using GRA. Using
a model with a coefficient of determination of
0.9886, we were able to accurately predict the exper-
imental response values. In the sixteenth trial,
A4B4C1D3E2 produced the greatest GRG value

(iii) As a result of these and other factors, the final
results were significantly affected by the UST power
and time as well as the temperature, stir pressure,
and the weight percentage of reinforcement. It was

found that AC, BC, and DE had significant ANOVA
interactions

(iv) Response surface plots were used to describe the
impacts of factors on grey relational grade, and the
role of specific parameters was explored. Grain size
dropped as UST power rose, yet hardness, ultimate
tensile strength, and elongation % increased. Higher
pouring temperatures resulted in a decreased solid-
ification cooling rate, which resulted in better com-
posite manufacturing outputs. At a stir pressure of
142MPa, better responses were obtained and addi-
tional increases in pressure had very minimal effects
on responses

(v) Using the TGRSM method, the following was found
to be the best set of parameters: pouring tempera-
ture was 700.73°C, stir pressure was 142.63, and
reinforcement was 1.9wt%. Hardness of 151.62
VHN, ultimate tensile strength of 346.89MPa, elon-
gational % of 10.82, and particle size of 48.73
micrometer were found to be the optimal response
parameters. Grey relational grade improved by a
factor of 0.203 in the confirmation test

Data Availability

The data used to support the findings of this study are
included within the article. Further data or information is
available from the corresponding author upon request.
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Nowadays, resistance to antibiotics has developed in bacterial microorganisms related to dental and oral infections, leading to
major problems in public health. Using nanoparticles, particularly silver nanoparticles (AgNPs) may offer a new strategy for
the prevention and treatment of dental infections. In the current study, AgNPs were synthesized using Halomonas elongata at
different conditions according to nine experiments designed by the Taguchi method, and their antibacterial effects were
investigated on a Streptococcus mutans biofilm. The effects of three factors, including silver nitrate (AgNO3) concentration,
incubation time, and temperature at three different levels, were studied to optimize the synthesis of AgNPs under the designed
experiments. Then, the antibacterial effects of these NPs on the S. mutans biofilm were examined by the colony-forming unit
(CFU) method. According to the results, green-synthesized AgNPs under optimal conditions properly inhibit the formation
and growth of the S. mutans biofilm. Furthermore, different analyses were applied to investigate the formation, structural, and
morphological properties of the green-synthesized AgNPs under optimum conditions. The obtained results of this study
indicated that the green-synthesized AgNPs could be a promising antimicrobial agent in the dental and medicinal industry.

1. Introduction

Despite significant therapeutic advances in recent decades, no
effective treatment has been found for autoimmune diseases,
cancer, and microbial infections [1–3]. The emergence of
drug-resistant bacteria has become a main global health con-
cern because it is hard to control these pathogenic strains using
commonly available antibiotics [4, 5]. According to a report
from the World Health Organization (WHO), resistance to
antibiotics has also developed in bacterial microorganisms

related to dental and oral infections [6]. For example, in a study
on antibiotic-resistant bacteria, such as oral Streptococci from
active dental infections, it was shown that 45.9% of S. mutans
were resistant to clindamycin and moxifloxacin [7]. There are
several microorganisms in the oral cavity that may cause oral
diseases including caries, periodontitis, and other dental disor-
ders [8]. The majority of dental diseases are caused by the for-
mation of plaque biofilms by a community of bacteria or
fungi that protects pathogenic microorganisms from foreign
drugs and allows them to escape the host’s defenses [9].

Hindawi
Journal of Nanomaterials
Volume 2022, Article ID 6261006, 7 pages
https://doi.org/10.1155/2022/6261006

https://orcid.org/0000-0001-9591-1170
https://orcid.org/0000-0003-3885-6640
https://orcid.org/0000-0002-3272-4041
https://orcid.org/0000-0002-9571-6137
https://orcid.org/0000-0002-6172-864X
https://orcid.org/0000-0002-3982-5216
https://orcid.org/0000-0002-8167-7632
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/6261006


Therefore, there is an urgent need to develop and produce new
antibacterial agents to control bacterial infections [10]. Due to
their large surface area and high charge density, nanoparticles
(NPs) may offer a new strategy for the prevention and treat-
ment of dental infections. This is because they interact more
with the negatively charged surface of bacterial cells, thereby
increasing their antimicrobial activity [8–11].

Among NPs, silver nanoparticles (AgNPs) were intro-
duced as a strong antimicrobial and antibiofilm agent against
pathogenic microorganisms, including viruses, bacteria, and
eukaryotic microorganisms [4]. Various expensive and envi-
ronmentally hazardous physical and chemical methods can
be used to synthesize AgNPs [12]. Recently, the biological syn-
thesis of NPs using renewable materials (microorganisms and
plants), as a safe alternative method, has received huge atten-
tion [13]. Green-synthesized NPs have received more atten-
tion due to reducing the usage of chemicals, the advantage of
ecological friendliness, easy and cost-effective synthesis,
energy-efficient approach, etc. [14, 15]. Microorganisms pos-
sess the capability to synthesize NPs [16]. Bacteria (the most
commonly used microorganisms) have an extraordinary abil-
ity to reduce heavymetal ions and are hence considered one of
the best candidates for the synthesis of NPs [17]. In recent
research, different bacteria such as Escherichia coli, Bacillus
subtilis, Lactobacillus rhamnosus, and Leucas aspera have been
applied to the synthesis of AgNPs [18–21]. Therefore, the
present study is aimed at the green synthesis of AgNPs using
Halomonas elongata as a nonpathogenic Gram-negative pro-
teobacterium at optimum conditions. In addition to the syn-
thesis and characterization of NPs, their highest antibacterial
activity against the S. mutans biofilm as the main cause of den-
tal caries was investigated in this study.

2. Materials and Methods

2.1. Synthesis of AgNPs using H. elongata. Prior to the syn-
thesis of NPs, the bacterial source of H. elongata (IBRC-M
10433; Iranian biological resource center) was obtained from
the bacterial archive. The obtained strain was cultured in an
appropriate sterilized medium, containing glucose (0.2 g),
NaCl (3 g), K2HPO4 (0.028 g), and FeSO4 (0.0001 g) in an
Erlenmeyer flask, and then was incubated at 37°C for 48h.
After the incubation time, the bacteria solution was isolated
from the culture medium by centrifugation at 5000 rpm for
10min. The supernatant was stored for the synthesis of
AgNPs, which was optimized using the Taguchi method.
According to this method, nine experiments were designed
based on different factors, including silver nitrate (AgNO3)
concentrations (0.3, 0.6, and 0.9mg/mL), incubation times
(48, 72, and 96 h), and incubation temperatures (27, 32,
and 37°C). The synthesis process was started by adding
0.5mL of the bacterial supernatant to the AgNO3 solution
at different concentrations. Then, the reaction solutions were
shaken (120 rpm) in an incubator shaker under different
temperatures and incubation times. A control sample with-
out bacteria was placed under the same conditions. After
the reaction was completed, the formed AgNPs were sepa-
rated by centrifugation for 15min at 5000 rpm.

2.2. Antibacterial Effects. The antimicrobial effects of the
green-synthesized AgNPs against S. mutans were evaluated
using colony-forming unit (CFU) methods. From the bacterial
archive of the Iranian biological resource center, a strain of S.
mutans (ATCC 35668) was obtained. S. mutans was cultured
on brain heart infusion agar (BHIA) medium for 24h to pre-
pare a new colony. After that, a bacterial suspension (0.5
McFarland) was prepared from the produced colony.

S. mutans was cultured overnight in a BHI broth
medium at 37°C to form a bacterial biofilm. Then, the bacte-
rial suspension was inoculated to a 96-well plate and incu-
bated at 37°C for 72 h. Daily, the culture medium was
replaced with a fresh BHI broth containing 2% sucrose and
1% mannose. After biofilm formation, it was washed three
times with PBS to remove planktonic S. mutans. The synthe-
sized AgNPs were then added to each well according to nine
experiments designed by the Taguchi method, and the pre-
pared plates were incubated for 24 h. To measure the viable
cells in the biofilms, the unattached cells were removed from
the wells after incubation at 37°C for 24 h. The adhering cells
on the wells were washed (three times), and the resulting
suspension was then homogenized using vortex in PBS
buffer for 2min. To test the CFU, the bacterial suspensions
were diluted 10 times with BHI broth as a serial dilution.
Then, each dilution was cultured on BHIA plates and incu-
bated at 37°C for 24h. After the incubation time, the number
of colonies was counted for nine experiments. All tests were
repeated three times.

2.3. Characterization. The characterization of green-
synthesized AgNPs was performed using different analysis
techniques, including UV-vis (ultraviolet-visible spectro-
photometry), FTIR (Fourier transform infrared spectros-
copy), XRD (X-ray powder diffraction), FE-SEM (field
emission scanning electron microscopy), EDX (energy dis-
persive X-ray spectroscopy), and TEM (transmission elec-
tron microscopy). UV-vis analysis was used to track the
bioreduction of silver ions to AgNPs in the wavelength range
of 200–800 nm (Thermo Fisher Scientific Company, Wil-
mington, USA). FTIR spectroscopy between 400 and
4000 cm-1 was used to determine the role of functional
groups in the synthesis of AgNPs (Thermo Fisher Scientific
Company, Wilmington, USA). To determine the crystalline
structure of the green-synthesized NPs, an XRD analysis
(PHILIPS’s PW1730) was performed in the range of 20-
80°. The morphology and size of the formed NPs were deter-
mined by a field emission scanning electron microscope
(FESEM) (TESCAN Company, MIRA III model, Brno,
Czech Republic) and TEM (CM120, Philips Company, Eind-
hoven, Netherlands) analyses. The elemental composition of
the synthesized NPs was determined using the EDX analysis.

3. Results and Discussion

3.1. Antibacterial Analysis. To optimize the synthesis of
AgNPs with the most potent antibacterial properties, nine
Taguchi experiments were designed. Table 1 summarizes the
effects of green-synthesized AgNPs under various conditions
on the growth inhibition of S. mutans biofilms. According to
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the results, green-synthesized AgNPs in experiment 5 (0.6mg/
mL of AgNO3, incubation temperature 32°C, and incubation
time 96h) showed the highest antibacterial effects against S.
mutans. Log CFUs of AgNPs in experiment 5 were the lowest
values among the other groups.

Table 2 presents the effect of AgNO3 concentrations,
incubation temperatures, and incubation times on the
growth inhibition of the S. mutans biofilm. The outcomes
showed that the factors of the AgNO3 concentration and
incubation time at level 3 and incubation temperature at
level 2 had the greatest impact on the growth inhibition of
the S. mutans biofilm.

Table 3 presents the interaction between various factors
and the inhibition of S. mutans biofilm growth. The interac-

tion between AgNO3 concentration at level 2 and incubation
time at level 3 had the greatest effect on the growth inhibi-
tion of S. mutans biofilm (39.13%). With an intensity index
of 12.17%, the interaction between incubation temperature
at level 2 and incubation time at level 3 significantly inhib-
ited the growth of S. mutans biofilm. The lowest interaction
intensity index (8.91%) belonged to the AgNO3 concentra-
tion and incubation temperature at level 2.

Table 4 reveals the analysis of variance for various fac-
tors influencing the growth inhibition of S. mutans biofilm.
The incubation temperature, incubation time, and AgNO3
concentration with 55.88%, 35.03%, and 8.58% inhibition
rates, respectively, showed the greatest effect on the growth
inhibition of the S. mutans biofilm.

Table 3: The interaction effects of studied factors on growth inhibiting of S. mutans biofilm.

Interacting factor pairs Column Severity index (%) Optimum conditions

AgNO3concentration × incubation time 3 × 1 39.13 [3, 2]

Incubation time × incubation temperature 3 × 2 12.17 [3, 2]

Incubation temperature × AgNO3 concentration 2 × 1 8.91 [2, 2]

Table 4: The analysis of variance of factors affecting the growth inhibition of S. mutans biofilm.

Factors DOF Sum of squares Variance F ratio (F) Pure sum Percent (%)

AgNO3 concentration 2 0.39 0.19 69.14 0.38 8.58

Incubation temperature 2 2.49 1.25 444.77 2.49 55.88

Incubation time 2 1.56 0.78 279.17 1.56 35.03

DOF: degree of freedom.

Table 1: Taguchi design of experiments and bacterial growth inhibition rate of green-synthesized AgNPs.

Experiment
AgNO3

concentration (mg/mL)
Incubation

temperature (°C)
Incubation time (h) Bacterial viability rate

(Log10 CFU/mL)
0.3 0.6 0.9 27 32 37 48 72 96

1 0.3 27 48 2.91

2 0.3 32 72 0.94

3 0.3 37 96 1.31

4 0.6 27 72 2.17

5 0.6 32 96 0.61

6 0.6 37 48 2.34

7 0.9 27 96 1.44

8 0.9 32 48 1.12

9 0.9 37 72 1.26

Table 2: The main effects of different levels of AgNO3 concentration, incubation temperature, and incubation time on growth inhibition of
S. mutans biofilm.

Factors Level 1 Level 2 Level 3

AgNO3 concentration (mg/mL) 1.72 1.71 1.27

Incubation temperature (°C) 2.17 0.89 1.64

Incubation time (h) 2.12 1.46 1.12
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The optimum conditions for the green synthesis of
AgNPs with the maximum antibacterial effects were esti-
mated by analyzing the obtained data from all experiments
and investigating the effect of each factor and their interac-
tion (Table 5). Accordingly, the incubation temperature
and AgNO3 concentration showed the highest and the low-
est contributions, respectively, to the growth inhibition of
the S. mutans biofilm. As shown in Table 5, the effect of
incubation time on the growth inhibition of the S. mutans
biofilm is in the middle of the two mentioned factors and
is closer to the incubation temperature. It was determined
that the third level was ideal for AgNO3 concentration and
incubation time, while the second level was best for incuba-
tion temperature. According to the results, it was assessed
that the green synthesis of AgNPs under optimal conditions
well prevented bacterial activity, which is the closest value to
the results of experiment 5 with the lowest Log10 CFU/mL.

The findings of our research are in line with those of Yin
et al., who indicated a good antimicrobial effect of green-
synthesized spherical AgNPs using epigallocatechin gallate
with a diameter of 17 ± 7nm against the S. mutans biofilm
[22]. Tavaf et al. showed the antibiofilm activity of green-
synthesized AgNPs using E. coli (with an average size of
56.1 nm) against S. mutans [23].

As reported previously, S. mutans is the main oral path-
ogen causing dental caries and is connected with other sys-
temic diseases, including bacteremia and infective
endocarditis. The adhesion of this stain on tooth surfaces

is the main reason for their high cariogenicity [24]. There-
fore, green-synthesized AgNPs in the present study with
good antibiofilm activity can be an effective agent in the
treatment of oral infections or dental caries as well as an
alternative way to overcome multi-drug-resistant bacterial
infections. The size, ion release capacity, the presence of cap-
ping agents, and other physicochemical properties can play a
vital role in the antimicrobial activity of AgNPs against var-
ious microorganisms such as S. mutans [19, 20].

3.2. Physicochemical Characterization of Green-Synthesized
AgNPs. In the current study, the bioreduction of Ag+ ions to
AgNPs using H. elongata occurred by changing the color of
reaction solutions to brown. The physicochemical properties
of green-synthesized AgNPs were analyzed by different tech-
niques such as UV-vis, FTIR, XRD, EDX, FE-SEM, and
TEM. Figure 1(a) shows the UV-vis spectrum of AgNPs.
The characteristic surface plasmon resonance (SPR) peak for
the green-synthesized AgNPs was examined by observing
the color change and then by analyzing the maximum absor-
bance in the range of 400–450nm, which is evidence of the
presence of AgNPs SPR [13]. The maximum absorbance peak
of the green-synthesized AgNPs was recorded at 435nm,
which confirmed the production of AgNPs using H. elongate
strain. The XRD pattern of green-synthesized AgNPs is shown
in Figure 1(b). The diffraction peaks at 2θ values of 39.12°,
44.46°, 64.51°, and 77.41° corresponding to reflection peaks
of (111), (200), (220), and (311) planes, respectively, revealed
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Figure 1: (a) UV-vis spectra and (b) XRD pattern of green-synthesized AgNPs by H. elongate.

Table 5: The optimum conditions for the synthesis of AgNPs with the highest antibiofilm activity.

Factors Level Contribution

AgNO3 concentration 3 0.29

Incubation temperature 2 0.68

Incubation time 3 0.45

Total contribution from all factors 1.42

Current grand average of performance 1.57

Bacterial growth inhibition at optimum condition 0.15
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the crystalline nature of these AgNPs with a face-centered
cubic (fcc) structure. All peaksmatch with the JCPDS database
card No. 04-0783. As shown in Figure 1(b), no additional
peaks were observed in the XRD pattern, which confirms the
purity of the green-synthesized AgNPs. The highest was found
corresponding to the plane (111); thus, this will be the pre-
ferred orientation of the cubic structure.

The FTIR spectra of the green-synthesized AgNPs in the
range of 400-4000 cm-1 are shown in Figure 2. The peaks
observed at 3413 and 1591 cm-1 correspond to OH and
C=O groups, which may be related to bacterial proteins.
The peak at 624 cm-1 indicates the -CH bond of amino acids
in the proteins. The FTIR analysis provides evidence of pro-
tein coating on the surface of green-synthesized AgNPs. This
means that the proteins in the bacterial extract have more

affinity to bind with Ag+ ions and act as capping and stabi-
lizing agents, thus reducing the aggregation of produced
AgNPs [25, 26]. The peaks in the range of 1380-1410 cm−1

belong to strong S=O stretching for sulfonyl chloride [27].
In addition, a band at 1117 cm-1 is due to the C–N stretch
of aliphatic amines. The peak at 523 cm-1 may be due to
the presence of Ag-O or pure AgNPs [28].

The morphological and structural features of the green-
synthesized AgNPs from H. elongate, studied by the FESEM
images (Figures 3(a) and 3(b)), showed a high density of
green-synthesized AgNPs. According to this analysis, the
green-synthesized AgNPs with crystalline nature repre-
sented nearly spherical morphology with some aggregates.
Images showed that the size of AgNPs ranged between 10
and 80nm. Furthermore, the TEM images (Figures 3(c)
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Figure 2: FTIR spectrum of green-synthesized AgNPs by H. elongate.
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Figure 3: The FESEM (a and b) and TEM images (c and d) of green-synthesized AgNPs by H. elongate.
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and 3(d)) confirmed the spherical (mostly) and cubic mor-
phologies of the prepared AgNPs. Larger particles are
observed from the aggregation of small particles, which
may be due to small amounts of observed biological agents
or proteins on the surface of AgNPs. Based on the micro-
scopic analyses and the size distribution histogram of
green-synthesized AgNPs (Figure 4(a)), the average diame-
ter of nanoparticles was 45 nm. The EDX analysis
(Figure 4(b)) revealed the presence of the constituent ele-
ments and the purity of the AgNPs produced by green syn-
thesis. These elements included a high amount of silver
(80.62%w) and low amounts of carbon (14.75%w) and nitro-
gen (4.64%w).

4. Conclusion

In the current study, the Taguchi method was applied to
optimize the green synthesis process of AgNPs using H.
elongate as a nonpathogenic bacterial material. At optimal
conditions, various techniques (UV-vis, XRD, FTIR,
FESEM, and TEM) were used to characterize these NPs.
The antibacterial effects of green-synthesized AgNPs were
also evaluated against the S. mutans biofilm as the famous
pathogen of dental caries based on the CFU. The average
diameter of these NPs with the most spherical shape mea-
sured 45 nm. According to the results of this study, green-
synthesized AgNPs in optimal conditions showed higher
antibacterial effects. The result confirmed the effective func-
tion of these NPs as antibacterial or antibiofilm agents.
Therefore, these NPs can be used in dentistry, especially in
the treatment of oral infections or dental caries.
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The wear behaviour of hot pressed AA 2618 aluminium alloy matrix composites reinforced through nano Si3N4 elements (1
percent and 2 percent) has been investigated in this paper. Temperatures of 50°C, 150°C, and 250°C were used to examine the
tribological characteristics of the models under a range of loads and pressures. The best wear performance was found in AA
2618/2wt percent Si3N4. Under a load of 30N and temperature of 250°C, it was discovered that Si3N4-enriched AA 2618 alloy
was 35.7% more wear-resistant than unreinforced AA 2618 alloy. Metal flow and plain delamination were the most common
wear mechanisms at higher temperatures. Delamination is the most common wear mechanism at temperatures between 50 and
250 degrees Celsius. In the analysis of variance, the wear rate was influenced by temperature, load, and the presence of Si3N4
by 47.2%. In order to predict the wear rate, regression equations (linear and nonlinear) were developed by Taguchi method.
Using a high determination coefficient, the nonlinear regression was the preeminent success rate (92.8 percent).

1. Introduction

Lightweight, inexpensive, and energy-efficient alloys are
becoming increasingly popular. It is broadly used in the
automotive industries for its maximum specific strength,
corrosion resistance, and excellent low-temperature proper-
ties [1]. Although Al alloys have some drawbacks, the most
significant one is their less amount of wear and mechanical
properties at higher temperatures [2, 3]. Al metal matrix

composites have been developed to address these shortcom-
ings (AMMCs). Al MMCs are commonly reinforced with a
variety of materials, including SiC, Al2O3,B4C, TiC, CNT,
GNPs, GO, and Y2O3 [4]. Since Si3N4 has a high melting
point and good thermal conductivity, it was a natural choice
for Al MMC reinforcement. Research into MMCs’ wear and
friction patterns is essential [5–7]. In the event that two sur-
faces are in close proximity to each other, material loss can
occur. Consequently, wear has become a major cause of
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failure. MMCs wear more quickly when subjected to varying
loads, sliding speeds, temperatures, and reinforcement con-
tent [8, 9]. Statistics and the Taguchi method have become
increasingly popular in the field of materials science in
recent years. The Taguchi method reduces the amount of
time and money required to conduct experiments in order
to optimise design parameters [10]. Wear rates and friction
coefficients can be studied using the analysis of variance
method. Wear rate is also predicted using a regression
model. The wear behaviour of AA 2618 matrix composites
has been studied by researchers. In addition to silicon car-
bide, aluminium oxide, and carbon nanotubes, a variety of
reinforcements were used [11, 12]. While some research
has been done on the tribological performance of stir cast
AA 2618/Si3N4 composite (wt% of 3, 6, and 9 Si3N4 con-
tent), only a few studies have focused on the properties of
6 percent SI3N4. AA 2618/Si3N4 (4wt%) composites were
stir casted to investigate the dry sliding wear behaviour
[13]. They found that composites have a higher wear resis-
tance than AA 2618 alloy without reinforcement. It has
dry sliding tribological properties at elevated temperatures
between 30 and 300 degrees Celsius. The fabricated MMCs
by stir casting were attributed to the increase in wear resis-
tance [14–16]. The wear performance of AA 2618-SiC-
hSi3N4 nanocomposites has been improved by the addition
of SiC and hSi3N4 particles [17–20]. There have been
numerous studies on AA 2618/Si3N4 composites based on
the literature. A liquid metallurgy production method was
used in these studies [21]. Additionally, statistical analysis
was not used to examine the wear behaviour of the samples.
Furthermore, no research has been done on the wear behav-
iour of monolithic AA 2618/Si3N4 composites made by pow-
der metallurgy at elevated temperatures [22–26]. Fuselage
structures below tension frequently use AA 2618 alloy
because of its high specific strength, good machinability,
and high fatigue strength and thermal conductivity [27].
The AA 2618 alloy’s tribological performance is known to
be poor at high temperatures. Ceramic particles have been
added to AA 2618 alloy in order to increase its usefulness
in high-temperature applications [28–30]. It is revealed that
AA 2618 wear behaviour at elevated temperatures must be
studied and improved. An investigation into hot pressing
AA 2618/Si3N4 composites armoured with Si3N4 (1% wt
and 2% wt) was primary goal of this research [31]. Different
parameters (such as load, Si3N4 content, and temperature)
were examined for their effects on wear rate using analysis
of variance and regression models. It was also used in the
search for the best process parameter that had the lowest
wear rate [32–34].

2. Experimental Studies

2.1. Production and Materials. AA 2618 alloy powder was
used as a matrix material in this research. Because of its abil-
ity to work at higher temperatures, AA 2618 is frequently
used as pistons and spinning aviation components, as well
as in automotive racing. The AA 2618 alloy chemical com-
position was determined to be 4.7Cu, 1.6Mg, 0.6Zn,
0.5Mn, and 0.2Si and a weight percentage of Al that was bal-

anced. Reinforcement was provided by Si3N4 nanoparticles
(100 nm). The composites were made using semi-powder
metallurgy. To separate the agglomerated particles, Si3N4
particles were ultrasonically treated in ethanol for one hour.
Next, AA 2618 alloy powder was added to the solution con-
taining Si3N4 nanoparticles. In a vacuum distillation system,
a magnetic stirrer was used to mix the powders (AA 2618
alloy and Si3N4). After three hours, all of the ethanol had
been flushed from the system. Previous studies provided a
schematic diagram and detailed explanation of semi-
powder metallurgy. Si3N4 nanoparticles of 0, 1, and 2wt per-
cent were used in the samples. One hour of hot pressing at
525°C under 50MPa pressure produced the test specimens.
The rate of heating was10°C/min. In an argon atmosphere,
all the processes were carried out. Due to the size require-
ments of this study, the attained samples of 15mm x
23mm were maintained. Figure 1 shows SEM image of pow-
der used.

2.2. Mechanical and Wear Tests. A hardness test device was
used to take the hardness measurements. It was necessary to

Figure 1: SEM image of powder used.

Figure 2: Pin on disc wear setup.

Table 1: Test parameters for measuring wear.

Levels Applied load, N
Temperature

°C
Wt percent of
silicon nitrate

1 15 50 0

2 30 150 1

3 45 250 2
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conduct precise measurements using the metallographic
preparation. A 1 kg load and a dwell time of 20 seconds were
used to measure hardness. The average of five successful
indentations was calculated. A universal testing machine
with a 0.5mm/min test speed was used for the compression
tests. A pin-on-disc test device was used to conduct wear
tests under dry sliding conditions. Temperatures ranging
from 50 to 250 degrees Celsius were used for wear tests at
a sliding speed of 120 millimetres per second with loads of
15 to 45Newtons. The sliding distance was 200 metres.
The AISI 52100 steel used for the counterface had a hardness
rating of 63 HRC. Figure 2 shows pin on disc wear setup.

2.3. The Experiment Design. The Taguchi method was used
with three factors and three levels. Si3N4 content, load, and
temperature were all factors in the experiment. Table 1 pro-
vides the values of the parameters. The Taguchi design used
the L27 array.

3. Results and Discussion

Table 2 displays the specimens’ densities and hardness of the
produced composites.

3.1. Mechanical Properties. According to these results,
increasing the amount of Si3N4 results in greater compres-
sive yield strength (CYS) and ultimate compressive strength
(UCS). Comparing the CYS and UCS of the AA 2618/2Si3N4
composite to those of the AA 2618 alloy, 17.2% and 28.9%
increases were observed. Figure 3 shows the curves of the
samples compression stress and strain. Table 3 summarises
the mechanical properties and average grain size for each
type of cereal grain. The dislocations are also slowed by the
presence of reinforcing particles. Due to the occurrence of
reinforcement elements and an increased grain boundary
area as a result of grain refinement, dislocation movement

Table 2: Specimens’ densities and hardness.

Materials
(density)theoretical

g/cm3
(density)Experimental

g/cm3
(density)Relative

g/cm3 Hardness, HV % of raise in hardness

AA 2618 3.71 3.76 97.1 81.4± 3.6 92.4± 1.6

AA 2618/1% silicon nitrate 3.82 3.780 98.4 98.1 94.8± 1.9
AA 2618/2% silicon nitrate 3.78 3.798 9.4 16.2 10
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Figure 3: Curves of the samples’ compression stress and strain.

Table 3: Fabricated samples’ mechanical properties.

Materials Grain size, CYS, Mpa UCS

AA 2618 20.2 276.2± 11.2 516.7± 14.2
AA 2618/1% silicon
nitrate

19.4 302.6± 10.2 591.6± 23.4

AA 2618/2% silicon
nitrate

15.6 324.6± 9.1 665.8± 20.1
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is hindered As a result, the strongest material has the smal-
lest grain size. Grain size decreases as the Si3N4 content
increases. AA 2618/1Si3N4 and AA 2618/2Si3N4 reduced
the grain size by 7.8 percent and 21.9 percent, respectively,
when compared to the AA 2618 alloy. Sintering grain refine-
ment may be attributed to the hard Si3N4 elements in the
structure acting as a wall to grain limit movement. There is
also evidence to suggest that nano-reinforcement slows
down grain growth by causing pinning at grain boundaries.
It is also crucial to have a mechanism for transferring the
weight of the load. The transmission of loads from the soft
matrix to hard fortification particles has been credited with
increasing the strength of composite materials. The interfa-
cial bonding between the matrix material and the reinforce-
ment particles is responsible for the increased strength.

Using Si3N4 particles, the researchers were able to transfer
loads from a matrix to a reinforcement. Al matrix compos-
ites reinforced with nanoparticles can also benefit from the
Orowan strengthening mechanism. Nanoparticles are used
to form residual dislocation loops in the Orowan strengthen-
ing mechanism. The back stress created by the dislocation
loops prevents the dislocation from moving forward. Com-
posite materials become stronger as a result.

3.2. Wear Results

3.2.1. The Effect of Load on the Rate of Wear. There was a
clear correlation between increasing load and increasing
wear rate at all temperatures. Aside from that, the AA
2618/2Si3N4 composite’s wear rate was the lowest. The
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Figure 4: Temperature affects the rate of wear on the load: (a) 50°C, (b) 150°C, and (c)250°C.
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lubricating effect of Si3N4 particles contributes to the
improved wear resistance of composites. Due to the Si3N4
particles, composite materials have a lower rate of wear
because the metallic contact between sliding surfaces is
reduced. A 45N load on AA 2618/2Si3N4 reduces wear rates
by 45.8 percent, 42.1 percent, and 35.7 percent compared to
an unreinforced alloy at 50°C, 150°C, and 250°C. As the tem-
perature rises, the wear rates of the samples also increase sig-
nificantly. At temperatures of 50°C, 150°C, and 250°C, AA
2618 has a wear rate of 0.0024mm-3/Nm. for the alloy,
according to research.

Dislocation density increases when there is a mismatch
in thermal expansion. This has a significant impact on the
hardness of composite materials. Grains of AA 2618/Si3N4

composites have fewer grain boundaries, resulting in a
higher wear resistance. The dislocation movement is hin-
dered by the increased grain boundaries. The improvement
in tribological performance was attributed to this. The
improved wear performance of AA 2618/Si3N4 composites
is due to the increased hardness and mechanical properties
of the strengthening mechanisms.

3.2.2. Temperature Effect on Wear Rate. With increasing
Si3N4 content at temperatures between 50 and 250 degrees
Celsius, the wear rate of AA 2618/Si3N4 composites is
reduced. Al matrix thermal stability is said to improve as
the amount of Si3N4 in the alloy increases. The wear rate
of the models also increases the temperature of the test
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Figure 5: Temperature-dependent wear rates under a variety of load conditions: (a) 15N, (b) 30N, and (c) 45N.

5Journal of Nanomaterials



increases. As the test temperature rises, the softening trend
becomes more pronounced.

3.2.3. Effect of Wear Rate on Silicon Nitride. AA 2618 alloy
wear rate is thought to be affected by silicon nitride content
below 15N, 30N, and 45N loads at temperatures of 50°C,
150°C, and 250°C. After adding Si3N4, the wear performance
was noticeably improved in all conditions. Sample and
counterface material are subjected to low shear stress
because of Si3N4 particles in the structure. At a temperature
of 250°C and a load of 45N, the AA 2618 alloy showed
severe wear.

3.2.4. Coefficient of Friction. In this graph, friction coeffi-
cient (COF) is plotted against load and temperature.
Under all wear conditions, it can be seen that friction

coefficient reduces with increasing silicon nitride content.
The COF of the samples rises in direct proportion to the
increase in load and test temperature. The AA 2618/
2Si3N4 sample had the lowest COF. This resulted in an
average COF value of 0.333 for AA 2618/1Si3N4 and
0.210 for the AA 2618/2Si3N4 samples tested at a temper-
ature of 50°C. At a temperature of 250 degrees Celsius and
a load of 45Newton, the average COF values of AA 2618/
1Si3N4 were 0.668, 0.572, and 0.474, respectively, and all
are shown in Figures 4 and Figure 5. Composites have
low coefficients of friction because of a solid lubricant,
Si3N4. Furthermore, it was discovered that the presence
of hard reinforcement particles reduces the actual contact
area between the counterface and the matrix. As a result,
composite materials have a lower COF. It is well estab-
lished that the matrix softens as the temperature rises.
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Figure 6: Si3N4 content’s wear rate under various loads: (a) 15N, (b) 30N, and (c) 45N.

6 Journal of Nanomaterials



As the counterface and matrix become more adherent, so
does the matrix’s adhesion to the counterface material.
As a result, the samples’ COF rises.

Adding Si3N4 particles improves wear performance in
this study, according to researchers. The COF is also found
to be reduced when Si3N4 particles are added. The wear
behaviour of Si3N4-reinforced aluminium composites was
identified to be similar by several researchers. The Al
matrix’s wear performance was reported to have improved,
and the COF was reported to have decreased and it is shown
in Figure 6. Composites with the addition of Si3N4 reinforce-
ment were found to be more resistant to wear because of the
material’s lubricant properties. Due to the matrix strength-
ening that occurred as dislocation density increased, wear
resistance also increased.

Grain refinement and particle dispersion strengthening
were both associated with an increase in composite strength
and hardness. Composites have grain sizes that are smaller
than those of the AA 2618 alloy, as shown in Table 3. Coun-
terface material and matrix are separated by a thin layer of
oxide, according to this theory. In this study, the surface
was found to be oxidised when heated to high temperatures.

4. Statistical Analysis

4.1. ANOVA Results. Table 4 displays the Taguchi L27
orthogonal array results and response value values. The
experimental data was analysed using ANOVA. ANOVA
can be used to find which variables have greatest impact
on the rate at which clothing wears out. The ANOVA
studies were conducted with a 95% level of confidence.
The ANOVA results are shown in Table 5. Temperature
is widely believed to be the most significant factor in the
rate of wear (46.21 percent). Load and Si3N4 content were
found to be responsible for 23.97 percent and 12.92 per-
cent of the total. Interactions appear to have a smaller
impact than individual parameters. There is a 13.67 per-
cent correlation between load and temperature, followed
by a correlation between temperature and Si3N4 (2.43
percent).

Temperature and Si3N4 content were independent vari-
ables. It was determined that the wear rate was the depen-
dent variable. The wear rate of samples was predicted
using a linear and a nonlinear regression model and it is
shown in Figures 7 and 8.

Table 4: Taguchi L27 orthogonal array results and response value values.

Ex.No Load Temp Si3N4 wt% Wear rate Ratio of S/N

1 15 50 0 0.0028 54665

2 15 50 1 0.0016 570881

3 15 50 2 0.0009 628482

4 15 150 0 0.0042 492846

5 15 150 1 0.0023 541128

6 15 150 2 0.0018 561086

7 15 250 0 0.0059 462127

8 15 250 1 0.0041 491218

9 15 250 2 0.0026 551342

10 30 50 0 0.0038 489720

11 30 50 1 0.0029 521535

12 30 50 2 0.0019 610012

13 30 150 0 0.0071 450182

14 30 150 1 0.0056 466710

15 30 150 2 0.0049 481312

16 30 250 0 0.0099 413421

17 30 250 1 0.0069 452817

18 30 250 2 0.0059 470816

19 45 50 0 0.0031 530124

20 45 50 1 0.0024 558428

21 45 50 2 0.0024 581868

22 45 150 0 0.0091 421868

23 45 150 1 0.0069 461828

24 45 150 2 0.0054 472858

25 45 250 0 0.0152 381824

26 45 250 1 0.0112 391524

27 45 250 2 0.0096 411015
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4.2. Analysis of S/N Ratios. This research made use of 27-
row, 3-column full-factorial arrays. The constraints, wear
rate, and signal-to-noise ratio are listed. Using the S/N ratio
“Small is better” characteristic, this study was able to deter-
mine the wear rate. Each variable’s impact on output was
evaluated using the S/N ratio. Given here is the S/N Ratio
(S/N) in equation (1)

S/N = −10 log 1
n

〠
n

i=1
yi
2

 !
: ð1Þ

Signal-to-noise ratio (S/N) is the ratio of a signal’s
strength to the background noise, and n is how many trials
were conducted. This study looked at how different loads,

temperatures, and levels of Si3N4 content affected wear rates.
Table 6 summarises the relative importance of various wear
test parameters and their respective means. The best results
are achieved when the S/N ratio of the combination of wear
rate-related parameters is the highest. There is a correlation
between wear rate and temperature, which is more pro-
nounced than the effects of load and Si3N4. The effect of
Si3N4 content was overshadowed by the effect of load. Plots’
wear rates are the primary goal of the analysis. Alloy AA
2618 must have a low wear rate and high Si3N4 content in
order to function properly. For the interaction plots, the
non-parallelism effect is well-known. If the interaction plot’s
lines are not parallel, a finding of low interaction is valid.
The wear parameters interact strongly at the intersection of
lines. The relationship between load and temperature can
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Figure 7: (a) Wear rate and (b) S/N ratios for the samples are shown in the main effects plots.

Table 5: The results of the ANOVA test for each sample.

Source Degrees of freedom Seq SS % of contribution Adj SS Adj MS F value P value

Load (L) 2 0.000071 23.4 0.000071 0.000038 168.94 0.0000

Temperature (°C) 2 0.000138 46.4 0.000134 0.000069 316.18 0.0000

Si3N4 wt% 2 0.000039 11.69 0.000039 0.000021 89.14 0.0000

L x T 4 0.000002 14.24 0.000041 0.000015 17.86 0.0000

L x Si3N4 4 0.000009 0.31 0.000001 0.0000 0.79 0.5960

T x Si3N4 4 0.000003 3.35 0.000008 0.00003 8.96 0.00070

Error 8 0.000289 0.61 0.000003 0.00000

Total 26 100
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be clearly seen. Temperature Si3N4 content and load Si3N4
content had a low interaction. The signal-to-noise ratio
compares the strength of a signal to the background noise.

4.3. Evaluation Parameters. Regression models were assessed
against two criteria in this study. R2 and root mean square
error were used to calculate the determination coefficient,

R2 (RMSE). The following equations were used to calculate
the RMSE in equation (2) and R2 in equation (3).

RMSE = 1 − 1
n
〠
n

i=1
ei − pið Þ2

 !1/2

: ð2Þ

There are two values: ei is the actual and pi is the pre-
dicted one, respectively.

R2 = 1 − ∑n
i=1 ei − pið Þ2

∑n
i=1 ei − pið Þ2

 !1/2

: ð3Þ

For the regression models, R2 is a measure of how well
they perform based on the mean of the actual values. High
R2 and low RMSSE values are what we are looking for in the
model we are building here. Linear and nonlinear regressions
have RMSE values of 0.0013 and 0.0009, respectively, for the
two methods as in Figures 7 and 8. For linear and nonlinear
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Figure 8: Wear rate is plotted as a function of the interaction between wear parameters.

Table 6: Responses to the sample S/N ratios.

Levels Applied load
Temperature of control

factors °C
Wt% of Si3N4

content

1 54.8 54.8 46.4

2 48.6 48.4 49.8

3 47.1 45.2 53.3

Delta 8.1 13.1 7.4

Rank 2 1 3
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regressions, the R2 (percent) was 84.8 and 91.5, respectively.
Regression models with low RMSE values are more likely to
be successful. Nonlinear regression models outperformed lin-
ear regression models by 1.4 times as in tables.

Prediction accuracy is higher in models that use nonlin-
ear regression than in linear regression models. Lower pre-
diction values were obtained by using a linear regression
model. For AA 2618/Si3N4 composites, nonlinear regression
can be used to accurately predict the wear rate. Tribological

studies can save money and time by using the nonlinear
regression model as shown in Figures 9 and 10.

5. Conclusions

This work used experimental and statistical approaches to
investigate the wear behaviour of AA 2618/Si3N4 (1 and 2wt
percent) composites. The following findings were obtained
from this investigation. In all test settings, composites

0.002 0.004 0.006 0.008 0.010 0.012 0.014

0.002

0.004

0.006

0.008

0.010

0.012

0.014

Experimental
Linear regression
Non-linear regression

Pr
ed

ic
te

d 
va

lu
e

Experimental value

Figure 9: The dataset’s regression model results.

0 5 10 15 20 25
0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0.008

0.009

W
ea

r r
at

e (
m

m
3/

N
m

)

Experiment no

Experimental
Linear regression
Non-linear regression

Figure 10: Comparison of experiment and predicted values.

10 Journal of Nanomaterials



containing AA 2618/2 wt percent Si3N4 demonstrated the
best wear resistance. Delamination was most noticeable at 50
degrees Celsius, with substantial delamination and metal flow
occurring at 250 degrees Celsius.

(i) There was a 47.32 percent temperature, 24.96 per-
cent load, and 12.51 percent Si3N4 content contri-
bution to wear rate, respectively

(ii) Linear regression had an R2 of 83.4%, while nonlin-
ear regression had an R2 of 92.8%. By using nonlin-
ear regression to predict wear rate, examining time
and the number of examinations can be reduced

(iii) Because of their superior elevated temperature tri-
bological performance, AA 2618 with Si3N4 com-
posites are the best choice for wear applications at
high temperatures
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Organic fiber-based biocomposites have gained prominence in a variety of sectors over the last four to five years due to their
exceptional mechanical and physical properties. Natural fiber-based composites are increasingly being employed in autos,
ships, airplanes, and infrastructure projects. The current study will look at the effect of nanotitanium oxide (TiO2) fillers on
the properties of hybridised jute-hemp-based composites. In this work, TiO2-filled biocomposites were created using the hand
layup method in hybrid jute-hemp composites containing jute fiber mats, woven hemp mats, and epoxy resin. After
nanotitanium oxide fillers were injected in various weight proportions, the mechanical properties of fiber-reinforced polymers
were investigated. The mechanical properties of laminated composites were tested using the ASTM standard. Compared to 2
and 4wt.% of TiO2, the 6wt.% was provided the highest mechanical strength. Among the different types of specimen, the E-
type specimen (30wt.% of hemp, 7 wt.% of jute, 57 wt.% of epoxy, and 6wt.% of TiO2) gives their highest contribution, i.e., for
tensile 24.21%, for flexural 25.03%, and for impact 24.56%. The scanning electron microscope was utilized to analyse the
microstructures of nanocomposites.

1. Introduction

The utilization of composite materials has increased at an
astounding rate, and these materials today have a remarkable
and wide variety of uses. Minimal weight, strong fatigue tol-
erance, high corrosion resilience, insulation, and low coeffi-
cient of thermal expansion are key benefits of composites
over several metallic materials. Polymer matrix composites

(PMCs) offer outstanding physical and thermal qualities, like
high specific toughness, as well as high toughness and rust
resistance. The researchers emerged as viable alternatives to
traditional metals in a wide range of applications, including
aeroplanes, warships, housing, vehicles, microelectronics
components, and maritime construction [1, 2]. The resources
used throughout the airframe of a Boeing 777 contain 50%
aluminium and 12% polymers by weightiness. However, in
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the completely redesigned Boeing 787 aviation, the propor-
tions by heaviness for aluminium and polymers have altered
to 22% and 55%, correspondingly. Fiber-reinforced polymer
compounds have a number of appealing qualities, like high
stiffness, fracture toughness performance and damage toler-
ance levels, high thermal stability, nonmagnetic characteris-
tics, oxidation resistance, and low manufacturing energy
consumption [3, 4]. Fiber glass-reinforced glass, polypropyl-
ene, and graphene are the most prevalent artificial fibers. In
polymer matrix composites, harder and tougher fibers can
be added to increase the strength and rigidity of the poly-
mers. Because of its outstanding characteristics, such as high
specific fracture toughness, adjustable electrical conductivity,
temperature resistance, high fatigue barrier properties, and
appropriateness for the fabrication of numerous contour
substances, fiber-reinforced composites have been widely
used. In numerous applications, composite materials have
replaced traditional architectural materials like metals, hard-
woods, and iron [5, 6]. Car manufacturing, aeroplane pro-
duction, wind energy plants, yachts, and warships are all
examples of composites’ uses. The way things are manufac-
tured has altered thanks to filler reinforced structural poly-
meric or thermoplastic composites. Authors may now be
seen not just in air and ground transportation vehicles, sports
gear, and electronics but also in bullet barriers, weaponry,
percussion equipment, fashion items, and much more. The
requirement for materials of good physical qualities, in com-
bination with lighter weight and low price, grows as demand
grows [7]. This necessitates a continuous hunt for new ingre-
dients, additions, and production procedures. The standard
strategy is to look for a joint that attaches the reinforcement
to the matrix and enhances the transfer of load but does not
cause considerable matrix fouling at the boundary, permit-
ting crack propagation during dynamic loads [8]. Because
of their improved properties, nanostructured membranes
made of polymer matrices and nanomaterials/nanofillers
have piqued the interest of researchers and industry in their
application, leading to high barrier packing for food and gad-
gets for automobiles and aviation. They offer excellent fea-
ture upgrades, including increased thermal and mechanical
characteristics, permeability resilience, and flame retardancy
at different filler levels, as compared to their typical micro-
scopic and macroscopic or clean equivalents [9, 10]. In the
last twenty years, polymer-based nanocomposites have
attracted a lot of interest from academia and industry. Differ-
ent polymer matrixes and nanoparticles have indeed been
studied in different configurations. The addition of a small
amount of nanofiller has proved to improve the physical
characteristics of polymer matrices dramatically. The shape,
size, content, and degree of aggregation of the filler, as well
as the amount of matrix-filler adherence, have a major
impact on the characteristics of a polymeric-filled composite.
The use of nanomaterials as fillers creates a bigger dynamic
and interactive zone, which might lead to significantly stron-
ger couplings with matrices and a better end product. Nano-
particles can also provide nanocomposite distinctive features
like electrical, photonic, magnetism, or transporting capabil-
ities, which opens up endless possibilities for rapid techno-
logical use. Synergistic effects from the combining of

separate components contribute to improved properties in
polymer-based composites [11, 12]. These gains may be
approximated using mixing procedures in ordinary compos-
ites, but these begin to fail in nanocomposites since interface
connections among constituents become highly important
for determining bulk characteristics. Particle polymer com-
posites are made up of microparticles or nanofillers of vari-
ous types and sizes scattered arbitrarily in matrix materials.
Due to tear dulling, fracture deflecting, and fracture anchor-
ing hardening processes, the introduction of titanium oxide
and aluminium oxide nanoparticles in epoxy reaches the
maximum hardness. The incorporation of nano-SiO2
increased mechanical characteristics and breakage durability
with weight concentration owing to matrix deformations,
region buffering, void development, particle-matrix delami-
nation, and localised shearing band hardening mechanisms.
Formulation, constituent characteristics, architecture, and
interface contact all influence the biomechanical, physical,
and chemical characteristics of nanostructured materials,
particularly yield strength. If nanoparticles possess an aniso-
metric topology, the direction of the nanoparticles should be
considered in estimating material properties. The efficacy of
stress transmission among filler and matrix affects the inten-
sity of a particle-filled composite. The TiO2 nanoparticles are
now one of the more intriguing substances [13, 14]. They are
gaining popularity not only because of their unusual features
but also because of their prospective uses in sectors like
paints, perfumes, catalysis, and catalyst support. After ultra-
sonically processing, the mechanical and absorption proper-
ties of polymeric composites containing TiO2 nanoparticles
and epoxy were associated to composite samples containing
TiO2 microscopic particles and epoxy, as well as plain resin.
The nanocomposites with proper dispersions of nanoparti-
cles at a loading of 10wt.% showed a unique mix of attributes,
including improvements in impact resistance and elasticity,
but also improvements in cyclic loading and swelling toler-
ance, all while preserving hardness. In comparison to the
clean resin, the nanobased composites demonstrated no gain
in abrasion confrontation and a reduction in failure to strain
[15, 16]. The goal of this study is to see how nanotitanium
oxide fillers affect the characteristics of hybrid jute-hemp
composites. Hand layup techniques were used to create the
composites. The ASTM standard was used to test and analyse
mechanical qualities such as tensile, bending, and impact. A
scanning electron microscope was used to perform the
microstructural study.

2. Experimental

2.1. Materials. To change the epoxy matrices, TiO2 particles
with a size of 30nm were utilized as caulking substantial. As
a reinforcing material, a 350 gsm commercially available jute
fiber chop strand mat was employed. As a reinforcing mate-
rial, a 250 gsm woven hemp mat with an average thickness of
0.65mm was employed. GVR Fiber Industry, Madurai,
Tamil Nadu, India, provided both natural fiber mats. Naga
Chemical Ltd. in Chennai, Tamil Nadu, India, provided
the TiO2 filler. Figure 1 reveals the reinforcement materials
and TiO2 fillers.
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2.2. Alkaline Processing. Alkaline treatment is among the
most often utilized chemical methods when natural fibers
are combined with polymer to produce a composite. The
most notable change generated by alkaline treatment is the
breakage of hydrogen bonds in the underlying network,
resulting in enhanced surface quality. During alkalization,
fibers are immersed in a NaOH solution for a specific period
of time. The hemp mat was treated chemically with sodium
hydroxide in the current study. For four hours, ordinary
hemp and jute were immersed in a container; it contains a
5% NaOH solution. After that, the fiber mats were air dried
at ambient temperature [17].

2.3. Fabrication of Hybrid Composites. Depending on the
mass of the tiny titanium oxide nanoparticles to an overall
weight of the jute, hemp, epoxy resin, and nanotitanium
oxide particles, the mass proportions of the nano-TiO2 filler
in the composites were 2 percent, 4 percent, and 6 percent.
To make the nano-TiO2-mixed epoxy resin, mechanical stir-
ring was used to mix the nano-TiO2 into the epoxy resin,
followed by the addition of the suitable hardener. Hand
layup was used to create the hybrid composites, which con-
sisted of three layers of hemp, jute, and hemp. Hemp was
used for the bottom and top layers, while jute was used for
the middle layer. To make the created hybrid fiber-
reinforced plastics easier to remove, a releasing agent was
first placed across a flat moulding. A thick coating of nano-
scale TiO2 blended epoxy resin was placed over the release
chemical layer. The bottom layer of hemp was then applied
to the mould’s surfaces. The nanoscale TiO2-mixed epoxy
resin was then sprayed onto the surface of the hemp that
had previously been put in the mould and distributed evenly
with a brush. To eliminate any air trapped, a roller was
dragged through the bottom layer with little force. A thin
coating of nano-TiO2 epoxy resin was applied once again.
The experiment was replicated with the addition of next
interfacial layer of jute. Table 1 shows the list of parameters
and their constraints of nanocomposites.

2.4. Mechanical Testing. The fabricated composite specimens
were cut rendering to ASTM standard of D 638-03 replicas
with a dimension of 150 × 15 × 3mm for tensile testing,
ASTM D-790 (width 10mm, length 125mm, and thickness
3mm) for flexural testing, and ASTM D-256 (width
12.7mm, length 64mm, and thickness 3mm) for impact
testing as shown in Figure 2.

2.5. Fractographic Study. SEM was employed to conduct
fractographic investigations of fractured composite samples.
The specimens were laved, dehydrated, and surface coated

with 10 nm of gold earlier SEM clarity to enhance the com-
posites’ electric conduction.

3. Result and Discussion

The following session briefly discusses the mechanical goods
like flexural, tensile, and impact characteristics of polyester
composites based on their input parameters.

3.1. Outcomes of Hybrid Nanocomposites. The mechanical
properties like tensile, flexural, and impact behavior of
hemp-jute-based titanium oxide filler composites are shown
in the figure. This research found that the weight percentage
of nanoparticles is directly proportional to the test results.
Because the mechanical characterization of hybrid compos-
ites increased when the weight percentage of titanium oxide
particles was increased in the matrix mixture, the character-
ization strength of nanocomposites depends on the type of
filler materials, adhesion between the matrix mixture and
the fibers, and the extent of load shearing capacity. The
interfacial stiffness, quality of adherence components, and
their static adherence strength played the major roles in
determining the composite strength. It helps to transfer the
stress and elastic deformation from the matrix to the fiber
or fillers and the fiber to the matrix. Figure 3 demonstrates
the mechanical properties of hybrid nanocomposites [18,
19].

When compared to microscopic composites, nanomate-
rials have a higher percentage of interaction. The particles
are unable to carry any part of the externally applied if the
filler matrix contact is deprived. In this situation, the com-
posite’s strength cannot exceed that of the plain matrix
material. The elastic modulus of nanoparticle composites
could be greater than that of the matrix material if the inter-
action seen among the filler and the matrices is good
enough. Because of the increased high strength nano-TiO2
filler particles and decreased epoxy in the matrix, the
mechanical characteristics of the hybrid composite improve
with the inclusion of nanocomposite filler particles [20, 21].
The hybrid composite’s enhanced mechanical, flexural, and
impact strength indicates that stresses are effectively trans-
mitted over the interaction. The mechanical and physical
properties of hybrid jute-hemp hybrid composites are
enhanced owing to the cooperative accomplishment of
nano-TiO2 fillers, hemp, jute, and epoxy. Figure 4 shows dif-
ferent specimen contributions in % (a) tensile, (b) bending,
and (c) impact strength of hybrid nanocomposites.

Jute fiber Hemp fiber TiO2

Figure 1: Reinforcement and TiO2 filler materials.

Table 1: List of parameter and their levels of nanocomposites.

Specimen
type

Woven hemp
fiber (wt.%)

Woven jute
fiber (wt.%)

Epoxy
matrix
(wt.%)

Titanium
oxide
(wt.%)

A 0 0 100 0

B 30 7 63 0

C 30 7 61 2

D 30 7 59 4

E 30 7 57 6
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With the inclusion of nano-TiO2 filler particles, the
mechanical characteristics of the hybrid composite are
greatly enhanced. The tensile strength of the hybrid compos-
ites based on 0wt.% TiO2 was 58MPa for the hybrid com-
posites with 0% TiO2 to 74MPa for the hybrid composites
with 6% TiO2. Flexural strength improved from 98MPa at
0% TiO2 to 143MPa at 6% TiO2. The impact strength
increased from 49 kg/m2 with 0% TiO2 to 67 kg/m2 with
6% TiO2. The inclusion of nano-TiO2 filler increases the ten-
sile strength, flexural strength, and impact strength of hybrid
composites. Because of fracture-tip dampening, blow refrac-
tion, and blow restraining strengthening processes, the
inclusion of TiO2 nanoparticles to fiber-based composites
boosted strength. Figures 4(a)–4(c) demonstrate the various
sample contribution on mechanical properties. From
Figure 4, in tensile, most contributed % is attained in E spec-
imen; in bending and flexural test, most contributed sample
is E, respectively.

3.2. Morphological Analysis. Scanning electron microscopy
was used to examine the characteristics of tensile surface
defects and the fiber-matrix interface. Others have used this
approach to determine the stiffness modulus and durability
of nanocomposites. Figures 5(a)–5(c) show the SEM micro-
graphs of natural fiber-based nanocomposites after tensile
fracture. The TiO2 dispersion in the epoxy matrix is remark-
ably constant (Figure 5(a)). At greater loadings, however, the
fillers tend to form agglomerates. It is generally recognised
that adequate filler dispersion in the matrix is a key aspect in
achieving good mechanical characteristics [17, 22, 23]. The
use of a greater magnification allows for the observation of a
single TiO2 particle with longitudinal shapes. The aggregation
of TiO2 particles can be seen in Figure 5(b), with the biggest
ones being seen using the SEM. It is well known that as filler
loading increases, so does the ability to agglomeration.

Polymer discomfort, fiber breaking, and polymer and
reinforcement adhesive catastrophe have all been recognised
as failure modes for typical fiber-based polymerics in the lit-
erature. A weedy border or inadequate contact between fiber
and matrix might cause fiber pullout rather than fracture,
lowering mechanical properties. In this study, several combi-
nations of these failures were discovered, depending on the
nanocomposite’s composition. Figure 5(b) depicts a typical
SEM micrograph of nanocomposite sample 6wt.% TiO2.
Fiber pullout and its breakage are shown in the SEM images
[24]. As the organic resin content increased, the interaction
holes surrounding pull-out fibers grew larger, signifying
worse adhesion between the fiber and the biobased matrix.
As a consequence, the interface aspects of pull-out failures
were examined. The interfacial separation of nanocompos-
ites containing 6wt.% TiO2 was the same as that of nano-
composite. This shows that TiO2 reinforcing has no effect
on the fiber-matrix interfacial bonding. Tensile studies sup-
port the concept that a weaker interface generates a more
spectacular pull-out spectacle, since a drop in mechanical
properties was observed as the quantity of organic-based
resin material rose as shown in Figure 5(c). The pullout of
fiber enables for more oomph to be diffused at the bound-
aries, which is consistent with the improved impact charac-
teristics and endurance during the chemical type epoxy
treatment [16].

4. Water Absorption Behavior

Figure 6 depicts the amounts of moisture content in several
composite materials. The rate of water updating for all com-
posite materials was significant at first, but it has since
become practically constant and has decreased in the final
phase. According to the findings, with longer time durations,
all composite materials display a significant moisture
absorption rate. Moisture content varied from 12 to 22%
after the first day, and it rose to 12–38% for various compos-
ites created. Of all the composite materials, the hybrid nano-
composites made with titanium oxide showed the maximum
amount of water attraction. This might be owing to the
improved hydrophilic behavior of the nanocomposite fol-
lowing fiber mixing and TiO2 incorporation. The hemp/jute
with 6wt.% TiO2 (model E) combination had the maximum
moisture uptake values when associated to the other
amalgams.

This is owing to the large amount of (OH) assemblages
current on hemp fiber surfaces. The amount of hydroxyl
group and microvoids in the hemp/epoxy composites
increased, leading in a considerable rise in moisture fascina-
tion. The hybrid wood-hemp combination, on the other
hand, absorbed the least amount of water. The hybrid nano-
composite with hydrophilic titanium oxide, on the other
hand, absorbed more moisture than the hybrid composite.
As compared to 0, 2, and 4, the 6wt.% of TiO2-filled hybrid
composites exhibits lower moisture absorption. This is
owing to the proper spreading of nanoparticles in the resin
medium mixture. It helps to reduce the formation of voids,
and the fiber pulls out. This may help to increase the mois-
ture absorption characteristics [25].

Figure 2: Setup of impact testing.
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Figure 3: Mechanical properties of hemp/jute/nano-TiO2-based hybrid nanocomposites.
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5. Conclusion

As per the experimental outcomes, the use of nano-TiO2
filler particles improved the mechanical properties of hybrid
composites.

(i) The 6wt.% TiO2 provided the maximum mechani-
cal strength when compared to the 2 and 4wt.%
TiO2

(ii) The E-type specimen provides the most to the dif-
ferent types of specimens, with a contribution of
24.21 percent for tensile, 25.03 percent for flexural,
and 24.56 percent for impact

(iii) The creation of TiO2 particle-hybrid jute-hemp
composites indicated that these nanocomposites
with excellent mechanical characteristics may be
employed in a variety of applications. When com-
pared to the A, B, C, and D types, the E-type speci-
men has the highest mechanical strength with
6wt.% TiO2. The dispersion of nanoparticles in
the epoxy mixture was homogeneous in this speci-
men. SEM pictures corroborated this
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Nowadays, the use of aluminium alloys is increasing in all domains of application, including industry, medical, electrical, and
household appliances. In general, aluminium alloy is a lightweight material with great strength when compared to other alloys.
According to the uses, the aluminium alloy must be strengthened by the inclusion of reinforced particles via the stir casting
process. The purpose of this study was to create nanocomposite samples of AA8111/B4C/ZrO2 using a stir casting procedure.
To prepare nanocomposite samples, the matrix of aluminium alloy AA8111 is supplemented with nanoparticles of boron
carbide (B4C) and zirconium dioxide (ZrO2) in varied proportions. Optimize the stir casting parameters using a statistical
approach such as the Taguchi technique to improve mechanical and wear attributes. The following process parameters were
chosen: nanoparticle reinforcement quantity (4% to 10% with the step of 2%), melting temperature (800°C to 950°C with the
step of 50°C), stir time (20min to 35min with the step of 5 minutes), and stir speed (400 rpm to 550 rpm with the step of
50 rpm). Wear and tensile strength tests are performed; the melting temperature is heavily impacted in the wear test, and the
stir speed is heavily influenced in the tensile strength analysis. This experimental effort yielded a minimum wear of 0.085mm3/
m and a maximum ultimate strength of 167.6N/mm2.

1. Introduction

Compared to single material, the combination of different
elements presents in the single material possesses extreme
strength as well as excellent mechanical properties [1]. Dif-
ferent elements are blended into the base material named
as composites materials, more than two materials of mixing
called as hybrid composites [2–4]. Composite materials
increase its strength while manufacturing the parts. In recent

days, the aluminium alloy material is highly used in the
automobile field to satisfy various applications. Making of
engine components and the body building of vehicles con-
sidered the aluminium alloy vastly due to its light weight
and higher strength ratio. Aerodynamic consideration the
aluminium alloy is the most wanted material in the aero-
space applications; fabrications of wings and body structure
are required aluminium alloy [5–7]. Different aluminium
alloy series are available, based on the applications the
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chosen of aluminium alloy with the main role in the
manufacturing process. Household equipment and parts
are fabricated by using aluminium alloys at a high rate.
Home appliances such as pressure cooker, furniture items,
electrical conductors, and packing container in the food pro-
cessing units highly consumed aluminium alloy [8–10].

Strength of aluminium alloy materials is increased by
reinforcing hard particles namely boron carbide, titanium
carbide, silicon carbide, zirconium dioxide, aluminium oxide,
etc. [11–13]. Reinforced particles boron carbide and zirco-
nium dioxide are blended efficiently to the aluminium alloy
which is achieved by powder metallurgy or stir casting pro-
cess [14]. Using the powder metallurgy technique, the ball
milling process was employed in blending the matrix mate-
rial with reinforcing nanoparticles to obtain the homoge-
neous mixture. After conducting the ball milling process,
the powders are compacted further; the green compact is sin-
tered and extruded for conducting of different mechanical
tests [15–17]. Stir casting process is called the liquid metal-
lurgy process; it can be achieved by melting the base material
with reinforced particles in the crucible [18, 19]. Stir casting
process is improved through the selection of different process
parameters. Effective reinforcement is obtained by using the
stir casting process; it is a low-cost method for making com-
posite materials [20–22].

In many engineering applications, the quality improve-
ment is attained through statistical approach such as the
Taguchi optimization method; it is one of the robust design
methods [23, 24]. The Taguchi method is developed by Gen-
ichi Taguchi for improving the engineering quality such as
the quality of manufacturing goods [25]. Most of the com-
posites are undergone to wear and mechanical properties
analysis; these analyses check the reinforcement accumula-
tion and the strength of the composites [26–28]. This exper-
imental work is aimed at fabricating nanocomposite samples
of AA8111/B4C/ZrO2 through stir casting process and iden-
tifying the best performing sample from testing for mechan-
ical strength and wear. Base material and reinforced particles
are selected as aluminium alloy (AA8111) and boron car-
bide/zirconium dioxide, respectively. Taguchi L16 orthogo-
nal array is included to optimize the manufacturing
parameter of quantity of reinforcement and process param-
eters of stir casting process. Responses of this work is consid-
ered wear and ultimate tensile stress.

2. Materials and Methods

Aluminium alloy AA8111 is the wrought alloy category; it
possesses high strength, and hence, the base material was
AA8111. The nanoreinforcement particles are zirconium

Table 1: AA8111 chemical constituents.

Chemical element Quantity (%)

Silicon 1.1

Magnesium, mg 0.05

Zinc 0.10

Manganese 0.10

Titanium 0.08

Chromium 0.03

Iron 0.8

Copper 0.10

Aluminium Remaining.

Hopper
Electric motor

Stirrer rod

Heating
coils

Reinforced
particles

Stirrer blade

Figure 1: Stir casting setup.

Figure 2: Wear test specimen.

Figure 3: Tensile test specimens.

Table 2: AA8111/B4C/ZrO2 nanocomposite synthesizing variables
and levels.

Input levels
S.
No.

Composites and testing parameters 1 2 3 4

1. Stir time (min) (ST) 20 25 30 35

2. Melting temperature (°C) (MT) 800 850 900 950

3. Stir speed (rpm) (SS) 400 450 500 550

4.
Nanoparticle reinforcement (%)

(NPR)
3 6 9 12

2 Journal of Nanomaterials



dioxide and boron carbide based on their appreciable quali-
ties in improving mechanical and wear strengths [29]. Base
material is procured from Sargam Metals Private Limited,
Chennai, and reinforced particles are purchased from
Ashoka Marketing Agencies, Chennai, with required quan-
tity for conducting of experiments. Table 1 presents the
chemical constituents of the AA8111 aluminium alloy and
its density is 2.71 g/cc.

The method for synthesizing the samples of the pro-
posed nanocomposite is the stir casting process. The aim this
research is to improve the mechanical strengths and wear
resistance by hybrid reinforcement of nanoparticles of B4C
and ZrO2. The objectives of the research are synthesizing
nanocomposite samples by varying reenrolment percentage
and manufacturing parameters like stirring speed, stir time,
and melting time. Statistical approach such as Taguchi
methodology is concentrated for this experimental to opti-
mize reinforcement quantity as well as parameters of the stir
casting to fabricate best nanocomposite. The main motiva-
tion to implement L16 is based on the four-level factors in
the selected parameters.

Table 3: Experimental observations’ summary of ultimate tensile stress test and wear test.

Exp.
runs

Reinforcement
(%)

Stir
speed
(rpm)

Stir time
(min)

Melting
temperature

(°C)

Wear rate
(mm3/m)

Predicted Wear
rate (mm3/m)

Ultimate tensile
stress (N/mm2)

Predicted ultimate
tensile stress (N/mm2)

1 4 400 20 800 0.234 0.258 95.2 98.065

2 4 450 25 850 0.303 0.310 112.3 110.815

3 4 500 30 900 0.219 0.362 132.7 123.565

4 4 550 35 950 0.520 0.414 124.2 136.315

5 6 400 25 900 0.085 0.231 78.3 102.870

6 6 450 20 950 0.314 0.164 121.1 96.340

7 6 500 35 800 0.610 0.647 155.8 159.170

8 6 550 30 850 0.544 0.580 163.0 152.640

9 8 400 30 950 0.316 0.282 120.3 115.375

10 8 450 35 900 0.533 0.490 145.7 143.525

11 8 500 20 850 0.655 0.460 124.3 133.115

12 8 550 25 800 0.747 0.668 161.7 161.265

13 10 400 35 850 0.573 0.568 153.2 150.980

14 10 450 30 800 0.686 0.656 167.6 159.850

15 10 500 25 950 0.395 0.433 129.5 137.920

16 10 550 20 900 0.318 0.522 143.7 146.790

Table 4: Signal-to-noise ratios for the observations of wear test.

Level Nanoparticle reinforcement (%) Stir speed on the melt (rpm) Time duration of stirring (min) Melting temperature (°C)

1 10.459 12.231 9.081 5.674

2 10.271 7.289 10.596 6.037

3 5.418 7.301 7.940 12.514

4 6.533 5.861 5.065 8.456

Delta 5.040 6.369 5.531 6.840

Rank 4 2 3 1

Reinforcement (%) Stir speed (rpm)

Main effects plot for SN ratios
Data means
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Figure 4: Main effects plot for S/N ratio (wear test).
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3. Experimental Procedure

The reinforcement nanoparticles are blended at a prede-
fined quantity with the AA8111 powder in a ball mill.
Then homogeneous mixture was preheated through fur-
nace separately; heating and melting are achieved by stir
casting process. Different elements are melted simply by
using the stir casting, and the bottom pouring furnace is
considered for this work [30, 31]. The schematic diagram
of the stir casting process with key components is furn-
ished as shown in Figure 1.

Initially, the different weight percentages (4% to 10%
with the step of increment 2%) of the ZrO2 and B4C with
equal share were preheated in the furnace. The main advan-
tages of the preheating process are improving the mixture
rate and removing the unwanted impurities present in the
elements of the reinforced particles. The preheating process
is carried out 550°C for 4 hours in the crucible. The base
material of the AA8111 is heated at an elevated temperature
of 950°C continuously with the aid of bottom pouring fur-
nace. The preheated reinforced molten material is poured
into the molten base material; further, the different temper-
ature levels (800°C, 550°C, 900°C, and 950°C) are maintained
for melting the blended mixture. Also, the different stir time
(20min to 35min with the step of increment 5min) and stir
speed (400 rpm, 450 rpm, 500 rpm, and 550 rpm) are consid-
ered for achieving homogeneous mixture. Finally, the melted
materials are poured into the selected die and received the
samples for conducting wear and mechanical tests.

3.1. Wear Test. The standard of ASTM G99 was followed to
conduct the wear test4. The samples were prepared he
dimensions of 12mm diameter and 35mm length as shown
in Figure 2.

The DUCOM dry sliding wear test apparatus is
employed in investigating the wear property. The weight loss
is measured by weighing the sample before and after the test.
Wear test parameters are as follows: sliding distance of
1500m, applied load of 40N, and sliding velocity of 3m/s
were set for testing all specimens.

3.2. Tensile Test. The tensile test is conducted through uni-
versal testing machine (UTM) as per the ASTM E8 standard
100 × 20 × 5mm, and the tensile test specimens’ image is
illustrated in Figure 3. Specimen is fixed in between the jaws,
and load is applied uniformly; at the same time, the strain
was measured using an extensometer. Finally, the specimen
is broken, and its dimensions are measured. The stir casting
parameters and their levels are tabulated in Table 2.

4. Results and Discussion

Table 3 shows the experimental output for the tensile stress
test and wear test. The minimum wear was observed at
0.085mm3/m obtained at the parameter’s levels of 900°C of
melting temperature, 25min of stir time, 400 rpm of stir
speed, and 4% of nanoparticle reinforcement. In ultimate
tensile stress analysis, the maximum ultimate tensile stress
occurred at 167.6N/mm2 by involving 10% of reinforce-
ment, 450 rpm of stir speed, 800°C molten temperature,
30min of stir time, and 450 rpm of stir speed,

It was observed in Table 4 that the signal-to-noise ratio for
wear test observations, the highly influencing factor, is melting
temperature, the next was stir speed, and stir time and per-
centage of nanoparticle reinforcement are in the ranking
order. The high signal was obtained for nanoparticle rein-
forcement contribution of 4%. In the case of stirring speed
level 1400 rpm, the factor of stir time is 25 minutes, and the
favourable melting temperature was 900 as shown in Figure 4.

Table 5: Analysis of variance (wear test).

Source DF Seq SS Contribution Adj SS Adj MS F value P value

Regression 4 0.38866 69.51% 0.38866 0.09717 6.27 0.007

Reinforcement of nanoparticles 1 0.09687 17.32% 0.09687 0.09687 6.25 0.030

Stirring speed 1 0.09894 17.69% 0.09894 0.09894 6.38 0.028

Stirring duration 1 0.07103 12.70% 0.07103 0.07103 4.58 0.056

Melting temperature 1 0.12182 21.79% 0.12182 0.12182 7.86 0.017

Error 11 0.17049 30.49% 0.17049 0.01550

Total 15 0.55915 100.00%

Table 6: Optimization process input (wear test).

Response Weight Lower Upper Target Goal Importance

Rate of wear (mm3/m) 1 0.7475 0.0847 Minimum 1

Table 7: Optimization process results (wear test).

Solution Reinforcement (%) Stirring speed Stirring time Melting temperature (°C) Wear rate (mm3/m) fit Composite desirability

1 4 400 20 950 0.0245325 1

4 Journal of Nanomaterials



The minimum reinforcement percentage offered a mini-
mum wear rate, improving the reinforcement percentage
that increases the rate of wear of nanocomposite. Similarly,
increasing the stir speed increases the wear rate. The mini-
mum wear rate could be achieved at 400 rpm of stir speed
offered at minimum. In consideration of the stir time, the
25min duration resulted in the less rate of wear. Further,
increasing the stir time, the wear rate also increases. Increas-
ing the melting temperature decreases the wear rate, and
900°C of melting temperature offered a minimum wear rate.

Table 5 presents the contribution of each parameters in
the wear test, and the melting temperature highly contributed
as 21.79% compared to the remaining parameters. Stir speed
contributed as 17.69%, reinforcement percentage contributed
as 17.32%, and stir time contributed as 12.70%. Fisher’s value
was estimated with the higher contribution levels.

4.1. Regression Equation.

Wear rate mm3/m
� �

= 0:567 − 0:001561MT + 0:001407SS
+ 0:0348NPR + 0:01192ST:

ð1Þ

Tables 6 and 7 illustrate the input and results of the opti-
mization process; the optimized rate of wear is 0.0245mm3/

m at the condition of 950°C of melting temperature by
400 rpm of stir speed, 4% of reinforcement, and 20min of
stir time as shown in Equation (1).

Figure 5 exhibits the correlation between two parameters
based on the analysis. The relationship between nanoparticle
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Figure 5: Parallel set plots: (a) stirring speed vs. reinforcement nanoparticles (%); (b) stirring time vs. stirring speed; (c) melting temperature
vs. stir time; and (d) reinforcement nanoparticles (%) vs. melting temperature.
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reinforcement (%) and stir speed is shown in Figure 5(a).
The minimum wear is observed at the condition of
400 rpm of stir speed and 6% of nanoparticle reinforcement.
Figure 5(b) represents that associations among stir time and
stir speed, from that 25min of stirring time duration and
400 rpm of stir speed, offered a minimum wear rate.
Figure 5(c) illustrates the connection between stir time and
melting temperature, in that the 900°C of melting tempera-
ture and 25min of stirring time duration recorded less rate
of wear. Figure 5(d) correlates the melting temperature and
reinforcement percentage, 6% of nanoparticle reinforce-
ment, and 900°C of melting temperature registered as the
minimum wear rate.

The association among predicted and experimental wear
rate is depicted in Figure 6. Many of the observations from

experiment were occupied in between the range of predicted
values spread; hence, the preferred model and data points
were sufficient for conducting wear test.

From the ultimate tensile stress analysis, the stir speed
was extremely involved due to the rank order as presented
in Table 8. Further, the reinforcement percentage, stir time,
and melting temperature are ranked accordingly based on
the influence on the UTS. The higher UTS recorded at the
levels of factors are as follows: 550 rpm of stir speed, 800°C
of melting temperature, 30min of stirring time, and 10% of
nanoparticle reinforcement.

The highest reinforcement percentage (10%) and stir
speed (550 rpm) recorded the maximum ultimate tensile
stress as shown in Figure 7. Increasing the stir time from
20min to 30min, the ultimate tensile stress was increased.

Table 8: Signal-to-noise ratios results of Taguchi for the observations of ultimate tensile stress.

Level Reinforcement (%)
Stir speed
(rpm)

Stir time
(min)

Melting
temperature (°C)

1 41.23 40.69 41.57 43.02

2 41.91 42.61 41.33 42.71

3 42.73 42.61 43.20 41.69

4 43.40 43.36 43.18 41.85

Delta 2.17 2.67 1.87 1.33

Rank 2 1 3 4

Main effects plot for SN ratios
Data means
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Figure 7: Main effects plot for S/N ratio (ultimate tensile stress test).

Table 9: Analysis of variance for ultimate tensile stress analysis.

Source DF Seq SS Contribution Adjusted sum of squares Adjusted mean square F value P value

Regression 4 7614 80.64% 7614 1903.5 11.45 0.001

Reinforcement (%) 1 2232 23.64% 2232 2232.4 13.43 0.004

Stir speed (rpm) 1 2337 24.75% 2337 2337.1 14.06 0.003

Stir time (min) 1 1859 19.68% 1859 1858.6 11.18 0.007

Melting temperature (°C) 1 1186 12.56% 1186 1185.8 7.13 0.022

Error 11 1828 19.36% 1828 166.2

Total 15 9442 100.00%
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The minimum melting temperature of 800°C recorded the
maximum ultimate tensile stress.

Stir speed (24.75%) was highly contributed in the ultimate
tensile stress, followed by reinforcement (%) (23.64%), stir
time (19.68%), and melting temperature (12.56%). All the
contribution was decided by the F value, and a higher F value
denoted the higher contribution in the ultimate tensile stress.
The contribution of factors on UTS could be obtained from
Table 9 based on the F value.

4.2. Regression Equation.

Ultimate tensile strength N/mm2�

= 75:1 + 1:928ST − 0:1540MT + 5:28NPR + 0:2162SSÞ
ð2Þ

Tables 10 and 11 illustrate the input and results of the
optimization process, the optimized ultimate tensile stress

Table 10: Optimization process input (ultimate tensile stress).

Response Goal Lower Target Upper Weight Importance

Ultimate tensile stress (N/mm2) Maximum 78.3 167.6 1 1

Table 11: Optimization process results (ultimate tensile stress).

Solution Reinforcement (%) Stir speed (rpm) Stir time (min) Melting temperature (°C)
Ultimate tensile
stress (N/mm2) fit

Composite desirability

1 10 550 35 800 191.11 1
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Figure 8: Contour plots: (a) stirring speed vs. percentage of nanoparticle reinforcement; (b) stirring duration (time) vs. stirring speed; (c)
melting temperature vs. stirring duration (time); (d) percentage of nanoparticle reinforcement vs. melting temperature.
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was registered as 191.110.0245N/mm2 by 800°C of melting
temperature, 35min of stir time, 550 rpm of stir speed, and
10% of nanoparticle reinforcement as shown in Equation (2).

The correlation between two parameters for the response
of ultimate tensile stress is shown in Figure 8. Figure 8(a)
shows the associations between reinforcement (%) and stir
speed. The maximum ultimate tensile stress was noticed at
the point with the nanoparticle reinforcement of 10% and
stirring speed of 450 rpm. Figure 8(b) signifies the correlation
between the speed of stirring while synthesizing the nano-
composite and the stirring time duration. Hence, the optimal
condition is 30min of stirring time, and the stirring speed of
550 rpm was recorded the maximum ultimate tensile stress.
Figure 8(c) explains the correlation among stirring durations
(time) and melting temperature, in that 800°C of melting
temperature and stirring time was 30min of the registered
maximum ultimate tensile stress. Figure 8(d) illustrates the
melting temperature and reinforcement percentage; hence,
10% of nanoparticle reinforcement with 800°C of melting
temperature is the maximum ultimate tensile stress.

Figure 9 shows the relationship between experimental
and predicted ultimate tensile stress. From this analysis,
many experimental observations were fall within the range
of predicted values; hence, the chosen model and data points
were adequate for conducting ultimate tensile stress.

5. Conclusion

Using the stir casting process, the aluminium metal matrix
(AMMCs) composites (AA8111 + B4C/ZrO2) were pro-
duced successfully, and the stir casting process parameters
were optimized. Finally, the minimum wear and maximum
ultimate tensile stress was obtained through statistical analy-
sis; the results were concluded as the follows:

(i) Based on the wear test analysis, the minimum wear
was found to be 0.085mm3/m when 4 percent of
nanoparticle reinforcement, 400 rpm stir speed,
25min stir time, and 900°C melting temperature
were all used. In the ultimate tensile stress study,

the maximum ultimate tensile stress was recorded
as 167.6N/mm2 when 10% reinforcement, 450 rpm
stir speed, 30min stir duration, and 800°C molten
temperature were used

(ii) In the wear test, the best results were obtained with
a 4 percent reinforcement, 400 rpm stir speed, 25
minute stir time, and a molten temperature of
900°C. In the same way, the best parameters for ulti-
mate tensile stress analysis were 10% reinforcement,
550 rpm stir speed, 30min stir time, and 800°C
melting temperature

(iii) From the wear test, the higher contribution was
achieved as 21.79% by melting temperature contrast
to remaining parameters. Stir speed contributed as
17.69%, reinforcement percentage contributed as
17.32%, and stir time contributed as 12.70%. In
the ultimate tensile stress analysis, maximum con-
tribution (24.75%) was reached by stir speed
followed by reinforcement (%) (23.64%), stir time
(19.68%), and melting temperature (12.56%)

(iv) In the optimization process analysis, the minimum
wear rate was registered as 0.0245mm3/m at 950°C
of melting temperature 400 rpm of stir speed, 4%
of reinforcement percentage, and 20min of stir
time. Similarly, the optimized ultimate tensile stress
was recorded as 191.11N/mm2 by 800°C of melting
temperature, 550 rpm of stir speed, 10% of rein-
forcement percentage, and 35min of stir time
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The most important biological changes which have to be monitored is the mechanism of ageing in the human body where the
mitochondria play a major role. Hydrogen peroxide (H2O2) is one of the important markers for the reactive oxygen species
(ROS), which denatures the protein and DNA, that was the main contributory factor of ageing. So, it is very important to
monitor H2O2 levels in the biological samples. Herein, we reported the preparation of 1D graphene nanoribbon/cobalt oxide
nanorod (GNR/Co3O4) based nanocomposite-modified electrochemical sensor for H2O2. Firstly, GNR was synthesized by
oxidative unzipping of multiwalled carbon nanotubes (MWCNTs). Secondly, cobalt oxide nanorods (Co3O4) were grown onto
GNR by a chemical reduction process. As-prepared nanocomposite was characterized by UV-Visible spectroscopy (UV-Vis)
and HR-TEM. Electrochemical properties of GNR/Co3O4-coated electrode were studied by cyclic voltammetry (CV) which
showed two redox peaks at 0.93 and 0.88V in phosphate buffer solution. Next, the electrocatalytic activity of GNR/Co3O4-
coated electrode was studied against H2O2 oxidation. The electrochemical studies revealed that GNR/Co3O4-coated electrode
exhibited high electrocatalytic activity for H2O2 oxidation at 0.925V. This sensor showed a linear response for H2O2 oxidation
from 10 to 200μM. The limit of detection (LOD) was calculated to be 1.27 μM. The selectivity of the sensor was also studied
with other biomolecules associated in the human body, and the results showed that interference effect is negligible. Thus, the
proposed GNR/Co3O4-modified electrode can be used for H2O2 detection with excellent stability and selectivity.

1. Introduction

Hydrogen peroxide (H2O2) is a well-known oxidizing agent.
The process of manufacturing of H2O2 and its applications
in various sectors are well documented [1]. H2O2 has been
used in different industrial applications such as environmen-
tal, textile, clinical, pharmaceutical, and food [2]. Also, the
importance of H2O2 is reported in many biosynthetic reac-

tions and immune cell activation process [3]. The majority
of the biological reactions were catalyzed by different
enzymes such as lactate oxidase, cholesterol oxidase, D-
amino acid oxidase, glutamate oxidase, and lysine oxidase,
which resulted in the formation of H2O2 as a by-product.
Thereby, it acts as a reactive oxygen species (ROS) that can
promote the denaturation of proteins and DNA by oxidative
processes [4]. Though it has cytotoxic effects, it plays a vital
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role in controlling the physiological process of immune cell
activation and vascular remodelling [5]. H2O2 involves in
enzymatic reactions and acts as an intermediate for the level
of glucose, lactose, and cholesterol [6]. Generally, H2O2 can
enter into our body through consumption of instant coffee,
green tea, or black tea that can raise the H2O2 concentration
level above 100μMwhich may enter into the gastrointestinal
tract [7]. According to the US National Institute for Occupa-
tional Safety and Health, the permitted exposure limit of
H2O2 is 1 ppm based on time-weighted average, but if it
reaches above the level of 75 ppm, that is dangerous to health
and may lead to death [8]. The anomalous level of H2O2
production in the human body may lead to carcinogenesis
and severe complications such as formation of cancer and
heart attack [9]. Thus, there is a vital need for monitoring
H2O2 concentrations in the biological and environmental
samples [10]. The analysis of H2O2 was generally carried
out by traditional analytical methods such as spectropho-
tometry [11], colorimetry [12], fluorimetry [13], and electro-
chemical methods [14–17]. Colorimetry and fluorimetry
methods are considered to be expensive and may not be suit-
able for general laboratory use. Electrochemical sensing of
H2O2 can be performed by enzymatic and nonenzymatic
methods [18, 19]. Enzymatic electrochemical sensors are
vulnerable to the environmental factors such as temperature,
pressure, pH, and biological pathogens [20]. The above-
stated problems can be neglected by using nonenzymatic
electrochemical sensors [21]. Majumder et al. reported a
nonenzymatic electrochemical sensor for H2O2 and hydra-
zine using 3D microsnowflake architectures of α-Fe2O3
[22]. In 2019, Liu et al. prepared an innovative electrochem-
ical sensor for detection of H2O2 using the hollow CuO/
polyaniline nanohybrid fibers which exhibited a good linear
range, lowest LOD, high selectivity, and extended stability
[23]. Baghayeri et al. have prepared magnetic graphene oxide
functionalized with an amine-terminated material that
showed excellent electrochemical activity against H2O2 in
the linear range of 0.05 to 160μM with LOD of 0.01μM [24].

Recently, carbon nanomaterials such as carbon dots
(0D), carbon nanotubes (1D) [25, 26], graphene (2D) [27,
28], and graphite (3D) [29, 30] have been exploited as elec-
trode materials for various electrochemical applications
[31, 32]. Graphene nanoribbons (GNR) is a narrow strip of
graphene with a quasi one-dimensional structure, which
holds complementary properties of graphene sheet [33].
From the theoretical analysis, GNR’s electrical nature can
be tuned by the size and edge formation, and they can differ
from metallic to semiconducting nature [34, 35]. The phys-
ical properties of the GNR are based on the length, width,
and number of layers, which in the sequence depends on
their preparation process. There are three methods available
for the preparation of GNR: (i) cutting graphene by using
different lithographic techniques [36, 37], (ii) bottom-up
synthesis from polycyclic molecules [38, 39], and (iii) unzip-
ping of carbon nanotubes [40–42]. Although the bottom-up
technique offers a method to definite edge control, the litho-
graphic process can produce GNR with exact location. How-
ever, the unzipping process offers the benefit of bulk
preparation of GNR on a large scale. GNR prepared by the

unzipping process has been effectively used in many applica-
tions such as a catalyst support for lithium-ion batteries [43,
44]. Unzipping of multiwall carbon nanotubes (MWCNTs)
are classified into four types: (a) the reductive intercalation-
assisted method [45], (b) the oxidative unzipping [46], (c)
the electrochemical unzipping [47], and (d) miscellaneous
approaches [48]. The first method depends on the familiar
capability of alkali compounds to interpolate by the expansion
of graphite along the z-axis direction. This process of unzip-
ping of MWCNTs creates lattice expansion tempts high strain
within the concentrical walls, succeeding in the breaking or
opening of longitudinal directions of the tubes [33]. Common
intercalants such as lithium and potassium metals have been
used [33] which produced GNR with high conductivity, but
they persisted multilayered flakes. GNR cannot be separated
into single-layer ribbons because of the attraction between
the surfaces. The oxidative method comprises treating of
MWCNTs in a lower pH environment with a preparation as
similar to synthesis of graphene oxide from the natural graph-
ite [49]. Pristine graphene has an inert chemical surface with-
out defects, and they exhibited poor water solubility. On the
contrary, as-prepared GNRs are more reactive. The high reac-
tivity of GNRs are linked to the adsorption of analytes via π
− π stacking interaction and by electrostatic or hydrogen
bonding interactions with functionalities of the target mole-
cules or the oxygen moieties located at the edges of the gra-
phene material [50].

The purpose of using nanomaterials in the fabrication of
sensors is to increase the sensitivity, enhance catalytic activ-
ity of the process, reduce the over potentials, and increase
the electron transfer rate of the reaction [51, 52]. Transi-
tional metals mainly boost the oxidation of several substrates
because they can initiate the process of multielectron oxi-
dation [53]. Also, nanoscale compounds can improve dif-
fusion and offers a good active surface for electrocatalytic
reactions [54]. Cobalt oxide-based nanomaterials (Co3O4)
have been used in energy storage, electrochromic thin
films, magneto-resistive devices, and heterogeneous cataly-
sis [55]. Additionally, Co3O4 remains an attractive catalyst,
mainly due to its outstanding electrocatalytic activity against
ozone and oxygen.

Herein, a nanocomposite made of 1D GNR/Co3O4 was
prepared by the top-down method and then used to fabri-
cate an electrochemical H2O2 sensor. Firstly, Co3O4 nano-
rods were synthesized by a chemical reduction process.
Secondly, GNR was synthesized by oxidative unzipping of
multiwalled carbon nanotubes (MWCNTs). Followed by,
GNR/Co3O4 nanocomposite was prepared and characterized
by UV-visible (UV-Vis) and HR-TEM. Electrochemical
properties of GNR/Co3O4 were studied by cyclic voltamme-
try (CV) which showed two redox peaks centered at 0.93 and
0.88V in phosphate buffer solution. Next, electrochemical
oxidation of H2O2 was performed on GNR/Co3O4-modified
electrode. Further, the electrochemical studies were revealed
that the H2O2 oxidation occurs at 0.925V. By using CV, the
linear response of the sensor was obtained from 10 to
200μM H2O2, and LOD was calculated as 1.27μM. The
selectivity of the sensor was also studied for H2O2 oxidation
in the presence of other biomolecules. It was concluded that
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the proposed GNR/Co3O4-modified electrode could be used
for selective detection of H2O2.

2. Experimental

2.1. Materials and Methods. Cobalt nitrate hexahydrate,
MWCNTs, sodium hydroxide, and ascorbic acid (AA) were
obtained from Sigma-Aldrich, India. Sulphuric acid, H2O2,
uric acid (UA), paracetamol (PA), glucose, lactose, L-isoleu-
cine, L-tyrosine, and potassium permanganate (KMnO4)
purchased from SRL, India. The phosphate buffer electrolyte
solution was prepared using NaH2PO4 and Na2HPO4
(pH = 7:4) for the sensing of H2O2. All the chemicals were
of analytical grade and used without any further purifica-
tions. All the solutions were prepared with the milli-Q-
water (18.2MΩ.cm @ 25 ± 2°C). Electrochemical studies
were carried out using a three-electrode system with an elec-
trochemical workstation (Model: CHI-760E, USA). UV-Vis
spectra of GNR/Co3O4 nanocomposite was recorded using
2000c nanodrop spectrophotometer, Nanodrop Technolo-
gies, USA. All the experiments were done at room tempera-
ture (25 ± 0:2°C). The surface morphology of GNR/Co3O4

was examined by high-resolution transmission electron
microscope (HR-TEM) (Model: 2100, JEOL, Japan). Sam-
ples for HR-TEM were prepared by coating of GNR/Co3O4
dispersion on the copper grid and dried in a vacuum oven
at room temperature.
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Figure 1: (a) UV–Vis spectra of (i) GNR, (ii) Co3O4 nanorods, and (iii) GNR/Co3O4 dispersions. (b) XRD spectrum of GNR/Co3O4 film.
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Figure 2: HR-TEM images of (a) GNR and (b) GNR/Co3O4 nanocomposite dispersions.
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2.2. Synthesis of GNR by Unzipping of MWCNTs. 0.025 g of
MWCNTs was mixed with 7.5mL of conc. sulfuric acid
and then constantly stirred using a magnetic stirrer for 3 h
at room temperature. After that, 0.125 g of potassium per-
manganate (KMnO4) was added, and then, solution temper-
ature was maintained at below 10°C using an ice-bath for
2 h. After that, the temperature was increased up to 35°C
for 30min. and then further increased up to 75°C for the
next 30min. Finally, this mixture was added in to 300mL
of ice water containing 10mL of 30% H2O2 and filtered. After
that, the reaction mixture washed with distilled water until the
solution pH reaches neutral. As-synthesized GNR was filtered
and dried in the vacuum oven at 60°C for 10h [56].

2.3. Synthesis of GNR/Co3O4 Nanorods Nanocomposite.
Sodium hydroxide (2.0M, 5.0mL) solution was added into
the cobalt nitrate hexahydrate solution (0.01M, 50mL). In
this step, the color of the solution turned into pale pink
and then dark pinkish brown. 5mL of GNR (0.1mg/mL)
aqueous dispersion was added into the pinkish-brown solu-
tion which turned as a dark black dispersion. After stirring
for 0.5 h, AA solution (0.6M, 5.0mL) was added drop-wise
into the solution. The black color liquid was slowly formed
which was stirred for 3 h at 55°C. The precipitate was col-
lected by centrifugation and washed with distilled water to
remove the impurities and finally dried in a vacuum oven

at 60°C for 5 h. Additionally, the prepared GNR/Co3O4
nanocomposite was calcinated for 2 h at 300°C.

2.4. Preparation of GNR/Co3O4/GCE. Initially, GCE was
polished on a polishing pad with the sequence of alumina
powder (Al2O3, sizes with ~1μm, ~0.3μm, and ~0.05μm).
Next, the GCE was washed with ultrapure Milli-Q water
and left to air-dry at room temperature. After that, 10μL
of homogeneous GNR/Co3O4 (1mg/mL) nanocomposite
dispersion was drop casted on the electrode surface and left
to dry. To discard the unbounded particles, the GNR/
Co3O4/GCE was rinsed with distilled water. In the same
manner, GNR/GCE and Co3O4/GCE were prepared for the
control experiments.

3. Results and Discussion

3.1. UV-Visible Spectroscopy. UV–Vis spectra of GNR dis-
persion showed a strong absorbance band at 250nm, which
denoted the π – π∗ transition of aromatic C=C bonds, that
was assigned to the partially oxidized graphene (Figure 1(a),
curve i) [57]. Figure 1(a) (curve ii) shows the absorbance
bands for Co3O4 nanorods at 275 and 480nm which denoted
the charge transfer from (O2−→Co2+ and O2−→Co3+) [58].
The broad peak found at 770nm can be assigned to the d-d
transition band from 4A2 (F)→4T1 (p) transition of Co2+
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[58]. Figure 1(a) (curve iii) shows the absorbance spectrum of
GNR/Co3O4 nanocomposite, where cobalt charge transfer
peaks were blue shifted and observed at 270 and 467nm.
The peak shift was also observed in the d-d transition peak
at 760nm, indicating that composite was formed successfully.
Next, the XRD patterns of the GNR/Co3O4 nanocomposite
was recorded as shown in Figure 1(b). GNRs exhibited a peak
at 2θ of 11.9°, which confirmed the unzipping of MWCNTs,
and confirmed the successful formation of GNR sheets [59].
The XRD peaks of MWCNTs were diminished and disap-
peared at 25.8° and 44° [60]. The other XRD bands were
observed at 2θ = 20:2° (111), 30.7° (220), 38.6° (311), 44.8°

(400), 58.7° (511), and 65.38° (440), which indicated the pres-
ence of Co3O4 [61].

3.2. HR-TEM. Figures 2(a) and 2(b) show the HR-TEM
images of (a) GNR and (b) GNR/Co3O4 nanocomposite.
GNR dispersion showed the unzipped MWCNTs clearly
with the breadth of 97.2 nm. The GNR could be observed
with few ribbons overlapped with each other as shown in
Figure 2(a). Interestingly, for the nanocomposite film,
Co3O4 nanorods were decorated on the surface of GNRs
which can be observed from TEM image of GNR/Co3O4
nanocomposite.

3.3. Electrochemical Oxidation of H2O2. Electrochemical
activities of GNR/Co3O4-modified GCE and bare GCE were
performed by cyclic voltammetry (CV). GNR/Co3O4/GCE
exhibited two redox peaks. In the first anodic scan, two oxi-
dation peaks a1 and a2 were observed at 0.68V and 0.93V.
In the reverse scan, two cathodic peaks (c1 and c2) were
observed at 0.65V and 0.88V, respectively. The formal

potential of the two redox peaks were found to be 0.665V
(peak I) and 0.905V (peak II) (Figure 3 curve b). Cobalt
oxide-modified electrode showed two pairs of redox peaks
due to the Co(II)/Co(III) transition at the GCE surface as
given in Equation (1) [62]. Electrocatalytic activity of the
GNR/Co3O4-modified GCE (Figure 3, curve a) was recorded
in 0.1M phosphate buffer solution (PBS) containing 30μM
H2O2. Due to the high electrocatalytic activity of the GNR/
Co3O4/GCE, oxidation peak of Co3O4 was enhanced due
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Figure 7: The Nyquist plots were recorded using (i) bare GCE, (ii)
GNR/GCE, (iii) Co3O4 nanorods, and (iv) GNR/Co3O4/GCE in
0.1M KCl with 5mM [Fe(CN)6]

3−/4− by applying an AC voltage
with 5mV amplitude in a frequency range from 100MHz to
100 kHz.
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Figure 6: (a) A linear plot was made between the pH vs. redox potential of GNR/Co3O4/GCE. CVs were recorded in different pH (1, 5, 7.4,
and 9) buffer solutions using a GNR/Co3O4/GCE. (b) Bar diagram shows the variations in the obtained current response (%) of 10 μMH2O2
after additions of 10 μM of AA, UA, glucose, PA, L-alanine, lactose, and L-tyrosine.

Table 1: The comparison of the various reported electrochemical H2O2 sensors with the proposed method.

S. no. Electrode modification Linear range (μM) LOD (μM) References

1 GS-PSS/GRCAPS 10-12000 3.3 [63]

2 rGO–Fe2O3 50-9000 6 [64]

3 Co3O4 –rGO 15-675 2.4 [65]

4 GNR/Co3O4/GCE 10-200 1.27 This work

G: graphene; PSS: poly(sodium 4-styrenesulfonate); GRCAPS: graphene capsules; rGO: reduced graphene oxide; Fe2O3: iron oxide.
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to H2O2 oxidation at 0.925V (Figure 3 curve a) Equation (2).
For comparison, CVs of bare GCE was recorded from 0.2 to
1.1V at the scan rate of 50mV/s (Figure 3, curve c). Bare
GCE showed only the nonfaradic current, which clearly
indicated that GNR/Co3O4-modified GCE had more electro-
catalytic activity. The surface coverage of the GNR/Co3O4-
modified electrode was calculated using Equation (3),

Co3O4 +H2O + OH− ⟶ 3CoOOH + e− ð1Þ

6CoOOH +H2O2 ⟶ 2Co3O4 +O2 + 4H2O ð2Þ

Ip =
n2F2νAᴦ
4RT

ð3Þ

where n is the number of electrons (n = 2), F is the faraday
constant, R is the gas constant, A is the area of the electrode
(0.0707 cm2), and T is the temperature [6]. From the slope
of the graph between H2O2 oxidation current and square roots
of scan rate (Figure 4), the surface coverage (ᴦGNR/Co3O4) of the
electrode was calculated as 0:32 × 10−10 mol/cm2.

To ascertain about the effects of scan rate, CVs of GNR/
Co3O4/GCE were recorded in 0.1 M PBS containing 30μM
H2O2 with different scan rates (Figure 4(a)). The anodic
peak currents of GNR/Co3O4/GCE were increased linearly
with the increase of the scanning rate from 10 to 200mV/
s. The linear equation was established between H2O2 oxida-
tion peak currents and square root of scan rates with a cor-
relation coefficient of (R2) 0.9893 (Figure 4(b)). It was found
that H2O2 oxidation on GNR/Co3O4/GCE was a diffusion-
controlled process [18].

Next, electrocatalytic oxidation of H2O2 on the GNR/
Co3O4/GCE-modified electrode was studied in 0.1M PBS
by varying the concentrations. The oxidation peak of H2O2
takes place at the oxidation potential of Co3+ (0.925V) with

each addition of 10μMof H2O2. H2O2 oxidation peak currents
were increased linearly from 10 to 200μM (Figure 5(a)).
Hence, a calibration plot was made between the concentra-
tion of H2O2 and the oxidation peak currents, which resulted
in a linear equation of Y = −3:603 × 10−7x – 3:754 × 10−5 and
(R2) of 0.9966 (Figure 5(b)).

This data confirmed that GNR/Co3O4 can be used as an
appropriate electrocatalyst for the analysis of H2O2. The
limit of detection (LOD) was estimated as 1.27μM. The sen-
sitivity of the sensor was calculated as 5.10μAμM-1 cm-2.
We have also compared the analytical performance of this
new sensor with other reported sensors in Table 1. It was
clear that this new sensor is more promising than some of
the reported H2O2 sensors.

3.4. Effect of pH and Interferent Studies on GNR/Co3O4/GCE.
GNR/Co3O4/GCE was subjected to study the effect of pH.
CVs were recorded in different pH electrolyte solutions
(from pH1 to 9). It was found that the redox peak II of
GNR/Co3O4/GCE was pH dependent which showed that
protons are involved in the electron-transfer process.
Figure 6(a) shows the linear plot of E°′ vs. pH which gave
a slope value of -80mV/pH. This indicated that an unequal
number of protons and electrons were involved in the elec-
trochemical reactions [66]. For the electrochemical detection
of H2O2, pH7.4 was chosen as an appropriate electrolyte
because of the physiological condition of the solutions.

The interferents analysis was carried out in the presence
of H2O2 using the GNR/Co3O4/GCE. In this study, various
common interfering biomolecules associated with the
human body such as AA, PA, UA, glucose, lactose, L-isoleu-
cine, and L-tyrosine were added (10μM of each compound)
with the analysis of 10μM H2O2 (Figure 6(b)) [67]. These
interfering molecules did not show any significant response

Table 2: Electrochemical analysis of spiked H2O2 concentrations in an antiseptic solution using GNR/Co3O4/GCE.

S. no. Samples Added (μM) Found (μM) RSD (%) Recovery (%)

1 Antiseptic solution with spiked H2O2 40 38.7 4.01 96.75

2 Antiseptic solution with spiked H2O2 50 49.1 3.61 98.20

3 Antiseptic solution with spiked H2O2 60 59.76 3.26 99.60
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Figure 8: (a) The repeatability of GNR/Co3O4/GCE tested with 30μMH2O2 after storage for different periods of time. (b) Stability study of
GNR/Co3O4/GCE in PBS up to 50 CV cycles, scan rate = 50mV/s.
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on the GNR/Co3O4/GCE. Therefore, it was suggested that
GNR/Co3O4/GCE may be used for selective analysis of
H2O2 by electrochemical oxidation.

3.5. Electrochemical Impedance, Repeatability, and Stability
Studies. Electrochemical impedance spectroscopy (EIS)
could reveal about the solid–liquid interface process of the
modified electrodes. Figure 7 shows Nyquist plots obtained
for (i) bare GCE, (ii) GNR/GCE, (iii) Co3O4/GCE, and
(iv) GNR/Co3O4/GCE in 0.1M KCl containing 5mM
[Fe(CN)6]

3−/4−. The Nyquist impedance spectra obtained
for (i) bare GCE (580Ω), (ii) GNR/GCE (500Ω), (iii)
Co3O4/GCE (490Ω), and (iv) GNR/Co3O4/GCE (425Ω)
indicated the charge transfer resistance (Rct) of each elec-
trode by various diameters of semicircles [16]. For bare
GCE, a small semicircle was found with the resistance of
580Ω due to good electron transfer process. However, after
modification with GNR/GCE layer, the electron transfer
resistance was slightly decreased to 500Ω, and Co3O4/GCE
showed Rct of about 490Ω. Interestingly, as-prepared nano-
composite showed the lowest Rct of about 425Ω [68, 69],
which indicated the high conductivity of GNR in the nano-
composite. As shown in the inset of Figure 7, an equivalent
electrical circuit model was prepared and fitted with the EIS
data of GNR/Co3O4/GCE. In addition, this sensor retained
93% of the electrode response after 24 h of usage
(Figure 8(a)) due to good stability of the materials. The
repeatability of the GNR/Co3O4/GCE sensor was also tested
with 30μM H2O2. This new sensor response was only
decreased about 5.4% after 50 potential cycles (Figure 8(b)).

3.6. Real Sample Analysis. The real-world sample analysis
was carried out using a GNR/Co3O4/GCE sensor. In order
to measure the concentration of H2O2 in a real-world sam-
ple, a commercial antiseptic sample was diluted for 10 times
in phosphate buffer solution and spiked with 40, 50, and
60μM of H2O2. These samples were analyzed by CV using
a GNR/Co3O4/GCE sensor. The obtained results are shown
in Table 2. The relative standard deviation (RSD) values
for the detection of spiked H2O2 in three different samples
were found to be 4.01%, 3.61%, and 3.26%. Also, the recov-
eries of spiked H2O2 were calculated using the same method,
and the values were found in the range of 96.75 to 99.60%.
Therefore, the above results indicated that H2O2 can be
effectively determined in a real-world sample using GNR/
Co3O4/GCE sensor. We believe that this new method can
be adopted for the detection of H2O2 in various samples
from the environmental and medical fields.

4. Conclusion

In this work, GNR was synthesized by unzipping of
MWCNTs, and the Co3O4 nanorods were synthesized by
AA as a reducing agent in alkaline condition. After that,
GNR/Co3O4 nanocomposite was successfully prepared and
used to modify the surface of GCE. UV-Vis and HR-TEM
results showed the successful formation of Co3O4 nanorods
on the GNR. The electrooxidation of H2O2 on the GNR/
Co3O4-modified electrode taken place at the potential of

0.93V. Furthermore, GNR/Co3O4 nanocomposite-coated
GCE was successfully applied for the detection of H2O2 with
high sensitivity and selectivity. The effect of scan rate on
H2O2 oxidation at GNR/Co3O4 indicated the diffusion-
controlled electrochemical process. Using CV, the linear
range of H2O2 concentration was observed from 10 to
200μM, and the LOD was estimated as 1.27μM. The selec-
tivity of the sensor was also studied in the presence of other
biomolecules; it was confirmed that GNR/Co3O4-modified
electrode may be used for selective detection of H2O2 with
lower LOD.
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This research focusses on synthesizing the hybrid nanocomposite samples with AA8050 and the reinforcement of B4C and TiB2
nanoparticles at 3 different quality grades. To investigate their machinabilities on the prepared composites in the computer-aided
machining centre, the objectives are maximizing the material removal rate (MRR) and minimizing the surface roughness for a
specific application. Stir casting process was employed in synthesizing the hybrid nanocomposite samples. Utilizing CNC
turning centre was employed to investigate machinability performance on hybrid nanocomposite samples. The PVD-coated
HSS tool and dry cutting environment were considered. The quality of machining was investigated by observing the surface
roughness on the machined surfaces of samples of hybrid nanocomposite. The machining rate was investigated through the
response of material removal rate at as per Taguchi design of experiments L27 orthogonal array. The hybrid nanocomposite
synthesizing parameter of contribution of nanoparticle reinforcement (8%, 10%, and 12%) and the Turing parameters include
spindle speed (800 rpm, 1000 rpm, and 1200 rpm), machining feed (0.05mm/rev, 0.10mm/rev, and 0.15mm/rev) and depth of
cut (0.5mm, 0.75mm, and 1mm). The best performing input levels were identified through Taguchi analysis and the involved
input variables were analysed and prediction model developed through ANOVA. The maximum material removal rate and the
minimum surface roughness were reordered as 1380mm3/min.

1. Introduction

Hybrid composites presented the high strength of the alu-
minium alloy for using reinforced particles. In the statistical
analysis, the influence of higher cutting speed reduces the
cutting force of the tool material. Results between the exper-
imental work and the predicted values of the SiCp/Al nano-
composites, the cutting force is slightly reduced in the

experimental work [1]. Using of carbide cutting tool for
turning of E250 steel in the CNC turning process, the mate-
rial removal rate is increased moderately. Optimum values
are attained as 1100 rpm of spindle speed, 0.44mm of depth
of cut, and 0.2mm/min of feed rate. These optimal output
parameters provided better surface finish as well as high
MRR [2]. In automobiles, wheel axles are made on hardened
alloy steels for giving high strength and absorption of shocks
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and vibrations. Different parameters such as cutting speed,
machining feed, depth of cut, relief angle nose radius, and
type of insert are involved in machining of hardened alloy
steels. The L18 orthogonal array (OA) is suitable to examine
the surface roughness and machinability characteristics of
the hardened alloy steels. In this study, the influence of opti-
mal parameters is reducing the tool flank wear such as
53.85%; similarly, the surface roughness also reduced by
15.95%. Optimal flank wear was obtained as 0.057mm,
and the optimum surface roughness value was attained as
1.0248mm [3]. All the industries like as automotive, aero-
space, marine, and structural components the 316L stainless
steel was highly influenced. In machining of these materials,
the tool has to be highly wear and the tool life also reduced
increasing of tool life by the way of applying of lubrication
with coolant. Using of coolant, the wear has to be approxi-
mately 9%. Dry machining increases the wear of the tool
comparing to the coolant applied machining process [4].
Machining of titanium alloys is a difficult one; to overcome
this, alternative machining techniques were applied. The
tool wear was estimated under the working nature such as
dry, wet, and cryogenic surroundings. Comparing the wet
and dry nature machining, the cryogenic nature offered
higher tool life such as 200% to others. Similarly, the surface
roughness was reduced 71% by using cryogenic application.
Comparing other methods such as wet and dry offered 64%
of reduced surface roughness [5]. Aluminium alloy with
reinforcement of silicon carbide nanoparticles is prepared

by the stir casting route. Various parameters influencing
the CNC turning process decided the surface finish and the
MRR. This work concluded the 40m/min of spindle speed,
0.100mm/rev of feed rate, 0.3mm of depth of cut, and 3%
SiC, 7% Gr were recorded as optimal parameters [6]. The
tungsten carbide inserts are effectively used in the CNC
turning process; aluminium alloy (LM6) with silicon carbide
particles reinforced composites are machined successfully.
They [7] focused to reduce the cutting temperature, vibra-
tion, and surface roughness with different optimal parame-
ters. The authors found the poor surface finish was
attained due to composite particles sticking to the tool
inserts. Many researchers intend to study the aluminium
alloy metal matrix composites using coated tool material in
the CNC turning process. Only few of the attempts are made
on titanium alloy. This work was carried out on titanium
metal matrix composites using carbide as well as cubic
boron carbide inserts. Machinability study of surface rough-
ness, cylindricity, cutting forces, and tool wear are carried
out. In addition, the statistical analysis was included to eval-
uate the best parameter among the chosen parameters. CBN
tool inserts offered good surface finish even in different spin-
dle speeds [8–10]. This article discusses the synthesis of
novel aluminium metal matrix composite with composite
matrix of AA8050 with equal and hybrid reinforcement of
B4C nanoparticles and TiB2 nanoparticles at various wt.%
and investigates their machinability performance on CNC
turning centre. The Taguchi design of experiments and anal-
ysis was preferred to optimize the machining parameters for
maximizing material removal rate (MRR) and minimizing
surface roughness on machined surfaces. With the best of
our knowledge, such novel composites were not published
or patented so far.

2. Experimental Details

2.1. Materials and Methods. This study conducts the
machining process in the CNC turning centre using the
material aluminium alloy with reinforcement of boron car-
bide (B4C) nanoparticles and titanium diboride (TiB2) nano-
particles. AA8050 aluminium alloy possesses high strength
and excellent mechanical properties; adding of reinforce-
ment nanoparticles, its strength is upgraded in a great level
[11–14]. Automotive parts, aerospace components are to
be made by using this material. High-strength nanoparticles
of boron carbide and titanium diboride nanoparticles are
used as reinforcement agent of this study. Boron carbide is
a high hard material for antagonism against wear as well as
a lightweight material [15]. Titanium diboride is an extreme
heat conductivity material and also prevents oxidation, with
good stability. The chemical composition of aluminium alloy
8050 is illustrated in Table 1.

Material preparation is conducted through stir casting
process; the particles were reinforced at the time of stir cast-
ing [16–18]. Stir casted materials are machined through
CNC turning using Diamond-Like Carbon- (DLC-) coated
tungsten carbide tool [19–21]. CNC turning process is
achieved by using different parameters applying L27 orthog-
onal array (Taguchi route). The outcome of this

Table 1: Chemical composition of AA8050.

Material % of composition

Cr 0.05

Cu 0.05

Fe 1.3

Mg 0.05

Mn 0.80

Si 0.03

Zn 0.1

Al Remaining

Figure 1: Schematic view of stir casting process equipment.
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experimental work is considered as surface roughness and
material removal rate [22–24].

2.2. Experimental Procedure. Stir casting process is employed
to this research work to produce the hybrid nanocomposite
in the form of round rod. In stir casting process, the base
material of aluminium alloy (AA8050) and the reinforced
nanoparticles of boron carbide and nanoparticles of tita-

nium diboride are mixed well [25–27]. The reinforced mate-
rial is added to the base material at different weight
percentages such as 8%, 10%, and 12%. Stir casting process
is carried out using different parameters for producing the
effective hybrid nanocomposite [28–30]. Stirring speed of
650 rpm, stirring time of 30min, and stirring temperature
of 900°C are used as parameters of the stir casting process
[31]. The stir casting equipment is model SWAM EQUIP
bottom pouring type stir casting as shown in Figure 1.

All the samples are machined using CNC turning
machine (brand: Ace Micromatic; model: Super Jobber
500-LM CNC Lathe Machine). This machine was used to
turn a maximum of 320mm diameter and maximum of
500mm length as shown in Figure 2. Diamond-Like Car-
bon- (DLC-) coated tungsten carbide tool is used for turning
hybrid composite materials [32–34].

In the turning process, the different parameters and
levels are used such as spindle speed (800 rpm, 1000 rpm,

Figure 2: Hybrid nanocomposite machinability investigated at CNC turning centre.

(a) (b)

Figure 3: Turning specimen: (a) hybrid nanocomposite before turning and (b) after turning.

Table 2: Parameters and their levels of MRR.

Level
Nanoparticle
reinforcement

(NS) (%)

Spindle
speed (SS)
(rpm)

Machining
speed (MS)
(mm/rev)

Depth of
cut (DC)
(mm)

1 8 800 0.05 0.50

2 10 1000 0.10 0.75

3 12 1200 0.15 1.00
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and 1200 rpm), machining feed (0.05mm/rev, 0.10mm/rev,
and 0.15mm/rev), and depth of cut (0.5mm, 0.75mm, and
1mm). All these parameters are effectively utilized, and
turning operation was successfully carried out; each experi-
mental trial run shows different output results such as
MRR and result of surface roughness [35–37]. Figure 3 pre-
sents the AA8050/B4C/TiB2 of the hybrid nanocomposite
material samples before and after machining.

Material removal rate was calculated by the volume of
material removal from the specimen with specified time
period [38]. The surface roughness was checked using a
Mitutoyo tester (model: SJ210 Surface Roughness Tester).
Surface roughness was estimated through conducting of
three trials for each sample and averaging it [39]. Table 2
presents the parameters and their levels of MRR.

3. Results and Discussion

3.1. MRR. Table 3 represents all parameter correlation and
the output result of material removal rate in a detailed man-
ner. Maximum material removal rate of 1380mm3/min was
obtained by 10% of nanoparticle reinforcement, 1000 rpm of

spindle speed, 0.15mm/rev of machining speed, and
0.50mm of depth of cut [40].

Tables 4 and 5 present the response table for means and
response table for S/N ratio, respectively. In these tables, the
spindle speed was a higher influence factor of this investiga-
tion comparing to others [41]. From the rank order, the fac-
tor influence was stated as second rank of machining speed,
third rank of depth of cut, and fourth rank is hybrid nano-
particle reinforcement percentage. In the MRR investigation,
the optimal factors were obtained as 12% of hybrid nanopar-
ticle reinforcement, 1000 rpm of spindle speed, 0.15mm/rev,
and 1mm of depth of cut.

Figures 4 and 5 illustrate the main effect plot for means
and main effect plot for S/N ratio of material removal rate.
Increasing of hybrid nanoparticle reinforcement percentage
changes the material removal rate, minimum spindle speed
offered low MRR. Moderate level of spindle speed such as
1000 rpm offered higher MRR. Initially, the machining speed
0.05mm/rev produced good level of MRR, further increasing
of feed 0.05 to 0.10mm/rev the MRR rate was reduced
slightly. Feed of 0.15mm/rev recorded as higher MRR. In
depth of cut analysis, 0.75mm of depth of cut registered as
a low level of MRR, and higher MRR was obtained by using
of 1.00mm of depth of cut [42].

From the probability analysis, maximum points lie on
the mean line or probability line few points only slightly
deviated from the mean line as shown in Figure 6. These
points were represented that the chosen parameters, and
its correlation was excellent one and also produced better
MRR. All the points were scattered homogeneously between
the upper and lower limits as shown in Figure 7. Scattered
points were positioned within the limits; it has to be enlight-
ened about the relations between the parameters and the
accurate results such as MRR.

Table 3: Summary of machining parameters and MRR.

Exp.
runs

Nanoparticle
reinforcement

(%)

Spindle
speed
(rpm)

Machining
feed (mm/rev)

Depth
of cut
(mm)

MRR
(mm3/
min)

1 8 800 0.05 0.50 360

2 8 800 0.05 0.50 480

3 8 800 0.05 0.50 845

4 8 1000 0.10 0.75 736

5 8 1000 0.10 0.75 1180

6 8 1000 0.10 0.75 638

7 8 1200 0.15 1.00 1315

8 8 1200 0.15 1.00 1289

9 8 1200 0.15 1.00 578

10 10 800 0.10 1.00 481

11 10 800 0.10 1.00 394

12 10 800 0.10 1.00 617

13 10 1000 0.15 0.50 883

14 10 1000 0.15 0.50 1023

15 10 1000 0.15 0.50 1380

16 10 1200 0.05 0.75 1265

17 10 1200 0.05 0.75 595

18 10 1200 0.05 0.75 439

19 12 800 0.15 0.75 762

20 12 800 0.15 0.75 827

21 12 800 0.15 0.75 398

22 12 1000 0.05 1.00 986

23 12 1000 0.05 1.00 1128

24 12 1000 0.05 1.00 1264

25 12 1200 0.10 0.50 1018

26 12 1200 0.10 0.50 912

27 12 1200 0.10 0.50 650

Table 4: Response table for means (MRR).

Level
Nanoparticle
reinforcement

(%)

Spindle
speed
(rpm)

Machining
speed (mm/rev)

Depth of
cut (mm)

1 824.6 573.8 818.0 839.0

2 786.3 1024.2 736.2 760.0

3 882.8 895.7 939.4 894.7

Delta 96.4 450.4 203.2 137.4

Rank 4 1 2 3

Table 5: Response table for signal to noise ratios (MRR).

Level
Nanoparticle
reinforcement

(%)

Spindle
speed
(rpm)

Machining
speed (mm/rev)

Depth of
cut (mm)

1 56.60 53.99 56.60 57.35

2 56.42 59.67 56.49 56.06

3 58.03 57.39 57.97 57.66

Delta 1.61 5.68 1.48 1.60

Rank 4 1 2 3

4 Journal of Nanomaterials



60.0

Main effects plot for SN ratios

Data means

M
ea

n 
of

 S
N

 ra
tio

s

Reinforcement (%)

58.5
57.0
55.5
54.0

8 10 12 800 1000 1200

Spindle speed (rpm)

60.0
58.5
57.0
55.5
54.0

Machining feed (mm/rev)

0.05
Signal-to-noise: Larger is better

0.10 0.15 0.50 0.75 1.00

Depth of cut (mm)

Figure 5: Main effect plot for S/N ratio (MRR).

1000

Main effects plot for means
Data means

M
ea

n 
of

 m
ea

ns

Reinforcement (%)

900
800
700
600

8 10 12 800 1000 1200

Spindle speed (rpm)

1000
Machining feed (mm/rev)

900
800
700
600

0.05 0.10 0.15 0.50 0.75 1.00

Depth of cut (mm)

Figure 4: Main effect plot for means (MRR).

99
Mean
StDev
N
AD
P-value

831.2
321.4

27
0.454
0.250

Probability plot of MRR (mm3/min)
Normal-95% Cl

95
90
80
70
60
50
40
30
20
10

Pe
rc

en
t

5

1
0 500 1000 1500 2000

MRR (mm3/min)

Figure 6: Probability plot of material removal rate.

5Journal of Nanomaterials



Figure 8 illustrates that the contour plot of spindle speed
and percentage of reinforcement of hybrid nanoparticles, the
moderate spindle speed and increasing of percentage of rein-
forcement of hybrid nanoparticles offered excellent MRR.
Above 1000mm3/min of MRR was recorded by influencing
1100 rpm of spindle speed and more than 10% of nanoparti-
cle reinforcement. Figure 9 exemplifies the contour plot of
machining feed and spindle speed, higher machining speed
such as 0.150mm/rev and moderate spindle speed provided
higher MRR. Figure 10 demonstrates that the contour plot of
depth of cut and machining speed, the lower value of depth
of cut and higher value of machining speed offered maxi-
mum of MRR. Contrary minimum machining feed and
higher depth of cut offered excellent MRR. Figure 11 repre-
sents the contour plot of reinforcement and depth of cut,
moderate reinforcement and low level of depth of cut pro-
vided enhanced MRR.

Figure 12 shows the pie charts of material removal rate
(MRR); this plot enlightens the all-parameter contribution
and the outcome (MRR) of the research work individually.

The mathematical model developed to predict the MRR
with respect to the nanoparticle reinforcement contribution
and machining parameters for the specific requirements
and shown in

MRR mm3/min
� �

= 831:2 − 6:7 ⋅NS %ð Þ 8 − 44:9 ⋅NS %ð Þ 10
+ 51:6 ⋅NS %ð Þ 12 − 257:4 ⋅ SS rpmð Þ 800
+ 193:0 ⋅ SS rpmð Þ 1000 + 64:4 ⋅ SS rpmð Þ 1200
− 13:2 ⋅MS mm/revð Þ 0:05 − 95:0 ⋅MS mm/revð Þ 0:10
+ 108:2 ⋅MS mm/revð Þ 0:15 + 7:8DC mmð Þ 0:50
− 71:2 ⋅DC mmð Þ 0:75 + 63:4 ⋅DC mmð Þ 1:00:

ð1Þ
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3.2. Surface Roughness. Table 6 illustrates each parameter
relationship and the yield result of surface roughness in elab-
orate manner. Minimum surface roughness was found as
0.62μm in the fourth experimental runs. Reduced surface
roughness value was obtained by 8% of hybrid nanoparticle
reinforcement, 1000 rpm of spindle speed, 0.10mm/rev of
machining speed, and 0.75mm of depth of cut.

Tables 7 and 8 offer the response table for means and
response table for S/N ratio of surface roughness, respec-
tively. In surface roughness analysis, the machining speed
was the major influencing factor compared to remaining fac-
tors. From the rank order, the machining feed was first, spin-
dle speed was second, hybrid nanoparticle reinforcement
percentage was third, and depth of cut was fourth order. Sur-
face roughness analysis provided optimal parameters such as
12% of hybrid nanoparticle reinforcement, 800 rpm of spin-
dle speed, 0.10mm/rev, and 0.50mm of depth of cut.

Figures 13 and 14 show the main effect plot for means
and main effect plot for S/N ratio of surface roughness.
Higher hybrid nanoparticle reinforcement percentage
(12%) offered minimum surface roughness. Minimum spin-
dle speed such as 800 rpm provided better surface roughness,
further increasing spindle speed from 800 rpm to 1200 rpm
the surface roughness was showed highly on the surfaces of
the specimens. Moderate machining speed such as
0.10mm/rev offered minimum surface roughness, continu-
ally increasing the machining speed 0.15mm/rev maximum
surface roughness was observed. From depth of cut analysis,
minimum depth of cut (0.50mm) produced low surface
roughness. Increasing of depth of cut increases the surface
roughness values.

In the probability investigation, most of the points touch
the mean line; few of them deviated from the mean line as
shown in Figure 15. All points close and that touch the mean
line represented the correlation among chosen parameters.
This analysis proved the selected parameters were accurate
ones and make a better surface finish. All the experimental
runs were converted into scattered plot; the points were
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scattered homogeneously among the upper and lower limits
as shown in Figure 16. Scattered points informed that the
points are positioned in correct manner; hence, the parame-
ter relation has enlightened the surface roughness.

Figure 17 demonstrates that the contour plot of spindle
speed and hybrid nanoparticle reinforcement percentage, the
minimum spindle speed (800 rpm) increasing hybrid nano-
particle reinforcement percentage offered minimum surface
roughness. Higher spindle speed affects the surface roughness.
Figure 18 illustrates the contour plot of machining feed and
spindle speed, increasing machining speed from 0.050mm/

rev and minimum spindle speed presented excellent surface
finish. Figure 19 demonstrates the contour plot of depth of
cut and machining speed, the higher value of depth of cut
and moderate value of machining speed presented minimum
surface roughness. Contrary moderate depth of cut and mini-
mum machining feed was increasing the surface roughness.
Figure 20 represents the contour plot of hybrid nanoparticle
reinforcement percentage and depth of cut, both moderate
hybrid nanoparticle reinforcement percentage and depth of
cut recorded minimum surface roughness.

Table 6: Summary of machining parameters and surface roughness.

Exp. runs
Nanoparticle

reinforcement (%)
Spindle

speed (rpm)
Machining feed

(mm/rev)
Depth of
cut (mm)

Surface roughness
(μm)

1 8 800 0.05 0.50 0.89

2 8 800 0.05 0.50 1.56

3 8 800 0.05 0.50 1.97

4 8 1000 0.10 0.75 0.62

5 8 1000 0.10 0.75 1.51

6 8 1000 0.10 0.75 1.76

7 8 1200 0.15 1.00 2.01

8 8 1200 0.15 1.00 1.93

9 8 1200 0.15 1.00 1.28

10 10 800 0.10 1.00 0.93

11 10 800 0.10 1.00 0.74

12 10 800 0.10 1.00 0.73

13 10 1000 0.15 0.50 0.83

14 10 1000 0.15 0.50 1.37

15 10 1000 0.15 0.50 1.65

16 10 1200 0.05 0.75 1.47

17 10 1200 0.05 0.75 2.34

18 10 1200 0.05 0.75 1.94

19 12 800 0.15 0.75 0.78

20 12 800 0.15 0.75 0.62

21 12 800 0.15 0.75 1.36

22 12 1000 0.05 1.00 1.82

23 12 1000 0.05 1.00 1.09

24 12 1000 0.05 1.00 1.72

25 12 1200 0.10 0.50 0.94

26 12 1200 0.10 0.50 0.68

27 12 1200 0.10 0.50 1.59

Table 7: Response table for means (surface roughness).

Level
Nanoparticle
reinforcement

(%)

Spindle
speed
(rpm)

Machining
speed (mm/

rev)

Depth of
cut (mm)

1 1.503 1.064 1.644 1.276

2 1.333 1.374 1.056 1.378

3 1.178 1.576 1.314 1.361

Delta 0.326 0.511 0.589 0.102

Rank 3 2 1 4

Table 8: Response table for signal to noise ratios (surface
roughness).

Level
Nanoparticle
reinforcement

(%)

Spindle
speed
(rpm)

Machining
speed (mm/

rev)

Depth of
cut (mm)

1 -3.8472 -0.5433 -4.4996 -2.4393

2 -2.1262 -0.0840 -0.6880 -2.7994

3 -1.6106 -3.9567 -2.3964 -2.3453

Delta 2.2367 3.4134 3.8116 0.4540

Rank 3 2 1 4
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Figure 21 illustrates the pie charts of surface roughness;
this plot makes clear all parameter involvement and the
result (surface roughness) of the investigation individually.
The mathematical model developed and shown below to
predict the surface roughness with respect to the hybrid
nanoparticle reinforcement percentage and machining
parameters for the specific requirements and shown in

Surface ⋅ roughness μmð Þ
= 1:3381 + 0:165NS %ð Þ 8 − 0:005NS %ð Þ 10

− 0:160NS %ð Þ 12 − 0:274SS rpmð Þ 800
+ 0:036SS rpmð Þ 1000 + 0:237SS rpmð Þ 1200
+ 0:306MS mm/revð Þ 0:05
− 0:283MS mm/revð Þ 0:10
− +0:024MS mm/revð Þ 0:15 − 0:063DC mmð Þ 0:50
+ 0:040DC mmð Þ 0:75 + 0:023DC mmð Þ 1:00:

ð2Þ

It was observed that machinability condition require-
ments vary for each grade (based on hybrid nanoparticle

reinforcement percentage) of novel AMMC of AA8050/
B4C/TiB2. The developed mathematical model will support
to make right choice in manufacturing and machining.

4. Conclusion

This research work was carried out for CNC turning with
different process parameters that influence to obtain
enhanced MRR and surface roughness of hybrid AMMC’s
(AA8050/B4C/TiB2) successfully. Diamond-Like Carbon-
(DLC-) coated tungsten carbide tool was used to conduct
the turning process with chosen parameters. The results
were concluded as follows:

(i) From the MRR analysis, maximum material removal
rate of 1380mm3/min was obtained by 10% hybrid
nanoparticle reinforcement, 1000 rpm of spindle
speed, 0.15mm/rev of machining speed, and
0.50mm of depth of cut. In the MRR investigation,
the optimal factors were registered as 12% hybrid
nanoparticle reinforcement, 1000 rpm of spindle
speed, 0.15mm/rev, and 1mm of depth of cut

(ii) Moderate level of spindle speed such as 1000 rpm
offered higher MRR. Initially, the machining speed
0.05mm/rev produced good level of MRR, further
increasing of feed 0.05 to 0.10mm/rev the MRR rate
was reduced slightly

(iii) In the surface roughness investigations, minimum
surface roughness was found as 0.62μm in the
fourth experimental runs. Reduced surface rough-
ness value was obtained by 8% hybrid nanoparticle
reinforcement, 1000 rpm of spindle speed, 0.10mm/
rev of machining speed, and 0.75mm of depth of
cut. Surface roughness analysis provided optimal
parameters such as 12% hybrid nanoparticle rein-
forcement, 800 rpm of spindle speed, 0.10mm/rev,
and 0.50mm of depth of cut

(iv) From the depth of cut analysis, minimum depth of
cut (0.50mm) formed low surface roughness.
Increasing of depth of cut increases the surface
roughness values

As aluminium alloys are widely utilized for numerous
applications and selection of materials done for the applica-
tion specific from the range of desired mechanical proper-
ties, this novel AMMC type of altering existing mechanical
properties like enhanced wear resistance, self-lubrication
properties for an automobile spare manufacturing applica-
tion and this work developed mathematical models for pro-
cess planning for manufacturing and machining. Hence, this
piece of research claims a high social implication.

Data Availability

The data used to support the findings of this study are
included within the article. Further data or information is
available from the corresponding author upon request.
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Despite its excellent qualities such as hardness, tensile, and yield strength, aluminum alloys are mostly used in aviation fins and car
frames. However, wear resistance at maximum load is weak. This effort will now synthesize and investigate the tribological
behavior of AA6063- (AlMg0.7Si-) AlN composites. The goal of this experiment is to determine the best wear rate and
coefficient of friction for the AA6063-AlN with nanomagnesium composites developed. Weight percent, load (L), sliding
velocity (SV), and sliding distance (SD) are the process factors studied, and the output responses are wear rate and friction
coefficient. Bottom pouring type stir casting was used to create AA6063-AlN composites with various weight percentages. The
various compositions are AA6063, AA6063-4wt% AlN, AA6063-8wt% AlN, and AA6063-12wt% AlN. A pin-on-disc machine
inspected the wear rate and friction coefficient of AA6063-AlN composites. Experimentation was done according to L16
orthogonal array (OA). Wear rate (WR) and coefficient of friction (COF) examinations were made to identify the optimum
parameters to obtain minimum WR and COF for the AA6063-AlN composite via grey relational analysis (GRA). The contour
plot analysis clear displays WR and COF with respect to wt% vs. L, wt% vs. SV and wt% vs. SD. The ANOVA outcomes
revealed that wt% is the most vital parameter (85.55%) persuading WR and COF. The optimized parameters to achieve minor
WR and COF was found as 12wt% of AlN, L 20N, SV 3m/s, and SD 400m. The worn surface was analyzed using scanning
electron microscope and indicates that addition of AlN particles with matrix reduces the scratches. These articles offer a key
for optimum parameters on wear rate and COF of AA6063-AlN composites via Taguchi grey relational analysis.

1. Introduction

The progressions in the production processes alongside the
arrangement of adding a scope of reinforcement particles
empower the metal matrix composites (MMCs) for enor-
mous fabrication with various usages. MMCs include a

metals or alloys strengthened with ceramic, metallic, or nat-
ural mixtures to upgrade the properties like strength, inflex-
ibility, flexible modulus, wear and corrosion opposition, and
warm conductivity [1]. Amid the accessible metals, Al has
significant utilization in the fabrication of MMCs [2]. MMCs
are used majorly in air craft, automobile, construction sec-

Hindawi
Journal of Nanomaterials
Volume 2022, Article ID 7840939, 12 pages
https://doi.org/10.1155/2022/7840939

https://orcid.org/0000-0003-4212-9163
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/7840939


tor, electronics stuffing, thermal controlling apparatus’s
despite of its better strength, superior elastic modulus, pre-
cise stiffness, and thermal and electrical conductivity [3].
MMCs strengthened with ceramics exhibit superior proper-
ties like wear and corrosion behavior than the customary
alloys [4]. MMCs possess sustainable usages in various engi-
neering sector. MMCs are utilized as another material for
prevailing alloys in the field of automobile and aerospace
sector [5, 6]. In the previous industry development period,
aluminum and its alloys were ascertained to be foremost
consistent less weight materials; additionally, it was utilized
considerably on manufacturing automobile and space vehi-
cle parts [7]. The expanding requests for less weight, excel-
lent strength, superior high-temperature execution,
outstanding corrosion opposition, and synthetically latent
and energy-convertible materials in the transport, farming,

infrastructure, and production companies have invigorated
a consistently developing action to produce explicit compos-
ite materials named as aluminum matrix composites
(AMCs).

AMCs are less weight and better enactment materials
that possess the possibility to substitute traditional materials
in numerous progressive usages [8]. AMCs are notable for
their better strength to weight proportion, unrivaled tribo-
logical behavior, and corrosion opposition properties;
because of these reasons, monolithic alloys have been
replaced in various fields like automotive, maritime, and avi-
ation sector. Since the most recent thirty years, scientists
have given their attention to these materials and are
attempting to enhance the property to create them appropri-
ate for usage in difficult territories [9]. Owing to the superior
properties, AMCs are used in the manufacturing of aero
frame structure, space shuttle component, landing gear,
brake disc, knuckle housing, suspension arm, etc. [10].
AMCs have enhanced wear opposition, less weight, and bet-
ter rigidity, with obvious superiority usages. AMCs can
replace traditional materials in automotive and aeronautics
sectors [11]. AMCs can be utilized in energy-related applica-
tion areas like nuclear, renewable, and bioenergy sectors. By
using AMCs in energy sectors as well as in oil refining indus-
tries, the life time of the component can be enhanced signif-
icantly [12, 13]. AlN is a normally necessary strengthening
material for AMCs as it gets the compelling mixing of
physical, tribological, and mechanical attributes like better
hardness, less density, good versatile modulus, and
remarkable wear obstruction. Particularly, usage of AlN
particles as fortification has consistently upgraded the
AMC mechanical properties [14]. AlN reinforced with alu-
minum is nonreactive; AlN possesses better hardness, bet-
ter thermal conductivity, and least coefficient of thermal
expansion [15].

Stir casting setup used for fabricating the composite samples

Stirrer

Control panel
Stirrer blade

Furnace

Base structure

Aluminium alloy
(AA6063)

Aluminium nitride (AIN)
Reinforcement

AA6063/AIN
composite samples

Matrix

Figure 1: Stir casting setup used for the present work.

Sample holder Sensors Applied load (P)

Composite pin
30 × 10 mm

Wear track

Steel disc

Pin on disc wear test apparatus Pin on disc - mechanism

Rotation direction

Wear sample size

30 10

Disc

Figure 2: Schematic of pin-on-disc wear test apparatus.

Figure 3: Pin-on-disc wear test apparatus.
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AlN is a hard refractory ceramic and potentially attractive
reinforcement. AlN possesses superior mechanical properties,
least dielectric constant, enhanced electrical resistivity, good
thermal steadiness, and better compatibility with aluminum
alloy [16]. Because of the above-mentioned excellent proper-
ties, AlN is extensively utilized in electronic pocketing and
structural industry uses [17]. Owing to the unique features of
stir casting (SC) process, this is a foremost familiar method
utilized commercially. Easiness and litheness of this method
make this as inexpensive process and also suit for extensive
production. By using SC method, complicated components
can be manufactured via SC route. Nowadays, maximum con-
sideration is given to SC route because homogenous dispersal
of reinforcement particles with metal matrix can be attained
[18]. SC route that produced MMCs exhibits superior proper-
ties despite of its least porosity and least crack creation. Alumi-
num combination developed MMCs manufactured utilizing
SC process possessing enhanced properties [19]. The major

issues experienced in MMC preparing are the dispersal of
the reinforcement particles with the matrix amid SC. The
above-stated problem can be overcome by selecting proper
stirring speed, time, and temperature [20].

They [21] manufactured AlN-Al composite via squeeze
casting route and studied the influence of various range
cycling treatments on mechanical properties and concluded
that broad range cycling treatment was the major valuable
in enhancing tensile strength, and modest-range cycling
treatment was preferable to improve yield strength and elas-
tic limit. They [22] synthesized A359-AlN composites via
stir and squeeze casting methods, and their mechanical
properties were studied. It was concluded that adding of
AlN particles from 5 to 15wt% with A359 matrix enhances
the hardness, ultimate compressive strength, and yield
strength. This work [23] produced AA6061-AlN composites
with various weight percentages through stir casting route
and investigated the mechanical properties and stated that
inclusion of AlN with AA6061 matrix enhances the macro-
and microhardness, ultimate tensile strength, and yield
strength. Authors [24] produced Al-AlN composites and
described that elastic modulus and hardness improved dras-
tically because of grain refinement and interface strengthen-
ing mechanism. They [25] manufactured TiB2-AlN ceramic
by hot pressing method and observed their mechanical
properties. This work [26] synthesized Al-AlN composites
through squeeze casting route, and their tensile strength
was investigated. It has been observed that inclusion of
AlN particles with Al matrix increases the tensile strength.
This work [27] produced Al-AlN composite through in situ
fabrication technique, and the results revealed that increas-
ing the AlN particles increases the tensile strength. This
work [28] explored the tribological properties of hybrid
composites and stated that load was one of the utmost
impelling parameters on the wear behavior. They [29] opti-
mized the wear characteristics of aluminum hybrid compos-
ites and reported that load is the important parameter to
attain least wear rate (WR).

From the in depth literature exploration, it is implicit
that scarce research work has been done via AlN as strength-
ening particle through Al matrix. Therefore, the goal of the
paper has been to investigate the tribological properties of
AA6063-AlN composites produced via SC process. By
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Figure 4: Steps followed for the TGRA method.

Table 1: Experimental results.

Exp.
no.

wt% AlN
(A)

L (N)
(B)

SV (m/s)
(C)

SD (m)
(D)

WR
(mm3/m)

COF

1 0 10 1 400 0.00821 0.374

2 0 20 2 800 0.00884 0.419

3 0 30 3 1200 0.01112 0.392

4 0 40 4 1600 0.00948 0.445

5 4 10 2 1200 0.00556 0.496

6 4 20 1 1600 0.00582 0.501

7 4 30 4 400 0.00565 0.573

8 4 40 3 800 0.00605 0.498

9 8 10 3 1600 0.00469 0.662

10 8 20 4 1200 0.00482 0.598

11 8 30 1 800 0.00503 0.653

12 8 40 2 400 0.00517 0.688

13 12 10 4 800 0.00412 0.462

14 12 20 3 400 0.00407 0.380

15 12 30 2 1600 0.00402 0.411

16 12 40 1 1200 0.00396 0.449
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varying the reinforcing component weight percentage in the
matrix composite analyzed and by using Taguchi grey rela-
tional analysis, the suitable tribological parameters obtaining
optimum wear rate (WR) and coefficient of friction (COF)
were identified. Such parameters included load (N), sliding
velocity (m/s), and sliding distance (m) which existed in
the contact zone analyzed. In this study, four-level four fac-
tors were utilized to compose the L16 array with prominent
techniques of Taguchi.

2. Materials and Methods

2.1. Sample Preparation. AA6063 was employed as base
material and AlN as reinforcement. The Chemical composi-
tion of AA6063 alloy, Si-0.44wt%, Mg-0.56wt%, Cu-

0.02wt%, Mn-0.03wt%, Fe-0.46wt%, Cr-0.03wt%, Zn-
0.66wt%, Ti-0.02wt%, Al remaining wt%. The essential
quantity of AA6063 and AlN powder was quantified via dig-
ital weight instrument. Increasing the wettability, 2wt% of
nanomagnesium particles (45 nm) is included with AlN.
Magnesium particles play a vital role in enhancing the bond-
ing with matrix and reinforcement. AA6063 was liquefied
using crucible furnace at 825°C temperature. AlN powder
was heated at a 400°C temperature. Later, to attain the lique-
fied range, various wt% of AlN reinforcement particles were
included to synthesize numerous combinations AA6063,
AA6063-4wt% AlN, AA6063-8wt% AlN, and AA6063-
12wt% AlN. The stirring was done at a speed of 500 rpm
for 5min. The stir casting setup utilized for the present study
is displayed in Figure 1.
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2.2. Tribotester. Figures 2 and 3 display schematic and actual
pin-on-disc apparatus used for tribological analysis.

2.3. TGRA Method. Figure 4 displays the steps followed for
Taguchi grey relational analysis (TGRA) process. To
increase the wettability, magnesium is added in least quan-

tity amid stirring [30]. Immediately, melted metal was dis-
tributed into a die to get needed sizes. Scanning electron
microscope (SEM) inspection was carried out in the pro-
duced specimens. The tribology examination was done via
pin-on-disc device DUCOM TR20-LEASTM. The dimen-
sion of the pin used was 30mm length and 10mm diameter
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as per ASTM G99-04 standard [31]. EN31 steel was used as
disc. The tribological analysis was done at different process
parameters load 10, 20, 30, and 40N; sliding velocity 1, 2,
3, and 4m/s; and sliding distance 400, 800, 1200, and
1600m. The initial parameter of the surface roughness of
the tested sample is 0.61μm.

2.3.1. Multiobjective Valuation. Taguchi process merged
with grey is a principal process. By grey approach, the multi-
objective valuation can be transformed fair too; just response
optimization and obligatory process parameter can be

attained [32]. In this study, GRA was used to identify the
optimal level of tribological parameters on the multiobjec-
tives of the responses. The below formulas are used to find
the optimum results shown in

y∗i xð Þ = max zi yð Þ − zi yð Þ
max zi yð Þ −mixzi yð Þ , ð1Þ

ξi kð Þ = Δmin + pΔmax
Δxi kð Þ + pΔmax , ð2Þ
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γi =
1
n
〠
n

i=1
ξi kð Þ: ð3Þ

3. Results and Discussions

3.1. Wear Behavior of AA6063-AlN Composites. Wear rate
(WR) and coefficient of friction examinations were made

to identify the optimum parameters to obtain minimum
WR and COF for the produced composite via GRA. Exper-
iments were done according to L16 OA, and the results were
comprehensive in Table 1. Figure 5 displays the rank plot for
WR and COF. The rank plot clearly displays the experimen-
tal trials with respect to WR and COF. It is clear from the
graph COF is less than the WR while increasing the trials.

3.1.1. Effect of Process Parameter on WR. Figures 6–8 display
the contour plot for WR (a) wt% vs. L, (b) wt% vs. SV, and
(c) wt% vs. SD. It is clear that wear rate rises with the rise in
P, V, and D and declines with rise in the wt% of AlN parti-
cles. It could be well understood from Figures 5–7 that wt%
of AlN particles possesses extreme impact on wear rate as
related to another process parameters. Least wear rate is
obtained for 12wt% AlN particles; the major reason is
12wt% AlN particles tarnished away from the composites
creating a tiny film on the counter face at the edge outcomes
in enhanced wear resistance. Moreover, the occurrence of
AlN particles performs as load behavior element. The wear
rate is in the sequence of 12%>8%>4%>0% wt% of AlN.
When the wt% of AlN particles increases as well as load
and sliding distance rises and wear rate decreases, this could
be despite of the reason that with greater loads, the creation
of frictional heat lessens the composite hardness which even-
tually outcome in pull down of the wear resistance [33].

3.1.2. Effect of Process Parameter on COF. Figures 9–11 dis-
play the contour plot for COF (a) wt% vs. L, (b) wt% SV, and
(c) wt% vs. SD. From Figures 8–10, it is observable that COF
declines with the rise in wt% of AlN particles, P, V, and D.
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Table 2: Calculated S/N ratio and normalized S/N ratio values.

Ex. no
S/N ratio Normalized S/N ratio

WR (dB) COF (dB) WR (dB) COF (dB)

1 41.71314 8.54257 0.40642 1.00000

2 41.07095 7.55572 0.31844 0.85669

3 39.0779 8.13428 0.00000 0.94268

4 40.46383 7.03280 0.22905 0.77389

5 45.0985 6.09037 0.77654 0.61146

6 44.70154 6.00325 0.74022 0.59554

7 44.95903 4.83691 0.76397 0.36624

8 44.36489 6.05541 0.70810 0.60510

9 46.57654 3.58284 0.89804 0.08280

10 46.33906 4.46598 0.87989 0.28662

11 45.96864 3.70174 0.85056 0.11146

12 45.73019 3.24823 0.83101 0.00000

13 47.70206 6.70716 0.97765 0.71975

14 47.80811 8.40433 0.98464 0.98089

15 47.91548 7.72316 0.99162 0.88217

16 48.0461 6.95507 1.00000 0.76115
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The major reason for deceases in COF could be because at the
time when the load rises, temperature of the worn surface
enhances, which creates the composites to become soft; by this
way, the COF declines [34]. As the wt% of AlN rises up to
12wt%, the COF drops; despite of greater wt% of AlN particles,
the distribution of particles is homogenous, which hints to a
lesser value as linked to the another composite samples [35].

3.1.3. Grey Relational Analysis

(1) Multiresponse Examination. Taguchi technique com-
bined through grey is a dominant technique. By means of
grey, the multiresponse examination could be transformed
simply to only retort optimization, and needed process
parameter can be attained. The procedure intricate in GRA
is provided below. The initial procedure is to regularize the
restrained values. The fabric made famous by solitary CGF
fibres could withstand a light load. As the weight percentage
of CG fibres in the composite materials rises, so does the
ability to support so much weight. The stress causes failure
and has more excellent deformability as the percentage of
CG fibre within the layered combination increases. Intended
for this situation, Taguchi configuration combined through
grey would be utilized for upgraded execution attributes.
Table 2 shows the calculated S/N ratio and normalized S/N
ratio values for the littler the better as far as WR and COF
introduced. Table 3 displays the grey relational coefficient,
grey relational grade (GRG), and rank for 16 experimenta-
tions. From Table 3, 1st rank shows the upper GRG, which
would have the improved multiexecution qualities. As of
Table 3, 14th trail has the optimum parameters for many
execution attributes as far as WR and COF. Table 4 shows
the response table for GRG. From Table 4, it is seen that
0.2986 is the limit of max-min esteem. Thus, it is presumed
that wt% of AlN is most affected parameter for WR and
COF trailed by L, SV, and SD. The sequence of prompting
influences is in the order as enumerated wt% of AlN
(0.2986), L (0.0667), SV (0.6648), and SD (0.0591).
Figure 12 displays the grey relational grade. Figure 13 dis-
plays the main effects plot for GRG.

3.1.4. Analysis of Variance. The consequence of the process
parameter impelling the numerous superiority features is
examined via ANOVA. Table 5 displays the ANOVA for
GRG for determining the utmost substantial factors. From
Table 5, it can be perceived that the wt% of AlN is the
supreme important factor (contributing 85.55%). The wt%
of AlN has a foremost impact on the multiperformance
characteristics for AA6063-AlN composites trailed by load
(contributing 3.97%), sliding velocity (3.66%), and sliding
distance (2.71%).

3.1.5. Confirmation Test. The optimum level of parameter
was utilized to validate the output response qualities for
WR of AA6063-AlN composite. The predicted and experi-
mental values of GRG were attained via exploiting

γpre = γm + 〠
n

k=1
γi − γmð Þ: ð4Þ

Table 3: Calculated deviation sequences, grey relational coefficient,
and grade.

Ex.
no

Deviation
sequence

Grey relational
coefficient

Grey relational
grade

Rank
WR COF WR COF

1 0.59358 0.00000 0.45722 1.00000 0.728608 5

2 0.68156 0.14331 0.42317 0.77723 0.600198 10

3 1.00000 0.05732 0.33333 0.89714 0.615238 7

4 0.77095 0.22611 0.39341 0.68860 0.541002 15

5 0.22346 0.38854 0.69112 0.56272 0.626922 6

6 0.25978 0.40446 0.65809 0.55282 0.605453 9

7 0.23603 0.63376 0.67932 0.44101 0.560164 14

8 0.29190 0.39490 0.63139 0.55872 0.595056 11

9 0.10196 0.91720 0.83063 0.35281 0.591718 12

10 0.12011 0.71338 0.80631 0.41207 0.609190 8

11 0.14944 0.88854 0.76989 0.36009 0.564992 13

12 0.16899 1.00000 0.74739 0.33333 0.540362 16

13 0.02235 0.28025 0.95722 0.64082 0.799018 4

14 0.01536 0.01911 0.97019 0.96319 0.966690 1

15 0.00838 0.11783 0.98352 0.80928 0.896397 2

16 0.00000 0.23885 1.00000 0.67672 0.838362 3

1.0 Matrix: AA6063
Bottom pouring type stir casting
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Figure 12: Grey relational grade.

Table 4: Response table for GRG.

Level wt% AIN L (N) SV (m/s) SD (m)

1 0.6213 0.6866 0.6844 0.6990

2 0.5969 0.6954 0.6660 0.6398

3 0.5766 0.6592 0.6922 0.6724

4 0.8751 0.6287 0.6273 0.6586

Delta 0.2986 0.0667 0.0648 0.0591

Rank 1 2 3 4
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Table 6 displays the comparison of the predicted and
experimental values of the GRG utilizing optimal level
parameters, and these values are precise near to one another.
The GRG percentage of predicted value is improved by
83.3%.

The normal probability plot of GRG is exposed in
Figure 14. It displays that entirely, the errors are originated
out to be generally dispersed alongside the straight line at
95% confidence level.

3.2. Worn Surface Analysis. Figures 15(a)–15(d) shows the
shallow scratches, sliding direction, microcutting, smeared
surfaces, microploughing, wear track, peelers, and delamina-
tion of AA6063-AlN composites examined via SEM.
Figure 15(a) shows the shallow scratches and sliding direc-
tion. Figures 15(b)–15(d) show the worn surface of
AA6063-4wt% AlN, AA6063-8wt% AlN, and AA6063-
12wt% AlN composites. From Figure 15(b), microcutting
and smeared surfaces were observed. From Figure 15(c),
microploughing, wear track, and smeared surfaces were wit-
nessed. From Figure 15(d), peelers and delamination were
witnessed. From the detailed observation, it could be clearly
understood that increase in reinforcement weight percentage
results in noticeable wear decline. Minimum scratches were
found for composite samples, and presence of reinforcement
particles prevents the scratch formation [36].
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Figure 13: Main effect plot for GRG.

Table 5: ANOVA for GRG.

Source DF Seq SS Adj SS Adj MS F P Contribution (%)

wt% AlN - A 3 0.233985 0.233985 0.077995 20.96 0.016 85.55%

L (N) - B 3 0.010863 0.010863 0.003621 0.97 0.509 3.97%

SV (m/s) - C 3 0.010031 0.010031 0.003344 0.90 0.534 3.66%

SD (m) - D 3 0.007434 0.007434 0.002478 0.67 0.627 2.71%

Error 3 0.011163 0.011163 0.003721 4.11%

Total 15 0.273477 100%

S = 0:0609994; R − Sq = 95:92%; R − SqðadjÞ = 79:59%.

Table 6: Confirmation experimental results.

Responses/level
Predicted value Experimental value

A4B2C3D1 A4B2C3D1

WR (mm3/m) — 0.00407

COF — 0.380

GRG 0.959317 0.799018
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4. Conclusions

Stir casting is an appropriate method for producing
AMCs with required characteristics for technical applica-
tions. Stir casting was used to successfully create
AA6063-AlN composites. The influence of AlN on the
wear behavior of the AA6063 was examined utilizing a
pin-on-disc tribometer.

(i) GRA is an appropriate method for determining the
best process parameters to achieve the lowest WR
and COF for AA6063-AlN composites. The tribolog-

ical characteristics of AA6063-AlN composites were
examined by GRA, and the best parameters for
achieving minimal WR and COF were discovered to
be 12wt% AlN, L 20N, SV 3m/s, and SD 400m.
ANOVA was used to determine the effect parameters
on WR and COF responses. The GRG’s estimated
value percentage has increased by 83.3 percent

(ii) SEM was used to examine worn surfaces, and diverse
wear mechanisms were observed for all composites

(iii) The achieved results with the same parameters and
output replies were to be studied and compared in
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the future utilizing various optimization strategies
such as neural network and fuzzy logic system

Data Availability

The data used to support the findings of this study are
included within the article. Further data or information is
available from the corresponding author upon request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this article.

Acknowledgments

The authors appreciate the support from the Kombolcha
Institute of Technology, Ethiopia, for the research and prep-
aration of the manuscript. The authors thank the K. Ramak-
rishnan College of Engineering, Chandigarh University,
University 20 Août 1955, and Taif University, for providing
assistance to this work. This study was supported by the Taif
University Researchers, supporting project number TURSP-
2020/91, Taif University, Saudi Arabia.

References

[1] P. R. Matli, U. Fareeha, R. A. Shakoor, and A. M. A. Mohamed,
“A comparative study of structural and mechanical properties
of Al–Cu composites prepared by vacuum and microwave sin-
tering techniques,” Journal of Materials Research and Technol-
ogy, vol. 7, no. 2, pp. 165–172, 2017.

[2] P. Samal, P. R. Vundavilli, A. Meher, and M. M. Mahapatra,
“Recent progress in aluminum metal matrix composites: a
review on processing, mechanical and wear properties,” Jour-
nal of Manufacturing Processes, vol. 59, pp. 131–152, 2020.

[3] G. V. Jagadeesh and S. G. Setti, “A review on micromechanical
methods for evaluation of mechanical behavior of particulate
reinforced metal matrix composites,” Journal of Materials Sci-
ence, vol. 55, no. 23, pp. 9848–9882, 2020.

[4] T. Anandaraj, P. P. Sethusundaram, M. Meignanamoorthy,
and M. Ravichandran, “Investigations on properties and tribo-
logical behavior of AlMg4.5Mn0.7 (AA5083)-MoO3 compos-
ites prepared by stir casting method,” Surface Topography:
Metrology and Properties, vol. 9, pp. 1–13, 2021.

[5] J. A. Jeffrey, S. S. Kumar, P. Hariharan, M. Kamesh, and A. M.
Raj, “Production and assessment of AZ91 reinforced with
nano SiC through stir casting process,” Materials Science
Forum, vol. 1048, pp. 9–14, 2022.

[6] V. Sivamaran, V. Balasubramanian, M. Gopalakrishnan,
V. Viswabaskaran, A. Gourav Rao, and G. Sivakumar,
“Mechanical and tribological properties of self-lubricating Al
6061 hybrid nano metal matrix composites reinforced by nSiC
and MWCNTs,” Surf. Interfaces, vol. 21, article 100781, 2020.

[7] A. E. A. Al-maamari, A. K. M. AsifIqbal, and D. M. Nuruzza-
man, “Mechanical and tribological characterization of self-
lubricating Mg-SiC-Gr hybrid metal matrix composite
(MMC) fabricated via mechanical alloying,” Journal of Science:
Advanced Materials and Devices, vol. 5, pp. 535–544, 2020.

[8] G. F. Aynalem, “Processing methods and mechanical proper-
ties of aluminium matrix composites,” Advances in Materials
Science and Engineering, vol. 2020, 19 pages, 2020.

[9] D. K. Das, P. C. Mishra, S. Singh, and R. K. Thakur, “Properties
of ceramic-reinforced aluminium matrix composites - a
review,” International Journal of Mechanical and Materials
Engineering, vol. 9, pp. 1–16, 2014.

[10] N. K. Bhoi, H. Singh, and S. Pratap, “Developments in the alu-
minum metal matrix composites reinforced by micro/nano
particles – a review,” Journal of Composite Materials, vol. 54,
no. 6, pp. 813–833, 2020.

[11] V. Mohanavel, S. Prasath, K. Yoganandam, B. G. Tesemma,
and S. S. Kumar, “Optimization of wear parameters of alumin-
ium composites (AA7150/10 wt% WC) employing Taguchi
approach,” Materials Today: Proceedings, vol. 33, pp. 4742–
4745, 2020.

[12] A. Jaehyung, A. Mikhaylov, and H. Ulf Richter, “Trade war
effects: evidence from sectors of energy and resources in
Africa,” Heliyon, vol. 6, no. 12, article e05693, 2020.

[13] A. Jaehyung and A. Mikhaylov, “Russian energy projects in
South Africa,” Journal of Energy in Southern Africa, vol. 31,
pp. 58–64, 2020.

[14] V. Mohanavel and M. Ravichandran, “Influence of AlN parti-
cles on microstructure, mechanical and tribological behaviour
in AA6351 aluminum alloy,” Materials Research Express,
vol. 6, no. 10, article 106557, 2019.

[15] G. A. Sweet, R. L. Hexemer Jr., I. W. Donaldson, A. Taylor, and
D. P. Bishop, “Powder metallurgical processing of a 2xxx series
aluminum powder metallurgy metal alloy reinforced with AlN
particulate additions,” Materials Science and Engineering A,
vol. 755, pp. 10–17, 2019.

[16] A. Kareem, J. A. Qudeiri, A. Abdudeen, T. Ahammed, and
A. Ziout, “A review on AA 6061 metal matrix composites pro-
duced by stir casting,” Maternité, vol. 14, pp. 1–22, 2021.

[17] R. Pandiyarajan, P. Maran, S. Marimuthu, and K. C. Ganesh,
“Mechanical and tribological behavior of the metal matrix
composite AA6061/ZrO2/C,” Journal of Mechanical Science
and Technology, vol. 31, no. 10, pp. 4711–4717, 2017.

[18] J. Hashim, L. Looney, andM. S. J. Hashmi, “Metal matrix com-
posites: production by the stir casting method,” Journal of
Materials Processing Technology, vol. 92, pp. 1–7, 1999.

[19] S. Balasivanandha Prabu, L. Karunamoorthy, S. Kathiresan,
and B. Mohan, “Influence of stirring speed and stirring time
on distribution of particles in cast metal matrix composite,”
Journal of Materials Processing Technology, vol. 171, no. 2,
pp. 268–273, 2006.

[20] T. Sathish, V. Mohanavel, K. Ansari et al., “Synthesis and char-
acterization of mechanical properties and wire cut EDM pro-
cess parameters analysis in AZ61 magnesium
alloy+B4C+SiC,” Materials, vol. 14, no. 13, article 3689, 2021.

[21] M. Zhao, G. Wu, D. Zhu, J. Jiang, and Z. Dou, “Effects of
thermal cycling on mechanical properties of AlNp/Al com-
posite,” Materials Letters, vol. 58, no. 12-13, pp. 1899–
1902, 2004.

[22] A. M. Essam and A. Y. Churyumova, “Development and char-
acterization of A359/AlN composites for automotive applica-
tions,” Journal of Alloys and Compounds, vol. 727, pp. 540–
548, 2017.

[23] B. Ashok Kumar and N. Murugan, “Metallurgical and
mechanical characterization of stir cast AA6061-T6-AlNp
composite,” Materials and Design, vol. 40, pp. 52–58, 2012.

11Journal of Nanomaterials



[24] Y. Q. Liu, H. T. Conga, W.Wang, C. H. Sun, and H. M. Cheng,
“AlN nanoparticle-reinforced nanocrystalline Al matrix com-
posites: fabrication and mechanical properties,” Materials Sci-
ence and Engineering A, vol. 505, no. 1-2, pp. 151–156, 2009.

[25] M. M. Mokhayer, M. G. Kakroudi, S. S. Milani, H. Ghiasi, and
N. P. Vafa, “Investigation of AlN addition on the microstruc-
ture and mechanical properties of TiB2 ceramics,” Ceramics
International, vol. 45, no. 13, pp. 16577–16583, 2019.

[26] Q. Zhang, G. Chen, G. Wu, Z. Xiu, and B. Luan, “Property
characteristics of a AlNp/Al composite fabricated by squeeze
casting technology,” Materials Letters, vol. 57, no. 8,
pp. 1453–1458, 2003.

[27] P. Yu, M. Balog, M. Yan, G. B. Schaffer, and M. Qian, “In situ
fabrication and mechanical properties of Al–AlN composite
by hot extrusion of partially nitrided AA6061 powder,” Jour-
nal of Materials Research, vol. 26, no. 14, pp. 1719–1725, 2011.

[28] S. Daniel and P. M. Gopal, “Study on tribological behaviour of
Al/SiC/MoS2 hybrid metal matrix composites in high temper-
ature environmental condition,” Silicon, vol. 10, no. 5,
pp. 2129–2139, 2018.

[29] A. Vaishnavi and G. K. Chandran, “Optimisation of dry slid-
ing wear process parameters for aluminium hybrid metal
matrix composites,” Tribology in Industry, vol. 36, pp. 188–
194, 2014.

[30] L. Poovazhagan, K. Rajkumar, P. Saravanamuthukumar,
P. Javed Syed Ibrahim, and S. Santosh, “Effect of magnesium
addition on processing the Al-0.8 Mg-0.7 Si/SiCp metal matrix
composites,” Applied Mechanics and Materials, vol. 787,
pp. 553–557, 2015.

[31] C. A. V. Kumar and J. S. Rajadurai, “Influence of rutile (TiO2)
content on wear and microhardness characteristics of
aluminium-based hybrid composites synthesized by powder
metallurgy,” Transactions of Nonferrous Metals Society of
China, vol. 26, no. 1, pp. 63–73, 2016.

[32] A. A. Raneen, M. Mozammel, M. K. Aqib, C. Wenliang, K. G.
Munish, and I. P. Catalin, “Multi-response optimization of
face milling performance considering tool path strategies in
machining of Al-2024,” Maternité, vol. 12, pp. 1–19, 2019.

[33] S. V. Alagarsamy, M. Ravichandran, P. Raveendran, and
B. Stalin, “Evaluation of micro hardness and optimization of
dry sliding wear parameters on AA7075 (Al-Zn-Mg-Cu)
matrix composites,” Journal of the Balkan Tribological Associ-
ation, vol. 25, pp. 730–742, 2019.

[34] S. Arivukkarasan, V. Dhanalakshmi, B. Stalin, and
M. Ravichandran, “Mechanical and tribological behaviour of
tungsten carbide reinforced aluminum LM4 matrix compos-
ites,” Particulate Science and Technology, vol. 36, no. 8,
pp. 967–973, 2018.

[35] S. K. Thakur and B. K. Dhindaw, “The influence of interfacial
characteristics between SiCp andMg/Al metal matrix on wear,
coefficient of friction and micro hardness,” Wear, vol. 272,
pp. 191–201, 2001.

[36] Z. Sun, D. Zhang, and G. Li, “Evaluation of dry sliding wear
behavior of silicon particles reinforced aluminummatrix com-
posites,” Materials and Design, vol. 26, pp. 454–458, 2005.

12 Journal of Nanomaterials



Research Article
Investigations of Nanoparticles (Al2O3-SiO2) Addition on the
Mechanical Properties of Blended Matrix Polymer Composite

K. Logesh,1 V. M. Vel,2 A. H. Seikh,3 Ajit M. Hebbale,4 Rajesh A S,5 N. Nagabhooshanam,6

Ram Subbiah,7 M. H. Siddique,8 and S. Praveen Kumar 9

1Department of Mechanical Engineering, Vel Tech Rangarajan Dr. Sagunthala R&D Institute of Science and Technology, Chennai,
Tamil Nadu, India
2Department of Mechanical Engineering, KLN College of Engineering, Pottapalaiyam, 630612 Tamil Nadu, India
3Mechanical Engineering Department, College of Engineering, King Saud University, P.O. Box 800, Al-Riyadh 11421, Saudi Arabia
4Department of Mechanical Engineering, N.M.A.M Institute of Technology (Affiliated to Nitte Deemed to be University) Nitte,
Karnataka 574110, India
5Department of Mechanical Engineering, JSS Science & Technology University, Mysuru, Karnataka 570006, India
6Department of Mechanical Engineering, Aditya Engineering College, ADB Road, Aditya Nagar, Surampalem 533437,
Andhra Pradesh, India
7Department of Mechanical Engineering, Gokaraju Rangaraju Institute of Engineering and Technology, Hyderabad,
Telangana 500090, India
8Department of Mechanical Engineering, Kyungpook University, Republic of Korea
9Department of Mechanical Engineering, Arba Minch Institute of Technology (AMIT), Arba Minch University, Ethiopia

Correspondence should be addressed to S. Praveen Kumar; praveen.kumar@amu.edu.et

Received 11 May 2022; Revised 9 July 2022; Accepted 19 July 2022; Published 24 August 2022

Academic Editor: Arpita Roy

Copyright © 2022 K. Logesh et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The manufacture and investigation of the characteristics of nanocomposites with nanoparticles are made by the sol-gel technique.
It comprises two substances (aluminium oxide-silicon oxide), as well as the influence of such particles on the mechanical
characteristics of a polymeric matrix is described in this study. Tensile, bending, and hardness tests were utilized to assess the
mechanical characteristics of the hybrid material. The evaluation results of composite nanoparticles revealed a clear dispersion
of chemical components among aluminium oxide and calcium oxide, softness in particulate matter during crystallization at
high and low temperatures, the initiation of various nanostructures forms, and distinct stages of an alumina particle. When
compared to a polymeric mix without nanoparticle inclusion, mechanical behaviour tests demonstrated a considerable
improvement in the mechanical capabilities of the nanocomposites, notably at 2%. Mechanical parameters such as tensile
strength are 61.36MPa, flexural strength is 74.25MPa, and hardness is 83.27 D at 2.5 wt% at 600°C heat treatment conditions.
Under 900°C heat treatment conditions, tensile properties of 54.12MPa at 1 wt. percent, flexural properties of 79.21MPa
at 2 wt. percent, and shore hardness of 81.21 D at 2.5 wt. percent of nanoparticles were measured.

1. Introduction

Nanotechnology is a large and comprehensive scientific dis-
cipline that has exploded in popularity in current decades,
and nanoparticles are the foundation of nanotechnologies.
Nanostructures are advanced inorganic materials that are
gaining professional curiosity due to their remarkable quali-
ties when compared to other types of substances [1]. Nano-

composite particles are made up of two separate materials
consolidated into a single hybridized particle, resulting in a
multifaceted substance that may be employed in a variety
of sectors, such as pharmaceuticals, electronics, and
manufacturing, or to improve existing features [2]. As a
result, interest in this type of material has grown, as have
the tactics employed to make it [3]. Natural fibre may be uti-
lized to make nanostructures, while tapioca plant films could
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be employed in a spectrum of uses, including packing and
reinforcing materials. Commercial resources could be used
to make nanomaterials, with the characteristics of the site
of the particles regulated. Nanoparticles can be created using
a variety of techniques, including mechanical, physiological,
and biochemical methods [4]. Chemical treatments are the
most common among the approaches utilized since they
produce results quickly and in a short amount of time. Clog-
ging, dispersal, and sol-gel are some of the mechanisms used
in biochemical procedures [5]. In comparison to other pro-
cedures, the sol-gel technique is a must-have approach since
it ensures particle uniformity, cleanliness, and fineness [6].
Basic processes in this approach involve dissolving the raw
material (nitro, hydroxides, or salts) in a suitable dissolvent,
encouraging particle precipitation to produce the gels, and
lastly, using the heating process (dryness and carbonization)
to make the powder. Only well-suited substances utilized to
make nanostructures are patrolled [7]. The sol-gel technique
has the following benefits: (i) improved bonding between
both the material and the protective coating; (ii) compo-
nents can be moulded into complicated geometrical pat-
terns; (iii) high-purity materials can be obtained due to
earthenware sulphide precursor chemicals disintegrating
inside the alcoholic solution for such sol-gel transition; (iv)
low process temperature levels; simple, economical; even
with no special or expensive equipment; and (v) a successful
mechanism to deliver superior adhesives [8]. The blending
of polymers has resulted in the production of a modern
trend of polymer materials at low densities, low cost, better
resistance to corrosion, and strong performance characteris-
tics while keeping the molecule’s original properties. The
most notable such polymers are epoxy and polyester, which
have been the subject of several studies and are differentiated
by a wide range of characteristics that may be used for a vari-
ety of technological, manufacturing, and medicinal purposes
[9]. Different materials, like granules, fibres, or sheets, can be
used to reinforce epoxy and polyester polymer. Nanomateri-
als are one of the most significant materials used to improve
biodegradable polymers as they provide stability, strength,
and distinctive and great capabilities to reinforce the poly-
mer structure. Various researches on the fabrication of poly-
mer matrix nanocomposites from organic and inorganic
materials have been done. They [10] investigated the
mechanical characteristics of polyester-epoxy-treated bam-
boo fibre mix biocomposites, as well as the influence of
nanoclay minerals on those parameters. When the microclay
mineral ratio was increased to 10% by weight, all dynamic
qualities improved, but after that, the characteristics began
to deteriorate. Sugar palm fibre was handled by researchers
[11] to produce sugar palm nanocrystals viscose. The
researchers created biological nanomaterials in the form of
thin films. In comparison to the clean film, it had greater
crystalline nature, elastic modulus, mechanical characteris-
tics, thermodynamics, and moisture resistance. The study
demonstrated that after being strengthened with sugar palm
nanocrystals viscose, the bio-nanocomposites’ tensile modu-
lus and deformability rose, and the optimal filler particle
level was 0.5 percent. Sugarcane bagasse nanocrystal viscose
nanomaterials were developed and employed as a renewable

reinforcing phase to enhance the water moisture barrier
characteristics of sugarcane bagasse carbohydrate film.
[12]. In comparison to sugarcane bagasse and nanomixed
sugarcane bagasse bio-nanocomposites, the sugarcane
bagasse deteriorated quicker in the bioremediation test. To
increase the water resistance qualities of sugarcane bagasse
carbohydrate film, nanomaterials are being manufactured
and used as disposable reinforcement materials. This work
[13] studied the influence of Tungsten Carbide on the epoxy
resin, finding the mechanical qualities and fracture tough-
ness. To reinforce the polyester material, [14] employed fer-
ric oxide and blended ferric oxide nanoparticles produced by
a chemical decomposition method. When compared to poly-
ester augmented with nanoclusters, the results revealed that
the polyester reinforced with f-Fe2O3 nanoparticles had
better mechanical characteristics. Author [15] investigated
the impact of introducing graphene powders to an epoxy-
polyester mix as a reinforcing factor. The results demonstrated
a significant improvement in mechanical characteristics, par-
ticularly at 0.2 percent. Researchers [16] investigated the ther-
mal characteristics of an epoxy-polyester mix with nanoclay as
a reinforcing material, finding that increasing the nanoclay
content to 5% resulted in enhanced heat breakdown and

A1203 S1203

Figure 1: Photographic image of nanoparticles.

Figure 2: Setup for tensile testing.
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weight loss. Thermal characteristics, on either hand, were
enhanced when the glass transition temperature was increased
by 4wt%. It has been discovered in earlier studies that
researchers researched the production of nanomaterials from
different chemicals. However, researchers did not investigate
the production of composite nanostructures and their impacts
on the matrice substance’s characteristics, particularly the
mechanical capabilities. Furthermore, no reference was made
to the influence of such nanoparticles on the characteristics
of the polymeric mix. As a result, the goal of this research is
to complete this assignment using nanomaterials (aluminium
oxide and silicon oxide) and describe how they affect the prop-
erties of a polymer mixture, and to use a polymeric mixture
(4% of epoxy and 96% of polyester) to fabricate the hybridized
materials.

2. Experimental Works

2.1. Materials. The GVR chemical plant in Madurai, Tamil
Nadu, India, provided the pure epoxy resin and hardeners
used in this investigation. The polymer mix is made up of
polyester resin, hardener, and accelerators such as methyl
ethyl ketone peroxide and cobalt naphthanate, all of which
are provided by the same company. The nanocomposite par-
ticles were made from aluminium and silicon nitrate nona-
hydrate from Naga chemicals in Chennai, Tamil Nadu,
India, which had a quality of 99 percent. Figure 1 shows
the photographic images of aluminium- and silicon-based
nanoparticles.

2.2. Nanoparticle and Its Composite Preparation. To make
the nano-based particles, both the aluminium nitrate nona-

hydrate and silicon nitrate were disintegrated in 100ml of
distilled water with constant blending on a heating plate
mixer at 60°C till the granules disintegrated, then the disin-
tegrated additives for both kinds were taken in a conical flask
and mixed up to 3 hours at 60°C. After that, a 2% detergent
solution was injected, followed by droplets of ammonia solu-
tion incorporated by constant stirring to build stickiness
until gel was produced. The prepared solution was then
cleaned through strainer material to remove the gels, which
had been heated at 80°C for 6 hours. Pasteurization at 600°C
and 900°C for 2 hours is the final phase. The polymer blend
was then prepared in order to create composite materials. A
mechanical mixer was used to combine a specific proportion
of each ingredient (4 percent epoxy, 96 percent polyester), as
well as bonding agent, catalysts, accelerators, and promoters
with ratio of 2 : 2 : 2 : 2. The produced nanoparticles were
then placed at 0, 0.5, 1, 1.5, 2, and 2.5 wt percent in the
motorized blender and stirred. The slurry was then placed
into a mould and cut as per ASTM standards following
solidification and curing. To get an appropriate readout,
three specimens were produced for every mixture [17].

2.3. Mechanical Testing. The properties of the different
nanostructures were evaluated employing tensile and bend-
ing tests performed on a universal testing machine as in
Figure 2 with a capacity load of 50 kN, with specimens pre-
pared and executed as per ASTM D 638, flexing samples
executed as per ASTM D 790, and shore D hardness samples
executed as per ASTM D 2240.

2.4. Fractographic Analysis. SEM was utilized to conduct
microscopic (Fractographic) investigations into fractured
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Figure 3: Tensile strength of blended polymer-based nanoparticle (Al2O3 and Si2O3) with heat treatment (a) 600°C and (b) 900°C.
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composite samples. The specimens were laved, dehydrated,
and surface coated with 10 nm of gold before SEM clarity
to increase the composites’ electrical conductivity.

3. Result and Discussion

3.1. Mechanical Properties of Polymer Blend Matrix

3.1.1. Tensile Behaviour. The most important mechanical
test is the tensile test. This test involves applying a slog force
to a substance and measuring how it reacts to strain. The
tension test assesses the material’s strength and its ability
to expand in so doing. The tension performance in
Figure 3(a) shows the effects of introducing composite nano-
materials (aluminium and silicon oxide) at different rates
into a polymeric matrix (4 percent epoxy, 96 percent polyes-
ter) after heat treatments at 600°C. The results show that the
relationship between elongation behaviour and the quantity

of particle supplied is proportionate. That indicates that
when the amount of powder in the nanocomposite
increased, the maximum tensile strength increased as well.
This means that the nanoscale particle has a greater surface
area, which boosts the foundation substance’s soaking
capacity and offers greater coverage for the nanoparticle’s
interface, as well as enhances the toughness of the
nanoparticle-base materials contact. Figure 3(b) depicts the
tensile behaviour of nanoparticles added to a polymer blend
(4 percent epoxy and 96% polyester) after thermal treatment
at 900°C. The highest stress resistance of the nanocomposite
increased as the proportion of powder increased, although
not as much as the findings of the nanopowder generated
at 600°C. The dispersal efficiency and adhesive intensity of
the nanoparticles with the polymer matrices are responsible
for the increase in mechanical characteristics [14]. As a
result, the mechanical characteristics of the material deterio-
rate. A decline in characteristics is caused by the diversity
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Figure 4: Flexural strength of blended polymer-based nanoparticle (Al2O3 and Si2O3) with heat treatment (a) 600°C and (b)900°C; (c)
flexural strength setup by pictorial view.
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and dispersal of the aggregation of nanoparticles inside the
matrix phase.

3.1.2. Flexural Properties. The degree of flexural strength an
item can tolerate prior to fracturing or warping is known as
flexural strength. The resulting nanopolymerized material,
as shown in Figures 4(a) and 4(b), demonstrates that
increasing the percentage of nanopowder results in an
improvement in flexuralconfrontation levels. It demon-
strates that the mixed nanoparticles offer resistance and
strength to the polymeric mixtures, as well as making the
support material more robust to external loads. SEM further
reveals that the smoothness has resulted in a huge surface
area. In addition, the irregular form of the composite nano-
particles created at 600°C and 900°C, as seen in SEM,
increases the strength of the nanoparticle-base substance
contact. The disparity in particle diameter between the
nanoscale powders and the aggregation acts as maximum
stress centres, which reflect intrinsic faults in the composite
material, resulting in a fall in bending resistance values [18].
As a result, we detect a change in resistance. Excessive rein-
forcement reduces the wet capability of a raw product,
resulting in flaws including micro and nanofractures inside
the composite, as well as impairment of mechanical qualities
[13]. The pictorial representation of flexural strength
machine is displayed in Figure 4(c).

3.1.3. Hardness Behaviour. Hardness testing is an important
part of many quality control processes. It allows us to evalu-
ate a material’s qualities and determine if a substance or
material treatment is appropriate and applicable for the task
at hand. The hardness testing results after adding nanopow-

der (aluminium and silicon oxide) generated at 600°C and
900°C to the polymer mixture (4 percent epoxy and 96 per-
cent polyester) with varying weight proportions are shown
in Figures 5(a) and 5(b). The hardness values of the poly-
meric matrix have increased. This implies that composite
nanomaterials have a high surface area and thus have a good
resistance to scratches, which serves to improve the soaking
capability of the ground material as well as the toughness of
the interaction between both the nanomaterials and the
ground plane [6, 19]. The low proportion of imperfections
in the nanocomposites, such as microscopic and nanocracks,
enhances the mechanical characteristics [17]. The modest
discrepancy in hardness values, as seen in, is attributable to
the particulate difference in size inside the powders.

4. Fractographic Study

SEM was used to evaluate specimen surface features at very
high resolution using a part of an apparatus known as a dig-
ital microscope. The beam of electrons concentrates on the
sampling site during the SEM test, causing energy to be
transferred to the spot and subsequently translated into a
result. In this work, the morphology and histologic features
of the composite nanopowders created by the sol-gel tech-
nique were studied using scanning electron microscopy.
Figure 6(a) shows a different magnification image of
composite oxide nanoparticles (aluminium and silicon) gener-
ated under the same conditions and carbonization at 600°C.
As illustrated, particle dispersion and saturation are concen-
trated in particular sections of nanoparticles, which aids in
the cluster formation among big particles. Figure 6(b) depicts
a significant magnification resolution of the composite
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Figure 5: Shore hardness of blended polymer-based nanoparticle (Al2O3 and Si2O3) with heat treatment (a) 600°C and (b) 900°C.
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nanopowder (aluminium and silicon) oxide heated at 80°C for 6
hours and calcined at 900°C for 2 hours. The irregular structure
of the nanoparticles aided in the formation of certain particle
groupings. Also, due to the various geometric developments
of the particles, the resultant particles’ shapes are uneven.
Figures 6(c) and 6(d) show the nanoparticle matrix failure dur-
ingmechanical testing. Those figures proved that the brittle fail-
ure occurred due to the oxide formation was higher in the
particular failed region.

5. Conclusion

(i) SEM examination of the composite nanoparticles
indicated an uneven shape and a homogeneous chem-
ical composition of aluminium oxide and silicon with
no impurities. Furthermore, the studies demonstrated
that particle smoothness is temperature dependent.
Heat treatment at 600 degrees Celsius generated finer
and more phases than heat treatment at 900 degrees
Celsius. Inmechanical tests, the quality of the polymer
mix augmented with composite nanoparticles

increased dramatically. According to the mechanical
assessment findings, the best qualities were obtained
by reinforcing with nanocomposite powder at a con-
centration of 2wt%. Mechanical parameters such as
tensile strength are 61.36MPa, flexural strength is
74.25MPa, and hardness is 83.27 D at 2.5wt% at
600°C heat treatment conditions

(ii) Under 900°C heat treatment conditions, tensile
properties of 54.12MPa at 1 wt. percent, flexural
properties of 79.21MPa at 2 wt. percent, and shore
hardness of 81.21 D at 2.5 wt. percent of nanoparti-
cles were measured

(iii) The GRA will be implemented to carry out the opti-
mal parameters to future work

Data Availability

The data used to support the findings of this study are
included within the article. Further data or information is
available from the corresponding author upon request.
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In this paper, hydrothermal treatment was used to treat river sediment. The physicochemical properties, chemical speciation,
bioavailability, ecotoxicity, and leaching toxicity of heavy metals (Zn, Cu, Cr, Cd, Ni, Pb) in sediment under different
hydrothermal treatment conditions were studied, and stabilization mechanisms of heavy metals were explained. The results
showed that hydrothermal temperature and time had a huge impact on sediment reduction and heavy metal stabilization. The
best reduction and stabilization of sediments were achieved at a hydrothermal temperature of 260°C and a hydrothermal
period of 3 h. The hydrothermal treatment caused the sediment to undergo dehydration, dihydroxylation, decarboxylation,
deamination, and aromatization with a gradual decrease in its H/C ratio, O/C ratio, and pH; a gradual increase in porosity and
surface area; and a decrease in particle size. This facilitates the dehydration, reduction, and stabilization of the sediment. The
bioavailable components of heavy metals in sediment were dramatically reduced following hydrothermal treatment, but the
fraction of stable components rose significantly. This resulted in a marked decrease in the environmental bioavailability,
ecotoxicity, and leaching toxicity of the heavy metals. Therefore, hydrothermal treatment might be an effective ex situ
repairment way for reducing, stabilizing, and making river sediment harmless.

1. Introduction

Over the years, large volumes of industrial wastewater,
domestic sewage, and agriculture-related sewage have been
discharged into rivers [1, 2]. The pollutants in river water
will be deposited into the sediment, making the sediment a
“breeding ground” for water pollution. Meanwhile, sedi-
ments are also the “source” of pollution released to the over-
lying water [3]. It was reported that the release of nitrogen,
phosphorus, and polycyclic aromatic hydrocarbons by river
sediment will lead to eutrophication, and the presence of
highly biotoxic heavy metals such as Zn, Cu, Cr, Cd, Ni,
and Pb in river sediments will pose considerable toxicity
threats to the ecosystem and human health when they
migrate to water and soil [4, 5]. Therefore, there is an urgent
need for the safe disposal of river sediments.

Current methods for the disposal of sediment include
sediment dredging, acid washing, and chemical stabilization
[6]. Sediment dredging is the most common practice in river
sediment treatment, but it needs a very large land area to
enable sediment filling. The river sediments are mainly com-
posed of inorganic components with low calorific values that
cannot be incinerated, which makes the disposal of the
dredged sediment difficult [7]. Acid washing refers to tech-
nologies that use various acids to extract and precipitate
the metals in the sediment [8]. Due to the complexity of
the sediment components, the extract and precipitate reac-
tions will always be complex and hard to regulate. In addi-
tion, the resulting secondary leachate is a hazardous waste
and should be further disposed of. Chemical stabilization
of heavy metals in sediments is primarily achieved by adding
immobilizers and stabilizers, but there is still a chance that
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the agents may fail and be released into the water column,
reducing the stability effect [9].

Hydrothermal methods are chemical reactions carried
out in a closed vessel with subcritical water as the solvent
at a high temperature and pressure [10]. Hydrothermal heat
can promote the dissolution of the dry sludge base, improve
the dewatering properties of the sludge, and achieve sludge
reduction [11]. In this process, pathogens and parasites can
be killed, which will result in stabilization during the hydro-
thermal process [12]. Hydrothermal treatment can also change
the morphology of heavy metals in sludge and promote their
transformation from unstable to stable, thereby achieving sta-
bilization and harmlessness of heavy metals in sludge. Many
studies on the hydrothermal stabilization of heavy metals have
been carried out by researchers. Huang et al. examined the
danger of heavy metals in sludge after hydrothermal treatment
to the environment, and the findings revealed [13] that the
leaching rate of heavy metals in sludge was significantly
reduced, as was the ecotoxicity. Shi looked into the movement
of heavy metals in sludge after hydrothermal treatment and
found [14] that the state of heavy metals such as Ni, Cr, Zn,
Cu, Cd, and Pb in sludge changed fromweakly bound to stable,
and their ecological risk was greatly reduced. Li et al. [15] used
subcritical water and supercritical water to gasify sludge and
found that the bioavailability and ecotoxicity of heavy metals
in the treated sludge were significantly reduced. In particular,
the bioavailable content of Cu decreased by nearly 97%. Liu
et al. [16] studied the distribution of heavymetals in the hydro-
thermal carbonization process of sewage sludge and found that
hydrothermal treatment reduced the exchangeability/acid sol-
ubility and reduced states of heavy metals in the sludge, thus
reducing the potential risk of heavymetals in the sludge. Those
studies indicate that hydrothermal methods can significantly
reduce the ecological risk of sludge land use [17]. At present,
the research on hydrothermal technology mainly focuses on
excess sludge, etc., and there are few reports of applying it to
the treatment of river sediment. They have a great theoretical
basis for the treatment of river sediments. The nature of river
sediment is different from that of sludge, and it is of interest
to further investigate the reducibility of hydrothermally treated
river sediments, the stabilizing impact of heavy metals, and the
associated mechanisms.

The goal of this research was to reveal the mechanisms
of reduction of river sediments by an ex situ repairment
way which is hydrothermal treatment and evaluate the bio-
availability of heavy metals in river sediments after hydrother-
mal treatment. The effect of hydrothermal treatment on the
physicochemical properties of river sediments was studied.
Potential ecological risk indicators, environmental risk assess-
ment indicators, and leaching toxicity are identified based on
the chemical morphological distribution of heavy metals in
the hydrothermal products. Besides, the behavior of heavy
metals during hydrothermal treatment, as well as their migra-
tion and stabilization mechanisms, was also explored.

2. Materials and Methods

2.1. Experimental Materials. The river sediments utilized in
the experiments came from a river in a district of Shanghai.

The dredged river sediment is stirred evenly and screened
through 20 mesh screens to remove large stones, gravel,
plant debris, and shellfish from the sediment. The sediment
was collected in a refrigerator at a temperature of 4°C before
being further processed and analyzed. The physicochemical
characteristics of the river sediments were analyzed follow-
ing centrifugation and freeze-drying prior to hydrothermal
treatment.

2.2. Hydrothermal Experiment. The following steps were
used to conduct hydrothermal experiments in this study:
60 g of river sediment (with around 85% moisture content)
was placed into a YZHR 100ml hydrothermal reaction ket-
tle, and then, the sediment was heated to 180°C, 200°C,
220°C, 240°C, 260°C, and 280°C. After reaching the desired
temperature, it was kept at 0.5 h, 1.5 h, 3 h, 4.5 h, 6 h, and
7.5 h. After the hydrothermal kettle cooled naturally to
ambient temperature, the reactor was opened, the solid-
liquid mixture was withdrawn for extraction, and the filtered
solid-liquid combination was collected. The precipitated
hydrothermal solid product was heated in an oven at
105°C for 12 hours before being placed in dry glassware for
standby. The hydrolysate was put in a refrigerator below
4°C for standby. The original precipitate was denoted by
RS, and the filtrate of the original precipitate was denoted
by RL. The solid product after hydrothermal treatment was
represented by HS, and “HS-Hydrothermal Temperature-
Hydrothermal Time” represented the hydrothermal solid
product of sediment under different conditions. The hydro-
lysate was denoted by HL, “HL-Hydrothermal Temperature-
Hydrothermal Time,” representing the hydrolysate under
different conditions. For instance, HS-180-3 represented
the hydrothermal solid product of sediment obtained after
hydrothermal treatment at 180°C for 3 h, while HL-180-3
represented the hydrolysate obtained by hydrothermal treat-
ment of sediment at 180°C for 3 h.

2.3. Sample Processing and Analysis. An elemental analyzer
(Elementar, Germany) was developed to analyze and deter-
mine the elemental (C, H, and N) content of the raw sedi-
ment and hydrothermal solid products. The ash content in
the raw sediment and sediment hydrothermal solid products
was determined by burning the sediment in a muffle furnace
at 600°C. The elemental content of O was measured by the
difference method [18], namely: O% = 100% − C% −H% −
N% −Ash%. The chemical functional groups contained in
the hydrothermal solid products of the original sediment
and sediment were determined using a Nicolet 550 Fourier
transform infrared spectrometer (Nicolet, USA). The specific
surface area of the original sediment and the hydrothermal
solid products of the sediment could be determined using
the Brunauer-Emmett-Teller (BET)method. The surfacemor-
phology and structure of raw sediment and the hydrothermal
solid products of the sediment were characterized by a scan-
ning electron microscope (Zeiss Gemini SEM 300).

2.4. Determination Method of Organic Reduction Rate. The
organic content of the original sediments was calculated as
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follows:

m3 =m1 −m2, ð1Þ

where m1 is the mass of solid (S1) obtained after suction
filtration dehydration and drying at 105°C, m2 is the mass of
solid (S1) burnt at 600°C in a muffle furnace to constant
weight, and m3 is the mass of organics contained in raw
sediment.

The mass of organics in the hydrothermal solid product
of the sediment was calculated as follows:

m6 =m4 −m5, ð2Þ

where m4 is the mass of solid (S2) obtained after suction
filtration dehydration and drying at 105°C, m5 is the mass of
solid (S2) burnt at 600°C in a muffle furnace to constant
weight, and m6 is the mass of organics contained in raw
sediment.

The organic reduction rate was calculated as follows:

Organic reduction rate =
m3 −m6

m3
× 100%: ð3Þ

2.5. Analysis Method of Hydrothermal-Related Parameters.
The chemical oxygen demand (COD) in the hydrolysate
was determined analytically using the “dichromate method
for determination of chemical oxygen demand in water
quality” (HJ 828-2017). Inductively coupled plasma mass
spectrometry (Thermo Scientific ICAP Q, USA) was used
to assess the concentration of heavy metals and salt ions in
the hydrolysate after it was filtered through a 0.45μm
membrane.

2.6. Analysis and Evaluation Methods of Heavy Metal

2.6.1. Determination of Total Amount and Form of Heavy
Metals. Acid digestion [19] was used to determine the total
amount of heavy metals Zn, Cu, Cr, Cd, Ni, and Pb in raw
sediment and sediment hydrothermal solid products. The
modified BCR four-step extraction method [20] was used
to determine the forms of heavy metals Zn, Cu, Cr, Cd, Ni,
and Pb in raw sediment and sediment hydrothermal solid
products. Several procedures were used to continuously
extract heavy metal components by the BCR method:
exchangeable or acid-soluble components (T1), reducible
components (T2), oxidizable components bound to organics
and sulfides (T3), and residual components bound to the lat-
tice (T4). Inductively coupled plasma mass spectrometry
was used to determine the heavy metal content in the
digestate.

2.6.2. Risk Evaluation Indicator. The environmental risks
allied to heavy metals in the raw sediment and sediment
hydrothermal solid products were evaluated by means of
risk assessment codes (RAC), which are commonly utilized
in the evaluation of heavy metal toxicity in the environmen-
tal sciences [21]. In this paper, the ratio of heavy metal con-
tent in exchangeable or acid soluble components (T1) to
total heavy metals in primary sediments and sediment

hydrothermal solid products will be used as an evaluation
indicator. The classification of the risk assessment indicator
is as follows in Table 1.

2.6.3. Potential Ecological Risk Indicator. Potential ecological
risk indicators (RI) [22] on the basis of heavy metal concen-
trations, toxicity, and sensitivity were utilized to study the
potential ecological risk of heavy metal contamination in
raw sediments and sediment hydrothermal solid products.
The potential ecological risk indicator was calculated
according to the following formulas.

Cf =
Cm

Cn
,

Er = Tr × Cf ,

RI =〠Er ,

ð4Þ

where Cf is a single heavy metal pollution factor; Cm is
the potential flow component of heavy metals (T1, T2, and
T3); Cn is the stable component of heavy metals (T4); Er is
the potential ecological risk factor of a single heavy metal;
Tr is the toxic reaction factor of a single heavy metal, of
which Zn is 1, Cu and Pb are 5, Cr is 2, Cd is 30, and Ni is
6; and RI is the sum of potential ecological risk factors of
pollutants.

The relationships between single heavy metal pollution
factors, potential ecological risk factors, and potential eco-
logical risk indicators with the degree of contamination are
shown in Table 2.

2.6.4. Toxicity Leaching Test. The leaching concentrations of
heavy metals in the sediments were measured according to
the Toxicity Characteristic Leaching Procedure (TCLP)
method of the US Environmental Protection Agency (EPA)
[23]. A glacial acetic acid solution (pH = 2:88) was used as
the leaching solution for the heavy metals, and a leaching
experiment for the toxicity characterization of the raw sedi-
ment and sediment hydrothermal solid products was con-
ducted on a leaching solution at a sample mass ratio of
20 : 1. The raw sediment and sediment hydrothermal solid
products were mixed with the leaching solution and placed
on an LCD CNC rotary mixer (MX RL Pro, Shanghai
Shuangxu Electronics) and shaken at 30 r/min for 18 hours.
At the end of the leaching procedure, the supernatant will be
obtained by filtration. The content of heavy metals was eval-
uated using inductively coupled plasma mass spectrometry
after passing through a 0.45μm filter.

2.7. Data Analysis. To ensure the accuracy of the data
obtained through the experiment, all data generated during
the analysis processes was measured repeatedly three times
to avoid random errors, which were plotted with mean and
error bars in the graph.

3. Results and Discussion

3.1. Influence of Hydrothermal Treatment on
Physicochemical Properties of Sediment. As demonstrated in
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Figure 1(a), as the hydrothermal temperature increased, the
rate of organic reduction in the sediment increased as well.
The mass of organics in the sediment was reduced by
31.5% when the hydrothermal temperature reached 260°C,
compared to prior hydrothermal treatment. This may be
due to the fact that the increase in temperature intensified
the reaction and destroyed the flocculent structure of the
sediment. In the issue, macromolecular organics were
released into the liquid phase and hydrolyzed to form small
molecules, leading to a decrease in the mass of organics in
the sediment. When the hydrothermal temperature was
above 260°C, the change in the reduction rate of organic
matter levelled off. The optimum hydrothermal temperature
was 260°C. After hydrothermal treatment, most of the
organics in the sediment would enter the liquid phase. The
reduction of organics in sediment could be further con-
firmed by the change of COD in the hydrothermal solution.

Furthermore, it can be understood from Figure 1(a) that
the COD in the hydrothermal solution increased as the tem-
perature of the hydrothermal solution increased, and the
trend was generally consistent with the organic matter
reduction rate. As seen from Figure 1(b), the reduction ratio
of organics in the sediment and the COD of the hydrother-
mal solution increased continuously as the hydrothermal
time was extended. After 3 h of hydrothermal treatment,
the mass of organics in the sediment decreased by 31.1%
compared with that before hydrothermal treatment, while
the COD in the hydrothermal phase of the sediment
increased to 3093mg/L. However, both changes levelled off
when the time was further extended. This indicates that
the hydrolysis of organics in the sediment has reached an
equilibrium state and that the reduction is difficult to
increase. Considering the energy consumption and cost,
the optimal hydrothermal time was 3 h.

Table 3 shows the physicochemical properties of the sed-
iment hydrothermal solid products obtained on the raw sed-
iment and under different hydrothermal conditions.

As seen from Table 3, the proportions of C, H, ON, O/C,
and H/C values in the hydrothermal solid products of the
sediments continued to decrease with increasing hydrother-
mal temperature and time. This may be due to dehydration
and decarboxylation during the hydrothermal reaction [24].
It exhibits high aromaticity and strong carbonation [25],
which facilitates the dehydration reduction of the sediment.

Furthermore, the ash content in the hydrothermal solid
products of the sediments showed an overall increasing
trend as the hydrothermal temperature and time increased.
This may be due to the hydrothermal heat causing the
organic components in the sediment to be released into the

hydrothermal solution. It gave rise to a relative increase in
the inorganic component content. Meanwhile, the pH of
the sediment hydrothermal solid products decreased as the
hydrothermal temperature and time increased [26].

3.2. Functional Group Changes of Raw Sediment and
Hydrothermal Solid Products of Sediment. Figure 2 shows
the infrared spectra of the raw sediment and sediment
hydrothermal solid products under optimal hydrothermal
conditions (260°C, 3 h).

In comparison to the raw sediment, the O-H stretching
vibration absorption peaks for alcohols and phenols in the
sediment hydrothermal solid products are at 3620 cm-1.
The N-H stretching vibration absorption peaks of amides
and imines are at 3434 cm-1, and the relative intensity of
the O-H planar deformation vibration absorption peak for
carboxylic acids at 1429 cm-1 is reduced. This suggests that
the decomposition of carbohydrates (-OH), proteins
(-NH), and fatty acids (-COOH) in the sediment is due to
hydrothermal-induced material. Simultaneous decomposi-
tion of unstable substances in the sediment and dissolution
into the liquid phase due to dehydroxylation, decarboxyl-
ation, and deamination of other organic substances made
the sediment more stable [27].

After hydrothermal treatment, the peak at 2925 cm-1 and
the relative intensity corresponding with the aliphatic CHn
group (C-H stretching vibration) decreased, suggesting that
the organic aliphatic structures in the sediment were broken
down into gaseous compounds. For example, methane and
carbon dioxide are converted into aromatic structures dur-
ing hydrothermal treatment. The peak at 1635 cm-1 corre-
sponds to the aromatic ring stretching (-CONH-)
functional group, whose relative intensity decreases after
hydrothermal treatment. The C-H out-of-plane deformation
vibrational absorption peaks of aromatic hydrocarbons were
slightly enhanced at 797 cm-1 and 776 cm-1. It indicates that
the hydrothermal treatment caused some organic matter
(alkanes, cycloalkanes, and so on) in the sediments to
undergo aromatization reactions to form aromatic hydrocar-
bons [28].

3.3. Morphological Characteristics of Raw Sediment and
Sediment Hydrothermal Solid Products. Scanning electron
micrographs of raw sediment and hydrothermal solid prod-
ucts of sediment under the optimum hydrothermal condi-
tions (260°C, 3 h) are shown in Figure 3.

As shown in Figure 3, the surface structure of the origi-
nal sediment is flat. After hydrothermal treatment, the sedi-
ments showed an increase in the porosity of the
hydrothermal solid products and exhibited some degree of
fragmentation, resulting in smaller particle sizes.

BET characterization was carried out on raw sediment
and hydrothermal solid products of sediment, and the
results are shown in Table 4. After hydrothermal treatment,
the specific surface areas of sediment increased from
12.648m2/g to 32.616m2/g, the pore volume increased from
0.075 cc/g to 0.107 cc/g, and the pore diameter decreased
from 3.820 nm to 1.936 nm, which is consistent with the
observation results of SEM. The increase in pore volume

Table 1: Risk assessment code of heavy metals.

No. Risk level RAC = T1/total × 100 (%)

1 Very high risk >50
2 High risk 31~50
3 Medium risk 11~30
4 Low risk 1~10
5 No risk <1
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and specific surface area, as well as the decrease in pore
diameter, facilitated the release of water from the sediments.

At the same time, the above changes are bound to cause
the changes of sediment adsorption performance. Although
some studies [29–31] have shown that titanate nanomateri-
als prepared by hydrothermal method can adsorb heavy
metals from water, it remains to be further studied whether
the hydrothermal products of the sediment prepared in this
study can be used as nanoadsorbent materials.

3.4. Redistribution of Heavy Metals between Solid and Liquid
Phases. At present, the traditional environmental risk assess-

ment methods are mainly based on the total concentration
of heavy metals and are evaluated from the perspective of
total quantity control. This index has always been the most
basic basis for controlling the environmental risk of heavy
metals [32]. The concentrations of heavy metals in the
liquid-solid phase of the sediment before and after hydro-
thermal treatment are shown in Figure 4.

After hydrothermal treatment, a certain level of heavy
metals in the sediment will be liberated or dissolved into
the hydrolysate of the sediment, as shown in Figure 4(a).
As for the amounts of heavy metals in the liquid phase of
the sediment, they should not exceed 1% of the total amount

Table 2: The relation between Cf , Er , RI, and pollution degree.

Cf Er RI
Cf ≤ 1 No risk Er < 40 Low risk RI < 150 Slightly ecological hazard

1 < Cf ≤ 3 Low risk 40 ≤ Er < 80 Medium risk 150 ≤ RI < 300 Moderately ecological hazard

3 < Cf ≤ 6 Medium risk 80 ≤ Er < 160 Higher risk 300 ≤ RI < 600 Strongly ecological hazard

6 < Cf ≤ 9 High risk 160 ≤ Er < 320 High risk RI ≥ 600 Very strongly ecological hazard

Cf > 9 Very high risk Er ≥ 320 Very high risk
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Figure 1: Influence of hydrothermal condition on organic reduction and COD of hydrolysate: (a) at 3 h of hydrothermal time, the
hydrothermal temperatures were set at 180, 200, 220, 240, 260, and 280°C; (b) at 260°C of hydrothermal temperature, the hydrothermal
times were set at 0.5, 1.5, 3, 4.5, 6, and 7.5 h.

Table 3: Properties of RS and HS.

Parameter RS HS-180-3 HS-220-3 HS-260-3 HS-260-0.5 HS-260-6

C% 3.25 2.69 2.37 2.33 3.16 2.32

H% 1.06 0.85 0.74 0.71 1 0.69

N% 0.15 0.08 0.07 0.06 0.12 0.06

O% 2.34 1.65 1.45 1.24 2.02 1.2

Ash% 92.2 93.73 94.37 94.66 92.7 94.73

O/C 0.54 0.46 0.46 0.4 0.48 0.39

H/C 3.91 3.79 3.75 3.66 3.8 3.57

pH 7.25 6.63 6.57 6.39 6.69 6.31

5Journal of Nanomaterials



of each heavy metal. The findings indicate that the hydro-
thermal treatment has some influence on the dissolving of
the heavy metals in the sediment. This may be due to the fact
that the hydrothermal treatment decomposes the organics in
the sediment, thus releasing the combined heavy metals [33].
Nevertheless, the content of heavy metals entering the liquid
phase through solid-liquid separation was very low, indicat-
ing that the hydrothermal method was difficult to effectively
isolate the heavy metals from the sediment and the vast
majority of the heavy metals remained in the solid phase.

As illustrated in Figure 4(b), the concentration of heavy
metals in the hydrothermal solid phase of sediment
increased as the hydrothermal temperature and time
increased. On the one hand, the great majority of the heavy
metals remained mainly in the solid phase of the sediment.
On the other hand, the hydrolysis of organics during the
hydrothermal treatment [21] led to an increase in the rela-
tive content of inorganic materials such as heavy metals,
showing an enrichment and intensification effect. Nonethe-
less, whether this enrichment increases the potential risk of

heavy metals in the sediment needs to be further determined
by changes in the chemical form of heavy metals.

3.5. Content Changes of Chemical Forms of Heavy Metals
during Hydrothermal Treatment. The research results in
recent years show that the environmental risk of heavy
metals in sludge depends not only on the content of heavy
metals in sludge but more importantly on the form of heavy
metals in sediment [13, 34, 35]. The BCR extractable chem-
ical form concentration of heavy metals in raw sediment and
hydrothermal solid products of the sediment is shown in
Figure 5.

As shown in Figure 5, most of the Zn in the sediment is
exchangeable (T1: 47% and T2: 21%). After hydrothermal
treatment, the proportion of heavy metals in the T1 form
of Zn decreased significantly, and the proportion of heavy
metals in the T3 and T4 forms increased significantly, reach-
ing 41% and 25%, respectively. In contrast, the proportion of
T2 heavy metals remained largely unchanged. This indicates
that the morphology of Zn in the sediment changed from a
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Figure 2: Fourier transform infrared (FTIR) spectra of RS and HS-260-3.
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Figure 3: Scanning electron micrographs of RS and HS-260-3.

Table 4: BET of RS and HS-260-3.

Samples Specific surface areas (m2/g) Pore volume (cc/g) Pore diameter (nm)

RS 12.648 0.075 3.820

HS-260-3 32.616 0.107 1.936
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weakly bound condition to a rather stable state after hydro-
thermal treatment. The increase in hydrothermal tempera-
ture and time promoted the stability of Zn in the generated
sediment hydrothermal solid products.

The highest proportion of Cu in the sediment was in the
T3 form (47%), followed by T4 (31%). After hydrothermal
treatment, Cu was transformed from the T1 form and T2
form into the T3 form and then fixed, with the proportion
of heavy metals in T4 remaining largely unchanged. There-
fore, as the hydrothermal temperature and duration rose,
the fraction of stable components in the sediment grew dra-
matically, and the findings are consistent with earlier
research. That is, Cu may be blind to stronger organic
ligands and is contained in minerals with low bioavailability
and mobility potential [36].

The proportion of heavy metals in the T1 form of Cr did
not change significantly, whereas the proportion of heavy
metals in the T3 form decreased somewhat, and the propor-
tion of heavy metals in the T2 and T4 forms increased
slightly. Although a rise in the proportion of heavy metals
in the T2 form was harmful to the sediment’s stability, the
proportion of heavy metals in the T4 form increased sub-
stantially faster than the T2 form as hydrothermal tempera-
ture and duration increased. As a result, Cr is still stabilized
by the hydrothermal treatment.

The proportion of heavy metals in the T1 form and T2
form of Cd decreased, so the proportion of heavy metals in
the T3 form and T4 form increased significantly. Further-
more, after hydrothermal treatment, the status of Cd trans-
formed from unstable to stable, and the higher the
hydrothermal temperature and the longer the hydrothermal
time, the more obvious the stabilization trend of Cd.

In terms of heavy metal Pb, the proportion of heavy
metal in the T1 form, T2 form, and T3 form decreased sig-
nificantly, and the proportion of heavy metal in the T4 form
increased significantly, reaching about 43%. At the same
time, the higher the hydrothermal temperature and the lon-
ger the hydrothermal time, the greater the proportion of
heavy metals in the T4 state and the greater the stability of

Pb. Evidently, this indicates that hydrothermal heat has a
strong stabilizing effect on Pb in sediments and can signifi-
cantly reduce its bioavailability. These findings support ear-
lier data showing Pb in sediment hydrothermal solid
products being very stable and posing little damage to the
environment [37].

With regard to the heavy metal Ni, the T1 form with the
highest specific gravity did not change significantly before
and after hydrothermal treatment. Only a handful of heavy
metals in the T1 form were transformed into heavy metals
in the T3 form. This indicates that the stabilizing effect of
hydrothermal heat on Ni was not significant and that the
influence of hydrothermal temperature and time on the
morphological changes was limited.

Overall, the hydrothermal treatment led to a marked
decrease in the proportion of bioavailable fractions (T1
and T2) and a crucial increase in the stable fraction (T4) of
heavy metals in the sediment. The results indicate that the
bioavailability of heavy metals decreases significantly after
hydrothermal treatment and that heavy metals are more sta-
ble in the sediment. The conversion of the unstable heavy
metal fractions (T1 and T2) to the reasonably stable frac-
tions (T3) and stable fractions (T4) was significantly influ-
enced by hydrothermal treatment (T4). The higher the
temperature or the longer the time, the more pronounced
the stabilization.

3.6. Environmental Risk Assessment of Heavy Metals. The
environmental risk of heavy metals in sediments can be
assessed by the RAC. Since heavy metals in the T1 form
are most easily affected by changes in ionic strength and
pH value in the environment, the content of this part
directly determines the environmental risk of heavy metals
[38]. The RAC values of Zn, Cu, Cr, Cd, Ni, and Pb in raw
sediment and hydrothermal solid products are shown in
Table 5.

Cu and Cr had RAC values of less than 10%, which
meant they were at low risk levels and had low environmen-
tal toxicity. However, the risk indicator RAC for Zn was as
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Figure 4: The redistribution of heavy metals between liquid phase (a) and solid phase (b) of sediment after hydrothermal treatment.
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Figure 5: Continued.
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high as 48.45%, which was at a high risk level with high envi-
ronmental risk and ecotoxicity. The risk indicator RACs for
Cd, Ni, and Pb were 12.88%, 15.19%, and 12.50%, respec-
tively, which were at a medium risk level and harmful to
the environment. After hydrothermal treatment, the RACs
of the six heavy metals in the hydrothermal solid products
of the sediments all decreased to varying degrees, and the
degree of decline increased as the hydrothermal temperature
and duration increased. The risk levels of all heavy metals

decreased, except for chromium, which remained at a low
level before and after hydrothermal treatment. Zn was
reduced from high to low risk after 6 hours of hydrothermal
treatment at 260°C. Cu went from being a minimal risk to
being completely risk-free. Cd, Ni, and Pb all went from a
medium to a low danger level. Meanwhile, the risk indicators
for Zn, Cu, Cr, Cd, Ni, and Pb decreased by 78.41%, 89.31%,
24.84%, 47.67%, 69.26%, and 59.20%, respectively, after 6
hours of hydrothermal treatment at 260°C. Combined with
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Figure 5: The chemical speciation changes of (a) Zn, (b) Cu, (c) Cr, (d) Cd, (e) Ni, and (f) Pb in RS and HS.

Table 5: RAC of heavy metals in RS and HS.

Samples
RAC

Zn Cu Cr Cd Ni Pb

RS 48.45/HR 8.42/LR 1.53/LR 12.88/MR 15.19/MR 12.50/MR

HS-180-3 31.08/HR 2.72/LR 1.28/LR 11.17/MR 7.93/LR 10.32/LR

HS-220-3 22.51/MR 2.20/LR 1.27/LR 10.20/LR 6.48/LR 7.96/LR

HS-260-3 14.98/MR 1.56/LR 1.16/LR 7.83/LR 5.51/LR 6.05/LR

HS-260-0.5 45.87/HR 6.07/LR 1.36/LR 11.94/LR 14.35/MR 11.39/MR

HS-260-6 10.46/LR 0.90/NR 1.15/LR 6.74/LR 4.67/LR 5.10/LR

Note: NR: no risk, representing there is risk free; LR: low risk, representing there is a low risk; MR: medium risk, representing there is a medium risk; HR: high
risk, representing there is a high risk.

Table 6: Ecological risk assessment of the heavy metals in RS and HS.

Sample
Cf Er RI

Zn Cu Cr Cd Ni Pb Zn Cu Cr Cd Ni Pb

RS 4.04 2.26 0.54 0.75 0.46 6.63 4.04 11.32 1.08 22.56 2.73 33.14 74.87

HS-180-3 3.59 2.14 0.40 0.65 0.45 2.37 3.59 10.70 0.80 19.61 2.72 11.84 49.26

HS-220-3 3.43 2.12 0.34 0.60 0.45 1.30 3.43 10.60 0.68 18.14 2.67 6.52 42.04

HS-260-3 3.14 2.15 0.29 0.53 0.45 0.91 3.14 10.73 0.58 16.00 2.68 4.56 37.68

HS-260-0.5 3.78 2.17 0.42 0.70 0.46 3.20 3.78 10.84 0.84 21.11 2.74 16.02 55.32

HS-260-6 2.96 2.22 0.26 0.49 0.46 0.78 2.96 11.10 0.53 14.67 2.78 3.89 35.92
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previous research and findings, the hydrothermal treatment
procedure has a practical impact on decreasing the risk levels
of heavy metals in sludge [37]. The foregoing findings sug-
gest that hydrothermal treatment can effectively lower the
ecotoxicity of heavy metals in sediment, stabilize them, and
reduce their risk to the environment and humans.

3.7. Ecological Risk Assessment of Heavy Metals. For single
heavy metals in raw sediments and sediment hydrothermal
solid products, Cf values for contamination factors, Er

values for potential ecological risk factors, and RI values
for the total of potential ecological risk factors are reported
in Table 6.

The Cf value of Pb in the raw sediment was 6.63, sug-
gesting a high level of heavy metal contamination. Zn has
a Cf value of 4.04, suggesting moderate heavy metal pollu-
tion. Cu has a Cf value of 2.26, reflecting a moderate amount
of heavy metal pollution. As shown in Table 6 and Table 2,
the Cf values for Cr, Cd, and Ni were less than 1, suggesting
that they were not contaminated with metals. After hydro-
thermal treatment, the Cf value of heavy metals in the
hydrothermal solid products of the sediment decreased sig-
nificantly, except for Cu and Ni. Moreover, the higher the
hydrothermal temperature and the longer the hydrothermal
time, the lower the Cf value. For example, Zn decreased
from 4.04 to 2.96, representing a change in risk from moder-
ate to low, and Pb was the most pronounced, decreasing
from 6.63 to 0.78, representing a change in risk from high
to zero. After hydrothermal treatment, the RI value of river
sediment decreased from 74.87 to 35.92. The lower the RI
value of hydrothermal solid product sediments, the lower
the potential ecological risk level. Further, the potential eco-

logical risk decreases significantly as the hydrothermal tem-
perature and time increase.

3.8. Leaching Toxicity of Heavy Metals. The environmental
risks of heavy metals are tightly linked to their leaching char-
acteristics and leaching toxicity. The leaching characteristics
are such that leachable heavy metals have direct toxicity to
plants and soils during leaching [39]. The leaching concen-
trations of heavy metals in raw sediment and in the hydro-
thermal solid products of the sediment are shown in Table 7.

After hydrothermal treatment, the leaching concentra-
tions of all six heavy metals decreased to some extent. At
the same time, the higher the hydrothermal temperature or
the longer the hydrothermal time, the greater the range of
decrease, as shown in Table 6. In particular, the leaching
concentration of Zn changed from 163.72mg/kg to
22.90mg/kg after 6 hours of hydrothermal treatment at
260°C, which was only 13.99% of the original, below the
internationally permitted leaching limit. The leaching con-
centrations of Cu, Ni, and Pb also decreased to varying
degrees and were below the internationally permitted leach-
ing limits. The leaching concentrations of Cr and Cd had
reached the internationally permitted leaching limit before
hydrothermal treatment and decreased to some extent after
hydrothermal treatment. In conclusion, the leaching rates
of the various heavy metals did not exceed the internation-
ally permitted leaching limits after the sediment was heated
at 260°C for 6 hours. Concurrently, the change in leaching
concentration was largely compatible with the change in RI
values of heavy metals in the sediment. This is further evi-
dence that hydrothermal treatment can actually lower the
environmental risk of heavy metals in sediments by stabiliz-
ing them and reducing the risk to the environment and
humans.

Table 7: Leaching toxicity of heavy metals in RS and HS.

Sample Zn (mg/kg) Cu (mg/kg) Cr (mg/kg) Cd (mg/kg) Ni (mg/kg) Pb (mg/kg)

RS 163:72 ± 5:21 3:45 ± 0:07 0:51 ± 0:01 0:44 ± 0:02 9:60 ± 0:05 5:58 ± 0:07

HS-180-3 102:37 ± 1:96 1:40 ± 0:02 0:45 ± 0:01 0:38 ± 0:01 2:34 ± 0:03 2:00 ± 0:06

HS-220-3 72:47 ± 3:23 0:74 ± 0:01 0:42 ± 0:02 0:28 ± 0:01 1:67 ± 0:03 0:91 ± 0:03

HS-260-3 38:69 ± 2:91 0:62 ± 0:01 0:36 ± 0:01 0:20 ± 0:01 1:12 ± 0:02 0:84 ± 0:02

HS-260-0.5 148:30 ± 1:96 2:51 ± 0:03 0:49 ± 0:02 0:40 ± 0:01 8:57 ± 0:04 3:60 ± 0:08

HS-260-6 22:90 ± 1:47 0:55 ± 0:01 0:34 ± 0:01 0:18 ± 0:01 0:87 ± 0:02 0:66 ± 0:01
International permissible leaching limits 25 — 5 0.5 1 5

Table 8: Concentration of salt ions in RL and HL.

Sample NH4
+-N (mg·L-1) K+ (mg·L-1) Na+ (mg·L-1) Ca2+ (mg·L-1) Mg2+ (mg·L-1)

RL 21:12 ± 0:18 9:72 ± 0:19 20:53 ± 0:66 27:22 ± 1:15 3:23 ± 0:13

HL-180-3 88:78 ± 0:73 24:52 ± 0:84 43:35 ± 0:98 38:74 ± 0:54 4:78 ± 0:09

HL-220-3 119:76 ± 0:54 26:27 ± 1:18 59:98 ± 2:11 40:44 ± 0:61 6:45 ± 0:15

HL-260-3 142:57 ± 2:66 28:31 ± 2:21 62:72 ± 2:65 41:20 ± 2:12 9:08 ± 0:10

HL-260-0.5 32:34 ± 0:97 14:43 ± 0:71 23:92 ± 0:38 30:78 ± 0:35 5:69 ± 0:17

HL-260-6 143:82 ± 1:43 29:72 ± 1:63 63:09 ± 2:34 41:61 ± 0:77 9:28 ± 0:28
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3.9. Stabilization Mechanism of Heavy Metals. The concen-
trations of some ions in raw sediment filtrate and the hydro-
thermal phase of sediment are shown in Table 8.

As the hydrothermal temperature and time increased,
the amount of salt ions in the liquid phase increased signif-
icantly, as shown in Table 8. This intensified the competition
for adsorption sites on the sediment, resulting in some of the
weakly bound heavy metals entering the liquid phase after
analysis. In addition, the hydrothermal treatment also facil-
itated the solubilization of heavy metals by facilitating their
migration in the sediment, providing an opportunity for
them to form more stable minerals in the liquid phase
through precipitation and complexation with anions.

According to infrared spectrum analysis (Figure 2), the
hydrothermal treatment resulted in the removal of oxygen-
containing functional groups (-Oh, -COOH) from the sedi-
ment, and the ability of the heavy metals to adsorb organic
matter via hydroxyl and carboxyl groups was severely dis-
rupted and released into the liquid phase. The heavy metals
were then finally immobilized in the minerals by complexa-
tion, precipitation, or other means, namely, the transition
from the unstable state (T1, T2) to the stable state (T3,
T4), and finally, the stabilization of heavy metals in the sed-
iments was achieved [10, 40, 41]. Studies by Huang et al. [13]
and Wang et al. [37] also showed that the dehydroxylation
and decarboxylation of macromolecules in organics during
hydrothermal treatment might play an indispensable role
in the reduction of bioavailability or immobilization of
heavy metals.

Meanwhile, the C-H out-of-plane deformation vibration
absorption peaks of aromatic hydrocarbons were slightly
enhanced at 797 cm-1 and 776 cm-1 after hydrothermal treat-
ment of the sediments. While the peak at 600-800 cm-1 cor-
responded to aromatic groups and heteroaromatic
compounds, aromatic groups have π electrons and high
potential energy, which form strong bonds with heavy metal
cations [42]. Therefore, another possible reason for the
reduction of the bioavailability or stabilization of heavy
metals in sediments after hydrothermal treatment is that
hydrothermal treatment causes aromatization of some
organics (alkanes, cyclic hydrocarbons) in the sediment.
The resulting aromatic groups combine with partially dis-
solved heavy metals or heavy metals in sediments to form
strong bond compounds, which are finally fixed in min-
erals [43].

4. Conclusion

Hydrothermal treatment can significantly improve the
dewatering performance of the sediment and remove the
organic matter in the sediment to achieve the reduction
and stabilization of the sediment. Hydrothermal treatment
reduces the bioavailability components of heavy metals in
sediments and converts them into more stable components,
so that their environmental bioavailability, ecotoxicity, and
leaching toxicity are significantly reduced, thereby achieving
heavy metal stabilization in sediments. This study provides a
new method for the treatment of sediment and provides a
certain basis for the subsequent green land use of sediment.
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Rhazya stricta is a well-known medicinal plant and source of numerous potential secondary metabolites including steroids,
alkaloids, and tannins. R. stricta possesses multimedical applications and used for curing of various diseases such as
inflammation, diabetes, sore throat, infectious, helminthiasis, arthritis, and cancer. The current investigation deals with
synthesizing AgNPs using aqueous and ethanol extracts of R. stricta. The synthesized R. stricta-AgNPs were characterized
through UV-visible, Fourier transform infrared (FTIR), and atomic force microscopy (AFM) methods. The UV-visible analysis
exhibited a characteristic absorption λmax at 475 nm in R. stricta ethanol AgNPs while this peak was absent in R. stricta
aqueous crude extract. The thermal stability of R. stricta-AgNPs demonstrated that by increasing the reduction time and
temperature, the absorption of AgNPs also increased, leading to more stable NPs formation. The FTIR spectra showed a broad
peak at 450-550 cm-1 that confirmed the occurrence of AgNPs of R. stricta. The AFM study of the synthesized AgNPs revealed
the spherical shape and size ranging from 30 nm to 90 nm. In antioxidant and antibacterial study, the R. stricta-AgNPs
exhibited good antioxidant activity (87.94% and 88.37%) than the ethanol crude extract (50.00% and 56.81%) at 100μg/mL
using DPPH assay. Maximum antibacterial activity was recorded against Gram-positive bacteria (Staphylococcus aureus), which
was 15 and 0mm, while against Gram-negative bacteria (Klebsiella pneumonia) was found to be 16 and 14mm, respectively,
whereas against Bacillus subtills, a poor activity was recorded as 14 for extract and 0mm for AgNPs, respectively. In the acetic
acid-induced writhing model, the percent effect of extract (100mg/kg) and AgNPs (15mg/kg) was 79.98 and 83.23,
respectively. The maximum muscle coordination effect of extracts in the inclined plan and traction test was 44% and 38% at
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higher doses. A mild sedative effect was also recorded against extract and AgNPs. The significant (p < 0:05) effect of extract was
noted at 100mg/kg while AgNPs was more significant (p < 0:01) at the tested dose of 15mg/kg. These findings have concluded
that R. stricta-AgNPs is an effective bioreductant of AgNPs synthesis and exhibit several applications in distinctive biomedical
and pharmaceutical industries.

1. Introduction

Nanobiotechnology is a promising field of material science
leading to the production and development of a variety of
nanomaterials. The nanomaterials are being used as bacteri-
cidal [1], catalytic, biological labelling, sensor technology [2],
electronic, optical devices [3], anticancer therapies, and vari-
ous other health ailments [4–6]. There are typical routes used
for the development of nanoparticles (NPs) such as physical
and chemical protocols which are toxic, noneconomic,
noneco-friendly, and expensive. Therefore, recently, new bio-
synthetic methods have been explored for the synthesis of NPs
using microorganisms and plants [7]. The study of literature
reported that the biosynthesis of NPs with medicinal plant
extracts as a source needs to bemore thoroughly studied. Most
importantly, green synthesis of NPs is a new field of nanotech-
nology research because of its many advantages, such as how
easy it is to work with and how cheap it is. Currently, the
development of cost-effective synthetic protocols is the main
area of concern for researchers for the production of stable,
biocompatible, and reproducible NPs. The world’s key threat
to mankind is antibiotic resistance. Silver NPs (AgNPs) as
nanomedicines in nanobiotechnology play a vital role against
drug-resistant bacteria [8, 9]. Oxidative stress is a complexity
arising from imbalance between defensive mechanism of anti-
oxidants and generation of free radicals [10]. This noxious
phenomenon is responsible for deterioration of protein, lipid,
DNA, and other vital elements that forms our body [11].
Oxidative stress may lead to neurological disorders, inflamma-
tory diseases, cardiovascular diseases, and complications in
immune system [12–15]. An antioxidant is an agent which
can neutralize a free radical by donating an electron and
diminish its capability to damage or cause harm to the body
[16]. Apart from donation of electron, antioxidant also acts
by deactivating the catalyst that initiates the formation of free
radicals [17]. Among several antioxidants, the superoxide dis-
mutase acts by initiating disintegration of superoxide anion,
forming hydrogen peroxide and oxygen [18, 19] while the glu-
tathione system causes deactivation of hydrogen peroxide
which involves more than one chemical cofactors [20]. Ascor-
bic acid is a potential antioxidant which contingent upon reac-
tion with glutathione to exert its free radical diminishing
activity [21]. Medicinal plants shown to have promising stand
to be a potential source of antioxidant agent [22–24]. Despite
the promising mechanism of antimicrobials to protect the
host, the resistance to antimicrobial is becoming a concerning
issue nowadays. Inappropriate prescribing and overuse con-
tributes the most in antimicrobial resistance. This demands
antibiotic with developed mechanism of action to fight against
this modern era crisis [25].

Insomnia is a complication related to lack of sleep due to
various factors [26, 27]. The prevalence of insomnia varies

between 10% and 30% of the world populations [28–32].
Anxiety, depression, diabetes, and hypertension can be influ-
enced by insomnia [31]. Sedative shows potential outcome
in the treatment of insomnia and depression [33]. Data from
a survey report showed that 126.1 million people involved in
pain related complications whereas 25.3 million people suf-
fered every day in USA [34]. Yearly global statistics revealed
that among every 5-adult people, at least 1 is suffering from
pain. On the other hand, 1 in every 10 people is suffering
from chronic pain [35]. In the management and treatment
of pain analgesic drugs play the vital role which are divided
into nonopioid and opioid class [36]. AgNPs are signifi-
cantly used as antimicrobial agent and were already known
for a variety of applications in textiles, antimicrobial, water
treatment, paint coatings, HIV prevention, and treatment
as well as in medical devices [37]. The plant materials are
selected for biosynthesis due to the presence of reducing
agents like ascorbic acid and phenolic compounds that
may play a vital role in metal NP synthesis [38]. Rhazya
stricta (family: Apocynaceae) is a traditional medicinal plant
commonly found all through Western Asia, India, Afghani-
stan, and different places of Pakistan [39]. The plant has
dense erect branches with smooth stem and overall appears
to be glabrous shrub. It is traditionally used as a remedy
[38], for fever, rheumatic pain, diabetes, syphilis, sore throat,
inflammatory conditions, helminthiasis, and for the treat-
ment of many other diseases [40]. In United Arab Emirates,
the plant decoction is used to treat several health ailments,
including diabetes mellitus, fever, sore throat, inflammatory
conditions, and helminthiasis [41]. The leaves of R. stricta
are traditionally used as a purported bitter tonic [42, 43]
and cure for syphilis [42], chronic rheumatism [42], and
associated forms of discomfort [41]. Branches are used as
toothbrushes to alleviate toothaches [44]. Compelling evi-
dence suggests that different fraction of this plant is abun-
dant with alkaloids [45–48], which are mostly responsible
for its pharmacological effect [40].

The current study aims to synthesize AgNPs from etha-
nol extract of R. stricta and evaluate several biological activ-
ities including antioxidant, antimicrobial, analgesic, and
muscle relaxation; hence, proposing a potential source of
NPs to be a potential medicinal active agent.

2. Materials and Methods

2.1. Plant Collection. Fresh leaves and stem of R. stricta were
collected from (Khairabad) District Nowshera, Khyber
Pakhtunkhwa, Pakistan. The plant identification was carried
out by Dr. Barkath Ullah, Department of Botany, University
of Peshawar, Peshawar, Pakistan. The voucher specimen
Number UOP/Bot609 was kept in the herbarium of mention
department.
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2.1.1. Extraction. Fresh leaves of R. stricta were taken and
washed twice with distilled water to make them free from
dust and dried in shade at room temperature. The dried
leaves (100 g) were ground into powder and soaked in etha-
nol and (1000mL) and distilled water, respectively, in sepa-
rate flasks and kept for three days. The resultant materials
were filtered. The aqueous and ethanol (EtOH) filtrates were
then concentrated by using low pressure rotary evaporator at
40°C to obtain a paste and were stored at 4°C for further use.

2.1.2. Phytochemical Screening. Phytochemical evaluation
plays a major part in the presence of novel compounds
and revelation of medications [48]. The presence of second-
ary metabolites present in aqueous and ethanol extract was
carried out by using standard protocols of phytochemical
screening [49]. Phytochemical screening of R. stricta ethanol
extracts demonstrated the presence of tannins, saponins, fla-
vonoids, terpenoids, steroids, coumarins, and emodines
which may act as a major source of reducing agents during
the AgNP synthesis [50] (Table 1).

2.2. Synthesis of AgNPs

2.2.1. Preparation of Stock Solution and AgNO3 Salt Solution.
Stock solution was prepared by dissolving 1 g of plant crude
alcoholic extract in 100mL distilled water. While 1mM sil-
ver salt solution of silver nitrate (AgNO3) was prepared
(17mg AgNO3/100mL of de-ionized H2O) for the biosyn-
thesis of metallic NPs of plant extracts [48].

2.2.2. Synthesis of Silver NPs of EtOH Extract. NPs were syn-
thesized by following simple method [51]. Ethanol extract
and salt solution were mixed together in various ratios, i.e.,
1 : 1, 1 : 2, 1 : 3, and 1 : 4 by keeping the silver nitrate solution
concentration constant. The reaction mixture was first stir-
red for 1 hour at 70°C, and then, stirring was continued
for 4 hours at room temperature. The color of reaction mix-
ture was continuously changing during the stirring, and at
last, brown color was developed. The color change indicated
the synthesis of NPs by the reduction process. After this, the
solution was centrifuged at 5000 rpm for 15 minutes. The
pellet obtained after discarding the supernatant was air dried
in the incubator. Later on, the abovementioned ratios were
then heated to high temperatures (80°C), and UV-visible
spectra were recorded for every step to monitor the stability
of the synthesized AgNPs. The same procedure was followed
with aqueous plant extract of R. stricta but no well-defined
AgNPs were synthesized.

2.3. Characterization of AgNPs. AgNPs of R. stricta were
characterized by using UV-visible spectrometer (Hitachi-
U-3200, Japan). Atomic force microscopic characterization
was done from HEJ, Karachi, where the sample solution
was spread on a plate then plate was dried and the image
was recorded by AFM Agilent 5500 Japan in dynamic mode.

Fourier transform infrared (FTIR) spectral analysis of R.
stricta extracts was carried out to find the probable biomol-
ecules which are responsible for reduction as well as capping
the bio reduced AgNPs. IR spectrums were recorded on

FTIR (Nicolet 380, Thermo Scientific, Japan) using KBr pal-
let method.

2.4. Biological Activities of Synthesized AgNPs

2.4.1. Antioxidant Activity. Free radical scavenging activity
of R. stricta plant extract and their synthesized EtOH-
AgNPs were measured by 2,2-diphenyl-1-picrylhydrazyl
(DPPH). DPPH solution of 0.1mM concentration was pre-
pared in ethanol [52]. This solution (1mL) was added to
5mL of ethanol crude extract at different concentration
(10, 20, 40, 80, 100, 150, and 250μg/mL) prepared by dilu-
tion method. The solutions were mixed by vigorous shaking
and then allowed to stand for 30 minutes at room tempera-
ture in dark. Later on, by using spectrophotometer at
517 nm, the absorbance was measured. Ascorbic acid was
used as a reference standard, and the experiment was
repeated thrice. An increase in the antioxidant activity is
the measure of the decrease of the DPPH solution absor-
bance. Antioxidant activity as percent radical scavenging
activities (%RSA) by DPPH was calculated as follows.

%DPPH = ODControl −ODSample
ODControl

� �
× 100, ð1Þ

where OD is control and OD sample is the absorbance of
samples [49].

2.4.2. Antibacterial Activity. The antibacterial activity of R.
stricta plant EtOH crude extract as well as their synthesized
AgNPs was carried out against different bacterial strains, i.e.,
Klebsiella pneumonia (Gram-negative bacteria), Bacillus subtills,

Table 1: Phytochemical screening of ethanol, aqueous, and hexane
extracts of R. stricta.

Chemical constituents
Ethanol
extract

Aqueous
extract

n-hexane
extract

Anthraquinones — — —

Reducing sugars — — —

Flavonoids — — —

Alkaloids + + —

Steroids + — —

Coumarins + + —

Carbohydrates — — —

Tannins + — —

Anthocyanins and
betacyanins

— — —

Terpenoids + + +

Glycosides — — —

Cardiac glycosides — —

Monosaccharides — —

Phlobatanins — —

Emodines — + —

Saponins — + —

Here, (+): present, (-): absent.
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and Staphylococcus aureus (Gram-positive bacteria), and to
explore their medicinal values by using standard protocol.
These bacterial strains were kept in Mueller-Hinton agar at
4°C in the refrigerator [53]. The antibacterial activity was per-
formed by using modified agar well diffusion method where
Mueller Hinton agar was used as medium. The culture taken
in triplicate was cultivated in petri dish and later on equipped
for 24-72 hours at 37°C. The petri dishes were first sterilized;
then, 0.6mL of prepared broth culture was added with the addi-
tion of 20mL sterilized molten MHA to each Petri dish. Wells
(size 6mm) were bored in the agar medium by using sterilized
borer and plants; EtOH crude extract at 0.2mL by volume was
poured into each well by the help of a micropipette whereas

2mg/mL of synthesized AgNPs was used to study its antibacte-
rial potential by using streptomycin (2mg/mL) as a standard
drug. The proper diffusion was carried out by keeping Petri
dishes in laminar flow hood for 1 hour followed by the incuba-
tion of plates was done for 24 hours at 37°C. The zone of inhi-
bition was measured next day.

Acetic acid induced writhing in vivo paradigm was used
for assessment of analgesic potential of extract and AgNPs.
Animals were classified in different groups (n = 8). The neg-
ative control group was treated with distilled water (10mL/
kg, i.p.). Positive control group received diclofenac sodium
(10mg/kg, i.p.), and the tested groups were treated with
extract (10, 25, 50 and 100mg/kg, p.o.) and AgNPs (2.5, 5,
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Figure 1: Optimization of AgNPs synthesis R. stricta.
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Figure 2: Time effect of green synthesized AgNPs of R. stricta.
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10 and 15mg/kg, p.o.). All the animals were injected with
1% acetic acid solution (i.p.) after 30min of the above treat-
ments. After 10min of the acetic acid injection, the number
of abdominal contractions (writhing) was counted (for
10min) for each group (n = 8) of animals. The percent effect
was quantified using our published method [9].

2.5. Muscle Relaxant Activity

2.5.1. Inclined Plant Test. For the evaluation of fixed oil for
muscle coordination effect, a plane of two woods was used
in such a way that an angle of 65° was resulted from the con-
nection. Animals after classification in various groups, the

negative group was treated with distilled water (10mL/kg),
the positive group was injected with diazepam (1mg/kg),
and the tested groups were administered extract (10, 25,
50, and 100mg/kg, p.o.) and AgNPs (2.5, 5, 10, and 15mg/
kg, p.o.). After 30, 60, and 90min of the above treatment,
animals were tested for the muscle coordination effect as,
that animal was placed on the upper part of the inclined
plane for 30 seconds to hang of fall. This method is the mod-
ified form of our published method [38].

2.6. Sedative Activity. For the evaluation of sedative effect of
extract and AgNPs, a special box was used. The floor of the
box was coated with white sheet (150 cm diameter) and was
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Figure 3: Temperature effect of green synthesized AgNPs of R. stricta.
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divided with 20 squares by black lines. This open field box
was placed in soundproof experimental room. Animals after
classification in various groups, the negative group was
treated with distilled water (10mL/kg), the positive group
was injected with diazepam (1mg/kg), and the tested groups
were administered extract (10, 25, 50, and 100mg/kg, p.o.)
and AgNPs (2.5, 5, 10, and 15mg/kg, p.o.). After post-
30min of the above administration, each animal was tested
for sedative effect by keeping in the center of box, and the
number of lines crossed by animal was counted. The smaller
number of lines crossed was meant for sedative effect.

2.7. Statistical Analysis. The data were expressed as mean
± standard error of themean (SEM). Analysis of variance
(ANOVA) was followed by Dunnett’s test using GraphPad
Prism 8.0 (GraphPad Software Inc., San Diego CA, USA).

3. Results

3.1. Optimization of AgNPs. Silver nitrate was used in vari-
ous ratios to a fixed amount of plant extract, including
1 : 1, 1 : 2, 1 : 3, 1 : 4, and 1 : 5. The plant extract was subjected
to a reaction flask containing silver nitrate solution and stir-
red for one hour on high temperature, followed by four
hours on low heat. The color of the solution changed from
colorless to yellow to brown, and different ratios resulted
in different absorbance values, but the optimal ratio was
1 : 5, which has the highest absorbance and sharpest peak.
The sharper the peak, the more AgNPs of uniform size will
be produced. The maximum absorption wavelength was
between 420 and 440nm (Figure 1).

3.1.1. Time and Temperature Effect of AgNPs. A UV-visible
spectrophotometer was used to monitor the synthesis of
AgNPs in order to determine the effect of time. In this study,
samples from reaction mixture were drawn at regular interval

of time, and UV-visible spectra were noted. It was observed
that with the passage of time, the number and uniformity of
NPs were increased which was cleared from the increase in
the absorbance of the graph (Figure 2).
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Table 2: Antioxidant activity of ethanol crude extract and AgNPs
of R. stricta.

Antioxidant activity
Concentration (μg/mL) Ethanol crude extract AgNPs

40 29.05 80.28

60 29.32 86.32

80 37.23 87.72

100 50.00 87.94

150 56.81 88.37
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For the effect of temperature on synthesized NPs, tem-
perature variation was carried out during the synthesis.
The NPs were synthesized at different temperature, and
UV-visible spectra were obtained (Figure 3).

3.2. FTIR Analysis. FTIR analysis was used to confirm the
synthesis of AgNPs in plant crude extract and the presence
of different functional groups. FTIR spectra of the plant
crude ethanol extract (Figure 4) showed the O-H bond
stretching in the region of 3500-3700 cm-1 and C-H stretch-
ing in the range of 3500-3000 cm-1. The band appeared in
between 2500 and 3000 cm-1 showed =C-H bond stretching
while the stretching for C-H bonds appeared from 1500 to
1700 cm-1, and N-H bond stretching peak appeared from
1400 to 1450 cm-1. The results of FTIR analysis for ethanol
AgNPs were shown in Figure 5 where it was noticed that
the bands present in the plant crude ethanol extract were
found to be absent in the ethanol AgNP spectra. The absence
of these bands showed the reduction of Ag+ ions and the
development of silver complexes. The synthesis of ethanol
AgNPs was confirmed by the appearance of a broad band
in the range of 450-550 cm-1 [54].

3.3. AFM Analysis. The shape, morphology, and size of the
synthesized AgNPs were studied by atomic force microscopy
(AFM). The AFM image (Figure 6) of ethanol AgNPs showed
that the NPs possess spherical shape with the calculated sizes
0.1-0.5μm of AgNPs.

3.4. Biological Activities. R. stricta crude extracts and AgNPs
of R. stricta were subjected to various biological activities to
asses and explore their medicinal value.

3.4.1. Antioxidant Effect. The antioxidant activity of ethanol
crude extract and AgNPs was determined by their free radical
scavenging property against vitamin C (Table 2). The AgNPs
displayed a promising effect against DPPH in a fixation subor-
dinate way. The AgNPs showed significant movement of
88.37% and 87.94% at 100μg/mL whereas crude ethanol
extracts also exhibited excellent activity which was found to
be increased from 26.44% to 56.81% along with the increase
of concentration from 20 to 150μg/mL. Generally, the NPs
showed good activity than crude ethanol extract.

3.4.2. Antibacterial Activity. The tested samples (extract and
AgNPs) against the bacterial strains demonstrated a little
antibacterial effect as shown in Table 3. The maximum activ-
ity was noted against the Gram-positive bacteria (Staphylo-
coccus aureus) was 15 and 0mm while against Gram-
negative bacteria (Klebsiella pneumonia) was found to be
16 and 14mm, respectively, whereas against Bacillus subtills,
a poor activity was recorded as 14 and 0mm, respectively.

3.5. Analgesic Activity. Both the tested samples demon-
strated a significant analgesic effect as shown in Table 4.
The effect was dose dependent, and a higher attenuation in
induced writhing was recorded against higher doses. The
percent effect of extract (100mg/kg) and AgNPs (15mg/
kg) was 79.98 and 83.23, respectively.

3.6. Muscle Relaxant Effect. A dose and time dependent
effect was observed against the extract and AgNPs. The mus-
cle coordination effect was not significant in both tested
models. However, the maximum muscle coordination effect
of extract in inclined plan and traction test was 44 and 38%
at higher dose, respectively. A similar muscle relaxant effect
was noted against AgNPs as shown in Table 5.

3.7. Sedative Effect. A mild sedative effect was also noted
against extract and AgNPs. The significant (p < 0:05) effect
of extract was noted at 100mg/kg as shown in Table 6.
The effect of AgNPs was more significant (p < 0:01) at the
tested dose of 15mg/kg.

4. Discussion

This multiindication, along with safety profile, attracts the
researcher for the development and discovery of new, safe,
and effective natural products as medicines. It is the conflu-
ence of biology and nanotechnology that is known as nano-
biotechnology. Recent discoveries revealed novel and
interesting biological processes for the production of nano-
silver using microorganisms or botanic materials as possible
bioreducers and biocappers, as well as new and fascinating
biological techniques for the production of nanosilver [55,
56]. The phytochemical study of this plant revealed the accu-
mulation of various constituents of various classes. These
chemical constituents are the main biomolecules for the cur-
ing of various ailments [57, 58].

Table 3: Antibacterial activity of crude extract and synthesized
AgNPs.

Zone of inhibition in mm

Microorganisms
Crude ethanol

extract
AgNPs Streptomycin

Klebsiella pneumonia 16 14 26

Staphylococcus aureus 15 0 28

Bacillus subtilis 14 0 28

Table 4: Analgesic effect of extract and AgNPs.

Treatment Dose (mg/kg) Percent inhibition of writhing

Normal saline 10mL/kg —

Diclofenac sodium 10 85:00 ± 1:00∗∗∗

Crude extract

10 40:09 ± 2:09
25 54:32 ± 1:76
50 67:09 ± 1:34
100 79:98 ± 1:54

AgNPs

2.5 43:87 ± 1:09
5 56:97 ± 1:07
10 69:23 ± 1:03
15 83:23 ± 1:00

The data collected are denoted as the mean ± for all animals, tolerance to
thermal stimuli in sec. The level of significance was identified by ANOVA
followed by Dunnett’s screening model. Here ∗∗∗ p < 0:01.
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The extract and NPs of R. stricta inhibited various path-
ogenic bacteria which confirm the use of this plant in various
infections. The present study showed that AgNPs and crude
extract significantly inhibited the Gram-negative and Gram-
positive bacteria while higher doses of AgNPs and crude
extract exhibited analgesic effect bolstered by inhibition of
writhing [59]. Additional experiments also revealed that
both of the entities are of muscle relaxant and sedative
potential. In most of the cases, infection is associated with
fever and pain. Fortunately, this plant is found to have sig-
nificant analgesic activity. This analgesic effect provides
adjuvant to the antibacterial effect. The painkiller potential
is always parallel to the antipyretic and anti-inflammatory
effect [60, 61]. The reason behind it is the conversion of ara-
chidonic acid into prostaglandins (PGs) which leads to the

analgesic, pyrexia, and inflammatory condition. The current
tested plant might be PGs blocker by inhibition of cyclo-
oxygenase (COX) [40, 43, 44, 62]. To confirm the analgesic,
antipyretic, and anti-inflammatory, further study is needed
to check the COX inhibition by this plant extract/NPs. The
mild muscle relaxation effect is also a very good indication
along with analgesic property [46, 47, 63]. In most of the
painful conditions, muscle relaxation is needed; therefore,
if a plant extract is painkiller along with muscle relaxant
effect, making it a best option to use as analgesic. The anti-
oxidant effect is also worth mentioning. The free radical
scavenging effect is responsible for the blockage of ample
of diseases [64, 65].

AgNPs were synthesized from methanol extract of R.
stricta root with the help of silver nitrate. The AgNPs were
found to be 20nm in size and of spherical shape having
potential inhibitory activity against Gram-negative and
Gram-positive bacteria [50]. Another study revealed that
AgNPs from R. stricta are toxic to dengue and malaria con-
taining mosquitos. In addition, it is capable of inhibiting
bacteria that are capable to induce fatal diseases to the body
[54]. Streptozotocin-induced Swiss albino mice were admin-
istered AgNPs from alkaloid extract of R. stricta. The dose
containing the NPs significantly reduces the glucose in the
blood stream as well as the reactive oxygen species to a
greater extent [59, 66, 67].

5. Conclusions

To summarize, the biosynthesis of AgNPs using Rhazya stricta
leaves extract is a simple, eco-friendly, convenient, and cost-
effective technique of synthesis. The synthesized AgNPs were
spherical in form and ranged in size from 1 to 10m. The FTIR,
UV-vis spectrometer, and AFM characterization techniques
revealed that the larger of the NPs was found surrounded by
a thin layer of proteins and metabolites such as terpenoids
containing functional groups such as ketones, amines, alde-
hydes, and alcohols. The findings indicate that the form of

Table 5: Muscle relaxant activity of extract and AgNPs.

Group Dose (mg/kg)
Inclined plan test (% activity) Traction test (% activity)

30min 60min 90min 30min 60min 90min

Distilled water 10mL 0:00 ± 0 0:00 ± 0 0:00 ± 0 0:00 ± 0 0:00 ± 0 0:00 ± 0

Diazepam 1 100 ± 0:00 100 ± 0:00 100 ± 0:00 100 ± 0:0 100 ± 0:00 100 ± 0:00

Crude extract

10 19:22 ± 1:45 25:86 ± 1:72 28:94 ± 1:09 19:34 ± 1:56 20:34 ± 1:45 19:91 ± 1:24
25 23:77 ± 1:32 29:98 ± 1:83 34:09 ± 1:00 24:97 ± 1:37 25:77 ± 1:56 24:99 ± 1:44
50 29:34 ± 1:09 34:90 ± 1:22 36:45 ± 1:34 29:44 ± 1:22 30:34 ± 1:60 32:00 ± 1:45
100 37:28 ± 1:21 43:29 ± 1:45 44:40 ± 1:09 38:39 ± 1:66 38:99 ± 1:23 34:93 ± 1:98

AgNPs

2.5 24:09 ± 1:98 30:44 ± 1:23 31:49 ± 1:66 25:61 ± 1:61 26:32 ± 1:09 24:80 ± 1:98
5 30:23 ± 1:84 34:51 ± 1:27 35:40 ± 1:89 30:81 ± 1:64 31:83 ± 1:56 30:77 ± 1:45
10 35:17 ± 1:66 38:19 ± 1:32 43:11 ± 1:94 35:32 ± 1:33 36:82 ± 1:41 35:58 ± 1:09
15 40:02 ± 1:30 44:43 ± 1:34 46:17 ± 1:33 40:09 ± 1:23 41:98 ± 1:39 40:14 ± 1:23

The data collected are denoted as the mean ± for all animals, tolerance to thermal stimuli in sec. The level of significance we identified by ANOVA followed by
Dunnett’s screening model.

Table 6: Sedative activity of extract and AgNPs in open field
screening (locomotive activity).

Treatment Dose (mg/kg) No of line crossed in 10min

Distilled water 10 125:00 ± 1:07

Diazepam 0.5 6:22 ± 1:05∗∗∗

Crude extract

10 121:02 ± 2:67
25 109:88 ± 2:44
50 99:45 ± 2:45
100 88:09 ± 1:60∗

AgNPs

2.5 99:54 ± 1:43
5 88:32 ± 1:43∗

10 76:09 ± 1:27∗

15 64:32 ± 1:30∗∗

The data collected are denoted as the mean ± for all animals, tolerance to
thermal stimuli in sec. The level of significance we identified by ANOVA
following by Dunnett’s screening model. Here, ∗∗∗ p < 0:01 and ∗p < 0:05.
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the NPs is regulated by the ratio of plant extract to metal ion
concentration. Metal ion reduction is crucial in deciding the
size of NPs at various concentrations. AgNPs and the crude
extract of Rhazya stricta exhibited antioxidant, antibacterial,
sedative, and analgesic activity. These pharmacological find-
ings corroborate the folklore beliefs about this plant’s efficacy
in a variety of health ailments.
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The development of metasurfaces capable of arbitrarily manipulating electromagnetic waves has created new opportunities for
various applications. However, most tunable metasurface devices via different modulation techniques exhibit large fabrication
difficulties or narrow bandwidths. Here, we use the all-metallic split-ring resonator to design a dynamically tunable
metasurface that is highly sensitive to the ambient refractive index and capable of broadband beam switching. Different from
the previous optical scatters, the split-ring resonator is put on the metal substrate. Due to the existence of metallic substrate
and large interaction of corner modes, the proposed resonator has small ohmic loss and high sensitivity to the ambient
refractive index. By arraying the all-metallic split-ring resonators with different parameters, dynamic beam switching of
anomalous reflection is demonstrated numerically. In particularly, the designed metasurface exhibits the dynamic beam
switching in a broadband wavelength range of Δλ≈100 nm. Such an all-metallic metasurface with high sensitivity can greatly
reduce the designing difficulty of the tunable optical devices. The dynamic metadevices may find potential applications in
stealth camouflage, information encryption, and data storage.

1. Introduction

Metasurfaces are a two-dimensional array structure com-
posed of artificially designed optical scatterers with subwave-
length size. Due to the excellent wavefront controlling
capability and spatial resolution [1, 2], functional metade-
vices hold great promise in next-generation wearable devices
and thin optical systems for imaging and sensing. They find
important applications in the fields of stealth camouflage [3],
virtual/augmented reality [4, 5], biosensing [6], and color
display [7]. However, because metasurfaces with discontinu-
ous phase distributions are not sensitive to changes in ambi-
ent refractive index, most metadevices are static and have a
single function. A dynamically tunable metasurface is more
flexible and can further expand the application of metasur-
face functional devices [8–10].

In recent years, some studies have been conducted on
developing dynamic metasurface devices via different modu-
lation techniques. For example, the hydrogenation and

dehydrogenation reactions of magnesium were utilized to
design dynamic metasurface holograms, which could be
used for optical information processing and encryption
[11, 12]. However, the magnesium hydrogenation and dehy-
drogenation reactions are time-consuming, and hydrogen is
highly combustible and dangerous, which is not suitable for
widespread application. By stretching the polydimethylsilox-
ane substrate to change the lattice constant of the Au nano-
rod array, a metasurface zoom lens of the continuous focal
length change from 150μm to 250μm was realized [13].
By utilizing the phase change material, plasmonic metasur-
faces for beam switching and bifocal lensing [14] and mid-
infrared tunable metasurface capable of broad transmittance
spectral shift of 500 nm [15] were successfully demonstrated.
However, the metasurfaces in these works are composed of
different materials, including elastic material/phase change
material and metallic material, which increase the complex-
ity of the structure and the difficulty of fabrication. Based on
the nonlinear Kerr effect, a 2D high-Q metalens, which
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consisted of Si nanoantennas including the subtle and peri-
odic perturbations, with focal lengths varying from 4 to
6.5μm was realized [16]. By using the birefringence effect
of liquid crystal molecules, dynamic beam switching with
an efficiency of 50% is achieved based on the Si nanodisk
[17]. However, these two metasurface structures exhibit a
narrow-band response due to the resonant effect. Therefore,
the realization of broadband and easily manufacturable
dynamic metasurface still remains a challenging problem.

In the study, a highly sensitive metasurface is designed
based on the all-metallic split-ring resonator, and the
dynamically tunable beam switching with a broadband
response is demonstrated. Here, the all-metal split-ring res-
onator can support symmetric and antisymmetric surface
plasmon polariton (SPP) modes. Different from the previous
optical scatterers placed on dielectric substrates, the powers
of two SPP modes are mainly distributed in the external
environment (>95%) due to the existence of a metallic sub-
strate and the large interaction of corner modes. As a result,
both resonant modes have small ohmic loss and high sensi-
tivity to the ambient refractive index. With the change of the
ambient medium from water to a microbubble (jΔnj = 0:333
) by using the laser-induced bubble effect, the shift of
reflected spectra of the resonator exceeds 200 nm. Conse-
quently, a dynamic beam switching metasurface is demon-
strated numerically by arraying the all-metallic split-ring
resonators with different structural parameters. More
importantly, the dynamic switching performance exhibits a
broadband response (850~950nm).

2. Principal Analysis

Figure 1(a) shows the proposed unit cell structure, where a
split-ring resonator is put on a metallic substrate. Here,
the material of the metallic resonator and substrate both
are set to gold, and the refractive index of the ambient
dielectric of the resonator is n = 1:333. The vertical view
of the split-ring resonator is shown in the inset in
Figure 1(a). The period and width of the resonator are
set as p = 400 nm and w = 50 nm, respectively. The open-
ing angle and radius of the resonator are denoted by α
and R, respectively. The all-metallic split-ring resonator
can support symmetric and antisymmetric SPP modes
[18–20]. At 45° polarized light incidence, the symmetric
mode in the all-metallic resonator can be excited. The
electric field distribution of the symmetric resonant mode
is depicted in Figure 1(b). At 135° polarized light inci-
dence, the antisymmetric mode in the all-metallic resona-
tor is excited. The electric field distribution of the
antisymmetric resonant mode is depicted in Figure 1(c).
As can be seen from the field distribution, due to the exis-
tence of a metallic substrate and the large interaction of
corner modes, the evanescent fields of the two SPP modes
are mainly distributed in the ambient dielectric (>95%).
This value is much greater than that of the metal-
dielectric and metal-dielectric-metal unit cell structures
(<55%) [21–24]. Therefore, the resonance mode of the
all-metal split-ring resonator has small ohmic loss and
high sensitivity. When the ambient dielectric changes from

water (n = 1:333) to a microbubble (n = 1:0) via the laser-
induced bubble effect [25], the resonant wavelength of the
all-metallic resonator shifts significantly (>200nm).

At y-polarized light incidence, the symmetric and anti-
symmetric resonant modes in the all-metallic resonator are
excited simultaneously according to the vector superposition
principle. When the phase difference between the two reso-
nant modes is not equal to mπ (where m is an integer), the
reflected beam of the resonator contains the co-polarized
(y-axis) component, as well as the cross-polarized (x-axis)
component. By changing the opening angle and radius of
the all-metallic split-ring resonator, the amplitude and phase
of the reflected beam are efficiently modulated. Also, the
phase change of the reflected beam with cross-polarization
can cover a broad range from 0 to 2π. Thus, the reflected
beam with cross-polarization is primarily focused. At the
incident wavelength of λ0 = 850 nm, the calculated ampli-
tudes and phases of the reflected beam with cross-
polarization of the all-metallic resonator at different opening
angles and radii when the ambient refractive indices are n
= 1:333 and n = 1:0 are displayed in Figure 2. The amplitude
reflections at the refractive index of the ambient dielectric of
n = 1:333 are much larger than those at the ambient refrac-
tive index of n = 1:0 in the range of 120 nm<R<170nm
and α<270°. The phase change of the all-metallic resonator
at the ambient refractive index of n = 1:333 can range from
0 to 2π by changing the structural parameters, while the
phase change is difficult to cover the range of 0–2π at the
ambient refractive index of n = 1:0. The dynamically tunable
property is quite different from the metallic nanostructures
placed on the dielectric and dielectric-metal film, which
exhibits almost the same varying tendency for the ampli-
tudes and phases under different ambient dielectrics [20].
This phenomenon confirms that the all-metallic split-ring
resonator is more sensitive to the ambient dielectric than
the previous metallic nanostructures. In addition, when the
opening angle and radius of the all-metallic resonator are α
= 100° and R = 150 nm, respectively, the amplitudes of the
cross-polarization reflected beam can exceed 0.635 at the
ambient refractive index of n = 1:333 in the wavelength
range from λ0 = 850 nm to λ0 = 950 nm. The polarization
conversion efficiencies can reach up to 90%. In contrast,
the amplitude of the cross-polarization reflected beam of
the resonator is smaller than 0.041 when the ambient refrac-
tive index is n = 1:0. Therefore, by arraying all-metallic split-
ring resonators with different geometry parameters,
dynamic broadband metadevices with different functions
can be designed based on the laser-induced bubble effect.

Based on the all-metallic split-ring resonator, we design
the highly sensitive all-metallic metasurface and demon-
strate broadband dynamic beam switching. The amplitude
and phase of the cross-polarization reflected beam are effi-
ciently modulated by changing the opening angle and radius
of the all-metallic resonator. In consideration of the reflec-
tion efficiencies, the radius of the split-ring resonator is set
as R = 150 nm. At the refractive index of the ambient dielec-
tric of n = 1:333, the phase change of the reflected beam with
cross-polarization can still range from 0 to 2π by changing
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the opening angle of the resonator, as displayed by the blue
dotted line in Figure 3(a). The selected six-unit cells struc-
tures are shown in Figure 3(b). The opening angles of the
six-unit cells are α1 = 33°, α2 = 90°, α3 = 144°, α4 = 195°, α5
= 249°, and α6 = 273°, respectively. The phase change of
the cross-polarization reflected beam of the six-unit cells
changed linearly at the ambient refractive index of n =
1:333. Comparatively, the phase change is smaller than
0.75π at the ambient refractive index of n = 1:0 (the blue
solid line in Figure 3(a)). For the amplitude change, the
amplitudes of cross-polarization reflected beam are greater
than 0.5 at the ambient refractive index of n = 1:333 (black
dotted line in Figure 3(a)), whereas the amplitudes are
smaller than 0.05 at the ambient refractive index of n = 1:0
(black solid line in Figure 3(a)). The abovementioned phe-
nomenon also shows that the all-metallic split-ring resona-
tor is highly sensitive to changes in the ambient refractive
index.

3. Design and Results

By arranging the six-unit cell structures in a sequence, the
gradient metasurface is formed, as displayed in Figure 4(a).
When the y-polarized light is incident on the metasurface,
the reflected beam includes the normal reflected beam (co-

polarization) and anomalous reflected beam (cross-polariza-
tion). For anomalous reflected beam, the phase gradient of
the metasurface interface is dφ/dx = π/1:2 rad/μm. The
reflection angle of the anomalous reflected beam can be cal-
culated according to the following equation:

θr = arcsin λ0
2πn

dφ
dx

+ sin θi

� �
, ð1Þ

where θi and θr represent the incident angle and anomalous
reflection angle of the beam, respectively, and n represents
the refractive index of the ambient dielectric. By using the
finite element method, the optical performance of the gradi-
ent metasurface is studied in detail. Under the incident
wavelength of λ0 = 850 nm and dielectric refractive index
of n = 1:333, anomalous reflection angle of the metasurface
at different incident angles is displayed in Figure 4(b). It
can be observed that in the range of θi = −20° to 30°, the
anomalous reflection angles obtained by the simulation
(black dots in Figure 4(b)) agree well with the calculated
results by using Equation (1) (red line in Figure 4(b)). There-
fore, the gradient metasurface of anomalous reflection is
demonstrated in a wide range of incident angles. At θi = −
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Figure 1: Schematic view of the structure of the split-ring resonator and field distribution diagram of the resonant modes: (a) schematic
view of the structure; inset: vertical view of the resonator; (b) field distribution diagram of the symmetric resonant mode; and (c) field
distribution diagram of the antisymmetric resonant mode.
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30°, the simulated anomalous reflection angle is different
from the calculated angle, which is attributed to the nonlin-
ear phase change of the six-unit cells at large incident angle.

By adding a large field of view phase compensation factor,
the field of view of the designed gradient metasurfaces can
be further increased.
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For the incident angle of θi = 0°, the scattering field dis-
tributions (Ex) of the metasurface at different wavelengths
are shown in Figure 5. When the ambient refractive index
is n = 1:0, the powers of cross-polarization reflected beam
of the metasurface are relatively small at the wavelength of
λ0≥ 850nm, which is consistent with the above analysis
and calculation results. In contrast, at the refractive index
of the ambient dielectric of n = 1:333, the anomalous reflec-
tions of the cross-polarization beam are observed clearly
because of the large reflection amplitude of the cross-
polarization component of the resonators. Consequently,
the dynamic beam switching metasurface is successfully
demonstrated by changing the refractive index of the ambi-
ent dielectric. From our previous work, the ambient dielec-
tric of the metasurface could be dynamically modulated
between water (n = 1:333) and a microbubble (n = 1:0) based
on the laser-induced bubble effect [25]. Moreover, the
dynamic switching properties exhibit a broadband response
(λ0 = 850 ~ 950 nm), which is greater than that of dielectric
metasurfaces in previous work [16, 17]. It should be noted

that the anomalous reflections of the all-metallic metasur-
face exhibit uneven intensity distributions when the working
wavelength deviating from the optimized wavelength. By
using particle swarm algorithms, the all-metallic metasurface
can be optimized further at multiple working wavelengths to
obtain even intensity distributions. Such a dynamic metasur-
face device with high sensitivity may find potential applica-
tions, such as stealth camouflage, information encryption,
and data storage. By utilizing the far-field optical microscopy
detection system, the beam deflection of the designed
dynamic metalens can be investigated experimentally.

4. Conclusion

In summary, by arraying the all-metallic split-ring resonator
with different geometry parameters, the highly sensitive gra-
dient metasurface was designed, and dynamic beam switch-
ing was demonstrated. Here, the proposed metallic split-ring
resonator could support the symmetric and antisymmetric
SPP modes. Due to the existence of metallic substrate and
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Figure 4: Designed dynamic metasurface and anomalous reflection phenomenon of the metasurface: (a) schematic view of the designed
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large interaction of corner modes, the two SPP modes exhib-
ited lower ohmic loss and higher sensitivity than the previ-
ous optical scatterers placed on the dielectric substrate. At
the refractive index of the ambient dielectric of n = 1:333,
the amplitudes of the reflected beam with cross-
polarization of the all-metallic resonator were much larger
than that at the ambient refractive index of n = 1:0 in the
range of 120 nm<R<170nm and α<270°. Moreover, the
phase change of the reflected beam with cross-polarization
could range from 0 to 2π at the ambient refractive index of
n = 1:333 by changing the structural parameters of the reso-
nator. Therefore, a dynamic beam switching metasurface
with a broadband response (Δλ≈100nm) was realized
numerically by arraying the resonators with different geom-
etry parameters. The proposed all-metallic metasurface with
high sensitivity can greatly reduce the designing difficulty of
the tunable optical devices. In the future, various dynamic
metadevices, such as beam shapers, metasurface hologram,
and planar lenses, could be designed based on the all-
metallic split-ring resonators with excellent properties.
These dynamic metadevices might find potential applica-
tions in stealth camouflage, information encryption, and
data storage.
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Stainless steel is a material which has high corrosive resistance and oxidation resistance at high temperature with the combination
of chromium, nickel, and niobium as a primary constituent. This material which is difficult to machine with complex shape is
taken by using wire cut electric discharge machining. Wire electrical discharge machining is a nontraditional process widely
taken for cutting and machining for complex shapes. This review paper involves wire cut EDM optimization parameters. Pulse
interval, pulse duration, wire feed, voltage, and mean current are the operational parameters. The Taguchi orthogonal array
method, analysis of variance (ANOVA), and grey relation analysis (GRA) methods are taken for different kinds of machining
various kinds of materials, and different kinds of result with best material removal rate (MRR) and surface roughness (SR) are
analyzed. This work suggests the most influencing process parameters and best optimization method for various steel materials.

1. Introduction

The harder materials are preferred for the engineering jobs
to increase the service of the components by modifying the
surface features to advance the hardness and the abrasion
resistance properties. The austenitic stainless steels are pre-
ferred for the increasing strength and for higher corrosion
resistance but it is very hard to machining in the conven-
tional process. To overcome this problem, the nonconven-
tional machining process is introduced for complex cut
processing. Among the nonconventional machining process,
the less heat affected zone with more accuracy of machining
can be obtained from the WEDM process. This WEDM has
widely used to cut hard and complicated to machine. This
can be able to machine the high corrosion resistant materials

like super alloys in the application of aerospace, marine, and
high temperature application. Sahiti and Reddy [1] and
Bharathi [2] have made an analysis for Incoloy 800 alloy
and SS304. By using Taguchi’s method, the output process
parameters like kerf width, MRR, and SR are analyzed.
ANOVA is executed to recognizing inputs like wire feed
rate, pulse off time, voltage, pulse on time, and the output
response parameters like kerf, MRR, and SR [1, 2].

Melting of material is created by electric sparks which is
taken as Ton and Toff is the pulse off time provided for the
removal of molten particles from machining one. The spark
machining gap is maintained by feed rate of wire (WF), and
servo voltage (SV) points out the feeding rate of wire elec-
trode into the zone of machining. The above mentioned
parameters are secondary whereas peak current (Ip) and
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pulse peak voltage (Vp) are the primary factors which influ-
ence the result of WEDM as follows: kerf width, SR, MRR,
and recast layer thickness [3, 4]. Among the newest nontra-
ditional manufacturing process machining, difficult-to-
machine materials and delicate geometries that traditional
machining methods cannot handle can be done by WEDM.
The most efficient and cost-effective process is shown in
Figure 1.

WEDM uses a wire electrode that moves longitudinally
during machining and is directed by two distinct guide wires
above and below the work piece [5]. Brass or coated steel
wires are common wire electrodes, although tungsten or
molybdenum wires are preferred for thin wires with ϕ
0.05–0.3mm [6]. The work piece is degraded ahead of the
wire during the machining process, so there is no direct con-
tact between the work piece and the wire [7]. A mechanical
tensioning mechanism is used to keep the wire in place. The
melting and vaporization of material from the sample are
caused by discharge between electrode and work piece [8].
Each electrical spark’s heat believed to be between 15,000
and 21,000 degrees Fahrenheit and erodes a little quantity
of material from the sample depicted in Figure 1 [9].

2. Experimental Methods

2.1. Material Selection. For the machining control parame-
ter in the WEDM process, the authors used a variety of
materials. The Taguchi method was used to analyse a
block of D2 steel with ϕ 0.25mm (zinc coated) copper
wire using the L27 orthogonal array [10]. For SS304 of
100 × 25 × 10mm size with 0.25mm diameter diffused brass
wire, experimental analysis utilising ANOVA is used [11].
For the examination of SS 15-5 pH martensitic, precipitation
hardening stainless steel of 100 × 40 × 10mm with 0.15mm
zinc-coated brass wire, the Taguchi method of orthogonal
array L9 design was used [12]. For SS 316L of 20 × 10 ×
10mm size with ϕ 0.25mm (zinc coated) copper wire,
grey relational analysis using ANOVA was expected [13].
Taguchi orthogonal array design utilised for super alloys

of Incoloy types with brass wire diameters of 0.25mm
and wire feed rates of 420mm/s [14].

2.2. Selection of Process Parameters. The input parameters
were chosen to be pulse duration, pulse interval, mean cur-
rent, voltage in V, and wire feed [15]. Surface texture (Ra),
MRR, kerf breadth, straightness, perpendicularity gives out-
put response from several method of studies [16]. It is noted
that the following parameters have been changed to find the
above results with the various ranges in Table 1.

3. Optimization Methods

There are different types of methods available for con-
ducting the experiments as follows: Taguchi method,
ANOVA, and grey relation analysis. Let us see the above
methods one by one.

3.1. Taguchi Method. It is the most potent design tool for
manipulative quality systems [17]. This provides an effective,
simple method for optimising the concert, superiority, and
budget [18]. Process parameter adjustment is a vital stage
for attaining the excellence without raising costs [19]. Tagu-
chi technique uses a particular design of orthogonal arrays
with a minimal number of experiments to solve conven-
tional process parameter design [20].

3.2. ANOVA. The analysis of variance (ANOVA) was used
to determine significant and insignificant factors using the
S/N and raw data [21]. Plotting the signal-to-noise data

Wire guide Wire pully

De-ionised water

Wire cut EDM process

Wire

Work piece

Spark gap

Slot (KERF)

Wire diameter

Filter

Pump

Machine bed

Figure 1: Wire cut EDM process.

Table 1: Input process parameter ranges for WEDM.

Sl. no Parameters Units Range

1 Pulse duration (Ton) μs 100-120

2 Pulse interval (Toff ) μs 30-45

3 Wire feed (WF) mm/s 4-12

4 Mean current (I) A 20-50

5 Voltage (V) V 90-150

2 Journal of Nanomaterials
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and raw data for the response curves (primary effect) reveals
the parametric impacts on the response characteristics [22].
The ideal values of important process parameters in terms of
mean response characteristics were determined by examin-
ing the ANOVA table and response curves [23].

3.3. Grey Relational Analysis (GRA). Dr. Deng J.L. et al.
introduced the grey theory, which covers grey modelling
prediction [24]. Numerous analysis can be done by GRA
related to performance [25]. The grey relation analysis trans-
forms the optimization of complex numerous performance
variables into the single GRA optimization [26].

3.4. Optimizing the Process Variables. Table 2 depicts many
types of research analyses used to conclude the best value
for the process parameters of wire EDM. It is challenging
to identify the right parameter through a series of experi-
ments [27]. A large number of tests are carried out, and
the best combination of machining parameters is chosen
for the materials using the Taguchi orthogonal array and
the ANOVA table. The analysis is carried out by several
authors utilising analytical and statistical approaches. The
MRR, kerf width, and surface roughness are S/N ratio-
based metrics of process performance [28].

Table 2 shows the various experimental analysis by
various researchers.

4. Result and Discussion

It was proposed in this review paper work to investigate var-
ious factors like Ton, Toff , V , I, and WFR dielectric flushing
pressure used for wire EDM by various methods of analysis
so as to maximise MRR and minimise surface roughness
[50]. Signal to Noise ratio is used to craft one of the best fea-
sible parametric sequences for the severe MRR. The refer-
ence articles listed in Table 3 conducted several observations.

4.1. Material Removal Rate. Greater energy is delivered by
longer pulse on time and results more heat energy genera-
tion on that time. As the pulse on time grows, the rate of
material removal and wire wear increases, while the surface
polish drops [51]. Cutting speed can be increased by reduc-
ing pulse off time. The wire advances and retracts are
controlled by servo voltage, which functions as a reference
voltage. As the SV grows, the gap between the workpiece
and the wire expands, limiting the amount of sparks, stabi-
lising the electric discharge, and slowing the cutting rate
[52]. The mean gap narrows when the SV is reduced, leading
in increase electric sparks and a higher rate of machining

which leads to breakage of wire. In discharge machining,
the amount of power used is termed as peak current denoted
in amps [53]. Cutting speed can be increased by shortening
the duration between pulses. The servo voltage, which also
serves as a reference voltage, controls how far the wire
advances and retracts. MRR rises in direct proportion to
peak current [54].

4.2. Surface Roughness. It is quantified by the deviations in
the direction of the normal vector of a real surface from its
ideal form. Rough surface makes large variance while
smooth one makes minimal [55]. Surface roughness of the
machined surfaces was measured using a portable surface
roughness over five to six machined surfaces [56].

Kumar and Singh [29] infer that selection of an optimal
combination of WEDM parameters for proper machining of
Skd 61 alloy will lead to achieve better surface finish.
Mohammad Taha and Bose [31] conclude for EN34 steel
that with the value of Ton 10μs, Toff 11μs, and wire feed
ratio 7mm/min for huge MRR and infer that signal to noise
ratio is directionally proportional to MRR.

With the help of the Minitab software, Ramesh Babu and
Subhair [34] examined the data by signal to noise ratios and
L9 array and concluded that optimal input parameter for the
SS316 with greatest MRR with voltage 23V, Ton 9 s, and Toff
6 s. Muhammad Umar Farooq and Muhammad Asad Ali
[42] present the results of Ti-6Al-4V for minimising under-
cut and overcut in profile curvature as SV of 80V, Toff of
42ms, and WS of 7mm/s are found to be the optimal pro-
cess parameters, as well as Ton of 9ms and 7ms for concave
and convex profile production.

According to the grey relational analysis, the optimal
process parameters for the MRR, kerf width, and surface
roughness are Ton 13 s and Toff 5 s at level 3 and at level 2
servo voltage 59 volts [16]. Supply voltage to be applied to
the gap stipulates the size of electric discharge. When voltage
gap rises, so does the peak current, resulting in a greater
MRR. The dielectric flow rate is the rate at which the dielec-
tric fluid is circulated which makes efficient machining. As
the wire feed rate increases, so will the consumption of wire
and the expense of machining. Breakage of wire occurs when
cutting at a high speed with a low speed of wire. Increasing
tension of wire dramatically improves accuracy, cutting
speed within a set of parameters. The discharge current
was shown to be the most effective on the surface roughness,
followed by pulse duration [15]. According to a report on
WEDM, the SR increases if Ton, V , I and reduces if Toff
increases [19]. The various L9 and L27 orthogonal arrays

Table 3: Optimal process parameters for various research.

Ton (μs) Toff (μs) WF (mm/min) Voltage (V) Current (I) Reference

10 10 6 20 215 Kumar and Singh [29]

125 52 8 15 220 Mohammad Taha and Bose [31]

10 5 10 25 200 Ragunath and Vignesh [33]

9 8 12 22 210 Ramesh Babu and Subhair [34]

118 45 5 30 110 Chen and Zhou [44]

10 4 7 60 205 Ramakrishnan and Karunamoorthy [39]
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of Taguchi approaches are used on the austenitic stainless
steels for finding the best processing inputs and the optimal
values for optimization technique like GA [27, 28]. The
genetic algorithm is adopted for cutting the SS347 using
laser beam machining, and the parametric optimization is
adopted to find the best model [57]. The TOPSIS approach
was used for the turning process to find the optimum result.

Most research concentrated on a little bit of process com-
ponents on a single time to design and optimise a variety of
responses, according to the literature, which could result in
inaccurate results for the taken process due to lot of process
parameters. Furthermore, individual response modelling
and optimization have been prioritised by the majority of
academics. Multiobjective optimization with good results
has a lot of potential. The majority of the researchers worked
on tungsten carbide, tool steels, and titanium alloys with little
concentration on alloys of nickel and alloys of super structure
being mentioned. As a result, research on WEDM over
nickel-based alloys and stainless steel offers potential
[58, 59]. The investigations on nontraditional machining,
Taguchi method, and grey relational analysis can be car-
ried out to find the best optimum solutions [60–63].

5. Conclusion

The manufacturing procedures for machining the materials
that are tough to machine and complicated geometries are
not easily processed in traditional machining methods.
WEDM is a highly accurate process that produces great
accuracy and a high surface polish. As the pulse on time is
increased, more energy is created, resulting in increased wire
wear and MRR. Cutting speed can be increased by shorten-
ing the duration between pulses. By widening the distance
between the workpiece and the wire, the MRR is lowered.
The MRR is directly related to the peak current and
increases as the peak current increases. As the gap voltage
rises, so does the peak current, leading in greater MRR
values. Within a specific range, increasing wire tension dra-
matically improves cutting speed and accuracy. We infer
that the input parameters of Ton, Toff , V , I, WF, WT, and
dielectric flushing pressure have a significant impact on the
MRR and surface topography based on the review of differ-
ent authors about the investigation of various materials on
WEDM. It is critical to focus on the input parameter in
order to achieve good product quality. To simplify the
procedure parameter range selection, greater focusing of
multiobjective functions and decision-making algorithms is
required. Steel, composites, titanium alloys, aluminium
alloys, Monel, Inconel materials, and low-grade stainless
steels are employed in the majority of studies. In the future,
higher-grade austenitic stainless steels, superaustenitic stain-
less steels, and nickel-based alloys can be researched using
various sets of process parameters to identify the best opti-
mal solutions.
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Cancer is a lethal disease ravaging mankind claiming millions of lives. Most frequent methods of management include surgery,
radiotherapy, chemotherapy, or a combination of all the above-mentioned methods. However, there is no specific medication
available to cure this condition completely and several compounds and drugs are constantly explored for their therapeutic
effects. Recently, photothermal therapy, photodynamic therapy, radiotherapy, targeted drug delivery, and hyperthermia have
shown to be of great interest in cancer treatment. In this direction, bismuth oxide (Bi2O3) nanoparticles can be a promising
option in cancer treatment and diagnosis as well. Bi is a well-known radioactive isotope; this emits high-energy gamma (γ)
rays to the affected cells. This technology can pair with existing chemotherapy to enhance the therapeutic efficacy.

1. Introduction

Bismuth (Bi) is one of the significant nanoparticles (NPs)
with specific spatial, physical, chemical, and compositional
characteristics to integrate diverse attributes, including an
affirmatively elevated X-ray attenuation coefficient [1]. This
material exhibits outstanding photothermal transition effec-
tiveness and a protracted promulgation half-life, as a non-
toxic as well as cost-effective diamagnetic heavy metal [2].
Bismuth-doped nanoparticles (BiNPs) have been found to
offer promising properties in the areas of combinational
tumor therapy, photothermic and radiation therapeutics,
augmentative imaging, theranostics, drug transport, biosen-
sors, and tissue engineering (Figure 1) [3].

Day by day, cancer is becoming more severe as well as a
common disease all over the world; 2 million women were
affected by breast cancer in the year 2018; similarly, prostate,
colorectal, stomach, and lung cancer cases are also drasti-
cally increasing. Breast cancer causes leading counts of death
among females in over 103 countries [4]. Generally, consti-
pation, dizziness, dermatitis, dry mouth, nausea, headache,
insomnia diarrhea, and drowsiness are the common prob-
lems by the time of cancer treatment. Hence, upcoming
technologies are encouraged to solve this problem with a
better cure and lower side effects. Detailed toxicological
aspects and the exact mechanism of action in therapeutics
and nanoparticle interaction with other cellular/intracellular
components and their reaction mechanism are bottlenecks
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[5]; to explore the technology, a lot more research is essential
to prove the concepts and bring them into practical
applications.

2. Current Therapeutics

Currently, nanotechnology is proving a plethora of possibil-
ities for theranostics in terms of a contrast agent for mag-
netic resonance imaging (MRI), hyperthermia, and targeted
drug delivery; in this direction, radioactive isotope of higher
atomic number elements is also possessing research break-
throughs towards the cure of tumor because of their
improved photoelectric effect. Z element’s interaction with
X-rays is higher than light elements such as O, N, H, and
C; therefore, those elements could enhance the energy depo-
sition as well as radiolytic hydrolysis in and around the
materials. Iron oxide, germanium nanoparticulates, iodine,
lanthanide compounds, CsxWO3 [6], and nuclear targeting
gadolinium nanoparticles can act as an adjuvant to stimulate
cellular radiation [7]. Generally, the combination of various
functional materials hooked on one complex form of nano-
materials for multitasking functions balances several factors
to perform relevant applications. However, those materials
have severe drawbacks owing to their complex composition,
mutual intrusion, and drug leakage. In contrast, one material
with several element-like composites in the perfect crystal
lattices satisfies all the above-mentioned strategies to employ
one material to achieve all the intrinsic properties for multi-
functional purposes (multimodal imaging modalities and
photothermal therapy). Generally, surgery and chemother-
apy followed by radiation therapy are the ongoing common
treatment for the cure of cancer. Similarly, immunotherapy,
targeted therapy, hormone therapy, bone marrow, and stem
cell transplant are also sequentially developing in the field of
cancer treatment [8]. In the recent era of cancer treatment,
CAR T cell therapy, monoclonal antibodies, immune check-
point inhibitors, and immune system modulators are emerg-
ing to establish better treatments [9].

3. Properties of Bismuth Nanoparticulates

Bismuth nanoparticles are the best among the nanostruc-
tured materials due to their incredible properties such as
high surface area, excellent stability, high electrical, strong
diamagnetic, and magnetoresistance properties in the pres-
ence of a magnetic field; it has chemical inertness, catalytic
activity, cost effectiveness, low toxicity, adoptable functiona-
lization, radiosensitization, radiostability, and high X-ray
attenuation. Bismuth (Bi) is a high Z (Z = 83) element, and
the X-ray attenuation coefficient of this component is larger
than that of gold (Au), platinum (Pt), and Iodide (I). Hence,
Bi-based nanocomponents such as Bi2S3 nanorods, Bi2S3
nanodots, and Bi2Se3 nanostructures with various morphol-
ogies have been recemented as contrast agents (CT) photo-
thermal/radiotherapy sensitizing agents [7]. Remarkably,
Bi2Se3 nanostructures possibly release vivacious selenium
ions for reducing the fatality and occurrence of the prostate,
liver, and lung cancers compared with Bi2S3 [10] and also
stated that two-dimensional materials have remarkable

attention in X-ray irradiation and related metabolization to
inhibit the growth of tumor [11]. Bi is one of the less-
reactive heavy metals in the biological environment with
minimal toxicity, and this is more appropriate for in vivo
applications than other metals like silver [12].

Nanovaccines may show enhanced efficacy in immuno-
therapy, and they play an impactful role in all the aspects
of therapeutics for cancer. Nanoparticles explicate superior
inhibition and denaturation of cancer cells with relevant cur-
rent technologies. However, the major limitations of nano-
particulates are toxicological aspects of reactive
nanoparticles and researchers need more attention to
detailed demonstration to explore these nanoparticles at
the next level [13]. Bismuth (Bi) is a diamagnetic semimetal
with nominal bandgap, and also, this material exhibits
attractive properties like thermal conductivity, magnetore-
sistance, and dominant anisotropic electronic features; these
potential characteristics of bismuth nanoparticles trigger and
tune the electronic properties, which may influence the sen-
sitization enhancement ratio (SER) towards the develop-
ment of cancer treatment [14].

4. Radioactive Properties of Bi2O3

Bismuth oxide revealed tremendous radiotherapy effects
owing to its optimal physiobiochemical effect. Bi is heavy
metal, so it explicates side effects like brain toxicity, renal
toxicity, and neurological problems. The toxicological effect
of bismuth can be ascribed in terms of the following: Bi
binds to enzymes belonging to sulfhydryl groups in the
human body; as a result of this, enzymes may denature
and the functionality of that is also inhibited. As of now,
Bi compound’s metabolic as well as toxicological aspects
are not clear and thus need to be explored. Hence, investi-
gating biodegradability and interreaction with drug compo-
nents as well as the human biological system may generate
a significant platform for medical society [15]. It was
declared that genotoxicity aspects of bismuth with genomic
DNA of tumor cells were rapidly higher than the nonex-
posed tumor cells’ DNA; these results suggested that bis-
muth nanoparticles inhibit the growth of tumor cells in a
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Figure 1: Bismuth nanoparticle’s potential impact in biomedical
applications.
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dose-dependent manner [16]. In another recent report, [17]
investigated the radiosensitization effect of bismuth oxide
nanostructured rods by megavoltage radiotherapy treatment
technology; and the authors also quantified the generation of
sensitization enhancement ratio (SER) via photon and elec-
tron beams with respect to cancer cell death and further
summarised that ultrasmall Bi2O3 nanoparticulates regulate
the efficient radiotherapy [16].

Radiation therapy comprises brachytherapy, and this is
suggested as an acceptable palliative curing therapy for can-
cer patients. Radioactive isotopes percolate internally near
the surrounding specific region of cancer and emit high-
dose energy of gamma (γ) to the affected cells [18]. This
radiotherapy is generally paired with chemotherapy to
improvise therapeutic efficiency to cure cancer. Mostly,
drugs like doxorubicin, gemcitabine, and cisplatin are collec-
tively enhancing the lethal efficacy of radiation as a radiosen-
sitizer [19, 20]. These are the common treatment currently
followed to cure malignant tumors. Recently, research is
moving towards the significant radiosensitization effect with
high atomic number metallic nanoparticles. High radiation
energy damages cancer cells as well as adjacent healthy
cells/tissues and also causes several complications. Hence,
nanoparticles may possess potential radiosensitization prop-
erties; this possibly targets the DNA of cancer cells, so that
healthy cells will not rupture. Bismuth nanoparticles were
considered promising materials for cancer treatment such
as chemoradiotherapy [21], thermochemotherapy [22],
radioimmunotherapy [23, 24], and thermoradiotherapy
[25, 26], with enhanced inhibition of cancer cells than the
existing monotherapies.

Bismuth oxide (BiO) nanoparticles and cisregulatory ele-
ment combination produce the reactive oxygen species, and

these materials possess a radiosensitization effect under the
irradiation of photons and electrons in terms of radiother-
apy and high-dose-rate (HDR) brachytherapy. It was
reported that BiO nanoparticles with cisregulatory combina-
tion with photon/electron effect (brachytherapy) on MCF-7
breast cancer cells exhibited the maximum sensitization
enhancement ratio (SER) values [27] (Figure 2).

Brachytherapy is a kind of internal treatment mecha-
nism that uses radionuclides as a source to emit high gamma
(γ) ray; this induces radiation surrounding the target sites
[18]; this energy contains mainly radium along with
cesium-137, iridium-192, gold-198, palladium-103, and
iodine-125 [28]. Currently, brachytherapy (radionuclides)
is gaining more attention due to the source half-life, flexibil-
ity, and gamma- (γ-) energy properties than other external
therapies related to photons and electrons. Radiosensitiza-
tion effect was predicted with various kinds of cancer cells
such as human squamous-cell carcinoma (A431) [29], lung
cancer cells (A549), cervical cancer cells (HeLa), and pros-
tate cancer cells (DU145) to analyze the morbidity tolerable
properties [30].

5. Nanoparticle-Dependent
Cancer Therapeutics

In another dimension, photothermal therapy (PTT) is one of
the promising therapeutic techniques for tumor ablation due
to its low invasion, high efficiency, and remote controllabil-
ity. Carbon-based quantum dots, magnetic nanoparticulates,
gold nanoparticulates, tungsten bronzes, bismuth and
copper-based compounds, nano-shell-like structures, and
organic polymers are the extensively focussing PTT agents
[31]. Bismuth selenium (Bi2Se3) has gained enormous
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Figure 2: Conceptual diagram of Bi radioactive isotope reaction strategies for cancer treatment.
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attention in imaging because of its optical, thermoelectric,
photoelectric, and chemical properties. Bi is an effective ele-
ment for contrast agents (X-ray) owing to its high atomic
number [31].

Bi has been conventionally following material in the gen-
eration of pharmaceutical products for the therapeutic pur-
poses of hypertension, gastrointestinal disorders, and
syphilis. On the contrary, the nanoform of bismuth was ana-
lyzed in various domains to estimate the active features in X-
ray radiotherapy, heavy-metal ion detectors, biosensors, bio-
imaging, tissue engineering, microbial inhibition assess-
ments, and cancer therapy [32–35]. The single compound
of Bi can be used to fabricate intermediate materials like
bismuth-chalcogenides (Bi2S3, Bi2O3, and Bi2Se3), bismuth-
oxyhalides-BiOX (X-Br/I/Cl), and bismuth selenide (Bi2Se3),
which may influence and enhance the properties of the
material. Nanostructured bismuth-based compounds may
possess various crystal growth owing to the nucleation,
growth, and saturation, and those properties resemble mor-
phological features such as nanorods, nanowires, nanotubes,
nanoneedles, nanoflakes, nanosheets, nanoflowers, nano-
plates, and nanooctahedra. In another mode, multicompo-
nent bismuth nanostructures (BiFeO3, Bi2MoO6, Bi2WO6,
and (Bi2O)2CO3), BiPO4, BiVO4, and Bi dimercaptopropa-
nol (BisBAL) are possessing great importance in biomedical
applications. Generally, in the case of nanoparticles,
morphology-dependent application aspects such as photo-
catalytic degradation, sensing ability, compatibility proper-
ties, and imaging efficiency were analyzed. Besides, there
are not many strenuous reports on the morphological
importance of cancer treatment that have to be explored
by the research community. Various kinds of morphologies
and crystal structures are possible to develop via feasible
wet chemical approaches, which include solvothermal,
hydrothermal, evaporation methods, precipitation methods,
sol-gel approaches, chemical reduction, microemulsion tech-
niques, sonochemical synthesis approaches, microwave irra-
diations, laser-mediated fabrication techniques, and all the
possible chemical synthesis routes. Material-dependent
properties are essential to analyze the interreactive functions
to exactly execute the applications [12, 36].

6. Important Findings of Bi2O3
towards Theranostics

Song et al. investigated the bismuth selenide nanosheets for
imaging purposes as a targeted theranostic agent and found
that Bi2Se3 has outstanding tumor targeting ability and also
showed the potential radiosensitization efficacy for imaging
and radiotherapy and also mentioned the in vivo biocompat-
ibility of the material [7]. Similarly, according to Cheng
et al., bismuth sulfide-based nanoagents for photothermal
therapy damage the DNA of cancer cells due to the
enhanced radiation dose and also, as a CT contrast agent,
have an influential parameter in multimodal imaging; and
they summarised distant metastasis inhibition mechanism
they have explained in the tumor model [37]. Yang et al.
proposed that 1,2-dilauroyl-sn-glycero-3-phosphocholine
(DLPC) membrane-coated Bi NPs revealed significant

photothermal conversion efficiency, CT/PA contrast imag-
ing, biocompatibility, photostability, efficient cellular uptake,
and tumor accumulation through EPR effect; this material
has a multifunctional theranostic platform to cure cancer
[38]. Sisin et al. illustrated that Bi nanoparticles induce
ROS in and around the cells and enhance the SER value dur-
ing brachytherapy and high radiosensitization [4]. Stewart
et al. demonstrated that dose enhancement factor (DEF)
simulation studies exhibit a lower Sensitisation Enhance-
ment Ratio (SER) found via cell survival experiments; the
authors found cell population in simulated DEF compared
to experimental SER measurements [32].

7. Management Strategies in Cancer

Despite decades of dedicated research on cancer monother-
apy, effective tumor eradication at an incipient stage persists
as a significant hurdle. The majority of tumors are not iden-
tified until they have grown to a substantial size, increasing
the chances of poor treatment response and spread. To
address the drawbacks of individual therapies, an alternate
option is to combine more than one therapy technique with
diagnostic tools [39, 40]. The utilization of imaging modali-
ties and multitherapy at the same time necessitates the
development of versatile nanotheranostic agents [41]. BiNPs
was advocated in this regard due to their wide range of uses,
including CT imaging, phototherapy, and radiotherapy.
Bi2Se3 nanodots possess steep photothermal translation
effectiveness in phototherapy while also functioning as CT
imaging-piloted synergistic sensitizers in radiotherapeu-
tics [42].

8. Application of Bismuth Oxide
Nanoparticles in Cancer Theranostics

BiNPs’ inherent properties have been coupled with different
imaging aspects or treatment techniques, in particular, MRI,
chemo, and immunotherapeutics, to create unique theranos-
tics. These monodisperse multicomponent nanoagents are
very promising as cancer theranostic agents due to their fast
cellular uptake, substantial tumor accumulation, good
in vivo dispensation, minor acute toxicity, and excellent
photothermal tumor ablation without recurrence.

Another innovative strategy recently emphasized target-
ing multitherapeutic cancer ablation is combination photo-
therapy with immunotherapy employing BiNPs [43]. Song
et al. developed immune-adjuvant encased Bi2Se3 nanocages
in metastatic treatment with enhanced photothermal prop-
erties [43]. Through enhanced production of inflammatory
cytokines such as TNFa and interferon g, along with IL-
12p40, employing this immunogenic NP effectively ablated
the photoexposed cancerous tissues but also elicited signifi-
cant antineoplastic immunity to prevent the formation of a
remote subsidiary tumor. These nanomedicines’ potential
can be leveraged in future research and development as mul-
tifunctional theranostics.

Alyani Nezhad et al. used the intraoperative radiother-
apy technique to explore and measure the average dose
enhancement component in the proximity of nanoparticles.
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A unique hydrothermal approach was used to make bismuth
oxide nanoparticles (Bi2O3 NPs) as sheets and spherical
shapes. As a result, IORT in combination with Bi2O3 NPs
may be able tominimize treatment duration and normal tissue
dosage, as well as deliver localized dose augmentation [44].
Bi2O3NPs may have harmful consequences at the intracellular
level, according to Alamer et al., who recommend additional
research before using them for medicinal purposes [45].

Researchers attempted to propose multifunctional bis-
muth gadolinium nanoparticles (BiGdO3) as a novel thera-
nostic vehicle in irradiation treatment, computed
tomography, and magnetic resonance imaging. The biocom-
patibility of BiGdO3 nanoparticles was assessed using the
CCK-8 test after they were synthesized and surface modified
with PEG. They used gel dosimetry, in vitro, and in vivo
experiments to study the nanoparticles’ dosage amplification
characteristics. The findings of their experiments showed
that BiGdO3-PEG coupled nanoparticles had multimode
imaging along with radiosensitizing characteristics. The
findings suggest that nanoparticles should be investigated
furthermore as a potential novel theranostic agent [46].

Abudayyak et al. intended to evaluate the harmful effects
of Bi oxide (Bi2O3) nanoparticles in cell cultures of the
HepG2 hepatocarcinoma cells, NRK-52E kidney epithelial
cells, Caco-2 colorectal adenocarcinoma cells, and A549 lung
carcinoma cells. All cells readily absorbed Bi2O3 nanoparti-
cles (149.1 nm) and demonstrated cytotoxic and genotoxic
impacts. The predominant cell death mechanisms in HepG2
and NRK-52E cells included apoptosis with necrosis in A549
as well as Caco-2 cells treated with Bi2O3 nanomaterials,
respectively. In these cancer cell lines, the levels of glutathi-
one, malondialdehyde, and 8-hydroxy deoxyguanosine too
were dramatically altered, with the exception of the A549
cell [47].

In hominin breast tumor (MCF-7) cells, Ahamed et al.
investigated the dosage-dependent cytotoxic effects and apo-
ptotic responses of Bi2O3 NPs, as well as probable pathways
of the lethality of Bi2O3 NPs via oxidative stress. Bi2O3 NPs
possess a crystalline architecture and spherical form with an
average dimension of 97 nm, according to a physicochemical
investigation. Bi2O3 NPs diminish cell viability but also pro-
duce dose-dependent membrane injury within a concentra-
tion spectrum of 50-300 g/ml, according to toxicological
tests. The cell cycle in MCF-7 cells was likewise disrupted
by Bi2O3 NPs. They discovered that exposing MCF-7 cell
types to Bi2O3 NPs caused apoptosis, as seen by poor mod-
ulation of the Bcl-2 and Bax, as well as caspase-3-specific
genes. Bi2O3 NPs promoted lethality in MCF-7 cells via
modifying redox balance via Bax/Bcl-2 cascade, according
to the researchers [48].

The conjunction of BiONPs and cisplatin has been
shown as a potential radiosensitization enhancer that would
improve tumor control effectiveness while protecting
healthy tissues at a lower dose. Cisplatin and BiONPs are
possible radiosensitizers that might increase the efficacy of
radiation in eradicating cancer cells. When used in radio-
therapy, this combination of such powerful radiosensitizers
may have numerous implications [4]. It was demonstrated
that BiONPs, cisplatin, and combined brachytherapy had a

synergetic effect that will benefit future chemoradiotherapy
approaches in cancer medicine [49].

Bismuth nanorods with ultra-small-size nanoparticles
generate an enhanced sensitization enhancement ratio,
which supports potential reduction in cancer cells and also
explicates effective radiotherapy. Bismuth oxide showed
optimal compatibility and effective radiation therapy, and
also, it was reported that it has a tendency to bind bimolec-
ular such as proteins and enzymes that may drive the tar-
geted therapies [50]. In this review, we collectively drew
the properties of Bi2O3 nanoparticle’s impact in cancer treat-
ment, existing nanoparticles’ potential contribution to cure
cancer, and a brief overview discussing the aspects of rele-
vant properties to achieve reaction mechanism towards the-
ranostics. Currently, there are existing therapeutic
technologies for cancer as well as challenges faced to attain
appropriate applications in terms of imaging, radiotherapy,
drug delivery, etc. Overall, the view of Bi as a radioactive iso-
tope and the importance of γ rays have been discussed along
with the toxicological aspects of the material. Hence, the
pros and cons of Bi2O3 and other nanoparticles’ impactful
role in cancer treatment, as well as expected technologies
to fulfill current problems, were briefly discussed.

9. Future Perspectives and Conclusion

Bi2O3 is one of the influential isotopes that possess radioac-
tive properties, which is encouraged in radiotherapy to cure
cancer. Similarly, optimal biocompatibility was reported by
earlier research articles. The simple alteration of these
BiNPs’ interfaces with biopolymers and proteins potentially
optimizes their pharmacokinetics, culminating in greater
colloidal stabilization and longer blood circulation but also
lower toxicity. The theranostic role of BiNPs can be experi-
mented in cell line studies and animal and human trials
for various neoplastic transformations. The key biomedical
scientific topics employing BiNPs have created a novel para-
digm regarding their promising therapeutic application
including potential cancer progression suppression. BiNPs
hold great promise to function as both definitive and
adjunct.
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In this review we hope to explain regarding nanoparticles (NPs), Nanoparticles are very small materials that range from 1 to
100 nm size. And the subclasses of nanoparticles are mentioned. Nanomaterials are formulated by nanoparticles. Research on
nanomaterials is used to improve in material technology and synthesis gained the support. Nanomaterials are gradually
becoming popularized and starting to arise as commodities. Nanotechnology refers to a set of scientific disciplines and
designing where peculiarities that occur at aspects in the nanometre scale are used in the plan, characterization, formulation
and use of materials, structures gadgets and system. Here application of nanomaterial and nanotechnology is explained. The
use of nanomaterials in the production of biosensors for detection of pathogens, formulation of nanomaterial-based biosensors
for detection of antibiotics, Nanomedicines and the application of nanotechnology in food business Etc were discussed.
Hazards and risk of nanomaterials are studied under nanotoxicology. Nanotechnology is ab arising science as would be
considered normal to have quick areas of strength for improvements. It is anticipated to contribute altogether to financial
development and occupation creation in the next few decades.

1. Introduction

The prefix ‘nano’ is alluded to Greek signifying ‘dwarf’
(nanos = dwarf) or ‘every small’ and represents a thousand
millionth of a meter (10-9) [1]. Nanomaterials are materials
that have, at least, one outer aspect approximate 1 to
100nm (Figure 1). According to the European commission’s

definition, the molecular size of approximately fifty percent
of the particle in the number size distribution should be
100 nm or less. Nanoparticles have an exceptional spot in
nanotechnology, not just on account of their specific effects
coming about because of their diminished aspects, yet addi-
tionally on the grounds that they are promising structure
blocks for more perplexing nanostructures [2]. We ought
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to recognize nanoscience, and nanotechnology. Nanoscience
is the investigation of designs and particles on the scale of
nanometres going somewhere in the range of 1 to 100nm,
and the innovation that uses it in reasonable applications
example, gadget and so forth is called nanotechnology [3].
Nanotechnology (NT) is a multidisciplinary field that
encompasses nanoscience, nanochemistry, nanophysics,
nanomaterials, nanoelectronics, nanometrology, nanobio-
nics, and other fields. Nanotechnology is a relatively recent
discipline of science with several applications ranging from
energy generation to industrial manufacturing processes to
medicinal applications. Nanotechnology is anticipated as
an arising designating modernism for the 21st centurial, nev-
ertheless the generally determined areas of data innovation
and biotechnology. This is a result of the logical intermin-
gling of physical science, chemistry, biology, materials and
designing at nanoscale, and the importance of the manage-
ment of controversy at nanoscale on practically every alter-
ation. Nanoparticle producing a fundamental part of
nanotechnology, the fact that the particular actions are
acknowledged at the nanoparticle, nanocrystal or nanolayer
level, and gathering of forerunner particles and related struc-
tures is the most nonexclusive course to create nanostructured
materials [4]. Different types of nanomaterials and their vari-
ous applications have been mentioned in Figures 1‒3.

History: Human imagination and fantasies are fre-
quently the source of new science and technology. Nano-
technology, a twenty-first-century frontier, sprang from
such fantasies. Although humans have been exposed to
nanoparticles throughout history, it rose considerably dur-
ing the industrial revolution. He gave a talk titled “There’s
Plenty of Room at the Bottom” during the 1959 American
Physical Society conference at Caltech, in which he intro-
duced the notion of influencing matter at the atomic level.
Norio Taniguchi, a Japanese scientist, was the first to use
the term “nanotechnology” to describe semiconductor pro-
cesses on the order of a nanometer, over 15 years after Feyn-

man’s talk. Kroto, Smalley, and Curl discovered fullerenes in
the 1980s, and Eric Drexler of Massachusetts Institute of
Technology (MIT) incorporated concepts from Feynman’s
“There is Plenty of Room at the Bottom” and Taniguchi’s
word nanotechnology in his 1986 book “Engines of Crea-
tion: The Coming Era of Nanotechnology.” Drexler intro-
duced the concept of a nanoscale “assembler” capable of
creating copies of itself as well as other things of arbitrary
complexity. “Molecular nanotechnology” is a term used to
describe Drexler’s view of nanotechnology. Another Japa-
nese scientist, Iijima2, produced carbon nanotubes, which
took nanotechnology much further. The developing areas
of nanoscience and nanotechnology sparked significant
attention at the turn of the century [5].

2. Classification Of Nanoparticles

Nanoparticles (NPs) are extensively partitioned into differ-
ent classes relying upon their morphology, size and com-
pound properties. In light of physical and substance
attributes, a portion of the notable classes of particles are
given as beneath.

(i) Carbon based NPs

(ii) Metal NPs

(iii) Ceramic NPs

(iv) Semiconductor NPs

(v) Polymeric NPs

(vi) Lipid based NPs

2.1. Nanomaterials. Nanomaterials are typically recognized
as materials having something like one outside aspect that
contain 100 nanometres or underneath or including inner
layout estimating 100 nm or lesser. They may be look like

Nanomaterials

Nanocrystalline
materials

Crystal Dislocation fragment

Quasicrystal
Micropore
Subgrain
Segregation

Structural element smaller then 100nm

Cluster

Nanostructured
materials

Figure 1: Types of Nanoparticles.
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particles, bars, filaments or cylinders. The nanomaterials
that bear much alike synthesis as realized materials in mass
structure might carry different physico – compound proper-
ties compared to alike materials in mass structure, and be
permitted to act differently assuming they enter body. They
may hence present different expected risks. Amassed nano-
materials likewise should be surveyed in this light as they
might display properties that are like those of the single
nanoparticles, particularly when they have a bizarrely enor-
mous surface region for a given measure of material. The
quantity of item delivered by nanotechnology or containing
nanomaterials it is expanding to enter the market [6].

2.2. Nanotechnology. Nanotechnology additionally abbrevi-
ated to ‘Nanotech’, is the utilization of issue on a nuclear,
sub-atomic and supramolecular scale for modern desire.
The primeval, far-reaching portrayal of nanotechnology
alluded to the specific mechanical objective of unequivocally
controlling particles also atoms with creation of macroscale
items, likewise present alluded as sub-atomic nanotechnol-
ogy. A most summed up depiction of nanotechnology is
accordingly settled by the. Nanotechnology is defined as
the administration of material with at least one dimeter sized
between 1 and 100 nanometres, according to the Public
Nanotechnology Initiative. Because quantum mechanical

Nanomaterial based biosensors

Quantum dots (DQs)

Carbon-based nanomaterials

Silica nanoparticles (SiNPs)

Metal and metal oxide
nanoparticles

Figure 2: Different types of Nanomaterials.
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influences are significant at this scale, the term has evolved
from a specific technical goat to a research division that
encompasses other forms of experiments and techniques
can handle among the peculiar features of material that exist
underneath the stated threshold. As a result, the terms
‘nanotechnologies’ and ‘nanoscale technologies’ are fre-
quently attributed to a broad number of studies and imple-
mentations with a frequent characteristic of size. [7, 8]

Nanotechnology’s future ramification are now being
debated among scientists. Scientists are now debating the
potential implications of nanotechnology. Nanotechnology
has the potential to create a wide range of novel materials
and devices with a wide range of applications, including bio-
materials, nanomedicine, nanoelectronics, consumer goods
and energy generation. However, nanotechnology brings
many of the same concerns as any new breakthrough,
including concerns about the safety and natural effects of
nanomaterials. And their potential implications for global
financial elements, as well as hypotheses concerning various
judgement day scenarios. These concerns have spurred a
debate among supporters and legislators over whether
exceptional nanotechnology guidelines are necessary [9].

3. Applications

3.1. NANOMATERIAL BASED BIOSENSORS. Ongoing
advancements in nanotechnology along with the chance of
composing electrodes for a tiny scope, nanoscale sensors
produce conceivable as well as brought about another
arrangement of analytic biosensors termed as Nano-
biosensors. Nonstop reduction in particle aspect, deriving
out of huge scope to little one in the reach somewhere in
the range of 1 and 100nm, does not change biosensor prop-
erties however fundamentally works on their pertinence.
The surface cooperation of the sensors with analyte turns
out to be exceptionally productive because of the very huge
surface to volume proportions in Nano-size gadgets [10].
Thusly, nanoscale matters exhibit extraordinary highlights,
usefulness, also actions. These days, nanotechnology is
centred around end of impediments of actual techniques
considering infection identification to limit expenses and
tedious. Moreover, the implantation of nanomaterials for
the development of biosensors brought about expanding of
effectiveness also, responsiveness of these frameworks [11].

By planning the connection between organic component
with nanomaterial-based transducer, we may get biosensors
supported through broadly utilization beneficial to the loca-
tion of biomolecules including infection diagnostics. These
gadgets are able to identify patient physiological condition
aside wellbeing break down the food including ecological
examples for pesticides and water contamination rapidly
[12]. A few nanomaterials, for example, nanotubes, nano-
rods, nanowires, slight movies and nanoparticles are investi-
gated for biomedical utilization because of their utilitarian
electrical as well as mechanical highlights for biomedical
operation. For the manufacturing of pathogenic viral biosen-
sors, we are concentrating on the utilisation of various nano-
materials like quantum dots (QDs), carbon nanotubes,
graphene oxide, silica and metal nanoparticles [13].

3.1.1. Quantum Dots. Nanoscale semiconductor crystals
having optical and electrical characteristics fluctuating start-
ing with 2 to 10nm in diameter. As a result of their compact
diameter, QDs are extremely versatile [14]. Increasing curi-
osity in Quantum dot-based sensors enabling chemical and
biological analysis has contributed to the growth of many
methods for producing QDs, including plasma synthesis,
colloidal synthesis, electrochemical assembly, viral assembly,
and so on. Quantum dots of the most recent generation are
widely utilised in intracellular processes, tumour targeting,
in vivo cell trafficking monitoring, diagnostics, and high-
resolution cellular imaging. The ability of QDs to emit light
is advantageous in a variety of therapeutic marking, scan-
ning, and sensing techniques, including differentiating
among healthy and cancerous cells [15], gene therapy inves-
tigations [16], proteomics [17], and so on.

3.1.2. Carbon-Based Nanomaterials. Among carbon-based
nanomaterials, Graphene oxide (GO) is the ideal choice which
acquainted with identifying frameworks because of particular
assortment of properties like containing normal origin, bio-
compatible also financially savvy. The best benefits of carbon-
based nanostructure is the capacity of surface treatment to be
a decent prisoner for immobilizing of ligands, nanoparticles
along with single-strand DNA in aptasensors. Graphene is a
notable carbon-based compound and produced from auto-
mated peeling of graphite [18]. Graphite oxide can be used to
make graphene oxide, which contains carboxylic, phenol
hydroxyl, but also epoxide groups. Aside from the materials’
unusual electronic, mechanical, and thermal capabilities, cer-
tain notable implications in nanodevices and nanomedicine
have put them in the spotlight [19]. Carbon nanotubes (CNTs)
are assuming a significant part in planning biosensors which
can distinguish target atoms in follow sums. This strong part
of CNTs is obtained by transduction of physical or chemical
intercommunication furthermore large surface area to volume
proportion. CNT based frameworks have presented another
age of biosensors which brought about high responsiveness
and selectivity concurring to their grave surface area [20].

3.1.3. Silica Nanoparticles (SiNPs). Silica nanoparticle, also
known as silicon dioxide, are amorphous materials with a spher-
ical shape. They come in wide range of forms and sizes. Silica
nanoparticles contain large surface area, steadiness in critical ther-
mic also chemical environment, great similarity like biomolecules,
similar to proteins, being green about natural difficulties [21].
Many molecules, such as antigen-antibodies, peptides, and
DNA, can be linked to silica nanoparticles,making such nanoma-
terials unique elements for biological and immunosensors. Some
handful outstanding qualities concerning optoelectronic angles,
such as visible luminescence behaviour, create these essential in
biotechnological study, despite their biocompatibility. Many sci-
entific applications, including cancer and antibacterial therapies,
have shown to be profitable with silica nanoparticles [22].

3.1.4. Metal ant Metal oxide Nanoparticles

(i) Silver Nanoparticles (AgNPs): Silver nanoparticles
varied in diameter between 1 to 100 nanometres,
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this accomplish them suitable for biomedical activi-
ties. On diminishing the diameter of AgNPs, the
proportion of surface area to volume shockingly
increments impressively and that impact to recog-
nizable modification within organic, physical and
compound exercises. As of late, AgNPs are tried in
novel as well as innovative symptomatic equipment,
for example, bio and immunosensors [23].

(ii) Gold Nanoparticles (AuNPs): Gold nanoparticles
are broadly utilized in the dimension of infection
discovery inferable from their extraordinary optical
or electrical properties [24].

(iii) Magnetic Nanoparticle (MNPs): Magnetic nanopar-
ticles an extensive assortment of particles along with
properties, counting attractive liquids, catalysis
action also magnetic resonance imaging which
shaped them helpful in the spectrum. [25].

(iv) Zinc oxide Nanoparticles: Zinc oxide (ZnO) being the
most prevalent zinc compound found in nanostruc-
tures. ZnO could be used in a variety of applications,
including transducers, surface acoustic wave instru-
ments, gas sensors, and photonic instruments. ZnO,
which has piezoelectric capabilities, is used in a cer-
tain unique detectors known as mechanochemical
sensors. [26].

(v) Aluminium Nanoparticles (Al NPs): From various
types of aluminium nanoparticles, nanoporous
morphology is the generally well known also
appealing for the researchers associated with bio-
sensing. A few significant substance, optical along
with actual properties like chemical including ther-
mic steadiness, essentially viable in bio conditions
such as human body as a consequence having large
surface region compose this nanostructure appro-
priate to be involved it in insightful techniques [27].

(vi) Copper Nanoparticles (CuNPs): Copper nanoparti-
cles have gotten a lot of attention because of their
enormous capability considering substitution for
more overpriced nanoparticles. CuNPs’ infectious
activity can now be investigated using cutting-edge
nanotechnology. The intrinsic susceptibility of these
nanoparticles to oxidise in ambient circumstances is
a severe disadvantage. Copper nanoparticles, on the
other hand, provide well characteristics, therefore
various biosensors targeting viral diagnosis are
being created based on their use. [28].

3.2. Nanomaterial-based biosensor for Antibiotic Detection

(A) Optical Biosensor

Transmitters in optical discovery might catch signals
delivered by the cooperation of the biorecognition compo-
nent plus the targeted element as well as convert them into
optical signs [29]. Optical biosensors were widely used for
anti-infection agent identification in recent times due to its

potential advantages such as ease of use, comfort, and
responsiveness. The incorporation of nanoparticles into
optical biosensors has enabled ultrasensitive and mark-free
antimicrobial detection techniques. The nanomaterial-
based optical biosensors in antimicrobials detection could
generally classified into different categories, according to
the optical sign transducing system: fluorescent, colorimet-
ric, chemiluminescent, and surface plasmon reverberation
biosensing [30].

(1) Fluorescent Biosensor: The fluorescent biosensors
including fluorogenic tests are enhancing progres-
sively famous because of their innate benefits, like
activity comfort, quick hybridization energy, and sim-
plicity of computerization [31]. Such tests normally
comprise of a fluorophore also a quencher to frame
a Förster Reverberation energy transfer (FRET)
match, in whichever the distance-subordinate fluores-
cence extinguishing is intricately intended considering
biomolecular acknowledgment appreciated. Nanoma-
terials are utilized in the process of original fluorescent
biosensing stages based on their remarkable optical
and electronic properties. Throughout recent many
years, there is a blast of importance in the plan of
novel nanoprobes via combining nanomaterials plus
biomedicle acknowledgment occasions for touchy
recognition of anti-infection agents [32].

(2) Colorimetric Biosensor: Colorimetric strategies have
acquired extraordinary interest as a result of their
intrinsic benefits in addition to modest formulation,
fast discovery, also no requirement for convoluted
mechanical assembly. Colorimetry have generally
used considering insightful utilized because it tends
to act distinguished along just with bare eyes con-
cluded a color change. Colorimetric biosensors are
particularly well with other optical biosensors for anti-
microbial location because of these qualities. Colori-
metric biosensors based on nanomaterials have two
different sorts: colorimetric biosensors depending
upon their inherent optical characteristics of nanoma-
terials like plasmonic AuNPs and colorimetric biosen-
sors based on the reactant capabilities of
nanostructures like Fe3O4 MNPs. [33].

(3) Chemiluminescent biosensors: Chemiluminescence
(CL) is the discharge of radiant based upon chemical
responses. For the most part, chemiluminescent
responses are multistep oxidation responses with
quick response kinetic [34]. Chemiluminescent rec-
ognition technique is widely utilized in various spec-
trum, particularly at optical biosensing frameworks.
It assumes a strong also significant part in insightful
procedure because of its benefits including high
responsiveness, wide unique reach, minimal expense
along with functional effortlessness. Contrasted with
the fluorescence, CL have the benefits like no prereq-
uisite as long as an outside radiation source, along
with greater life span compared to that of fluores-
cent [35].
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(4) Surface plasmon resonance biosensors: The pecu-
liarity for swaying which arises just at connection
point among two substances, that may get inspired
from the pair electrons as well as photons, is known
as surface plasmon resonance (SPR) [36]. It is
extremely touchy for the refraction record of the
dielectric that is connected with the metal outer
layer. Because the refraction record is the inborn
component, everything considered, each dielectric
connected to the metal surface can go distinguished.
In light of this standard, the SPR biosensors as a rule
immobilize different organic mixtures including
neutralizer, protein, and nucleic corrosive on the
outer layer of metal [37].

(B) Electrochemical biosensors

Electrochemical biosensors are widely recognized also
oftentimes utilized biosensors between different kinds of
biosensors, because the compound responses might prompt
variation in estimation of electrons either particle, that sig-
nificantly affect electrical boundaries of arrangements.
Nanomaterial-based electrochemical biosensors are unmis-
takable against anti-infection agent location attributable to
their favored benefits including high responsiveness, selec-
tivity, minimal expense, and simple activity. In view of the
different sort of transducers, electrochemical biosensors
may act characterized within voltametric, impedimetric,
amperometric, and photoelectrochemical biosensors [38].

(1) Amperometric biosensors: Amperometric biosensor
operates beneath the rule because sample focus is
straight to the transferred electrons [39]. It assesses
the sufficiency of a decrease or oxidation stream tar-
geting a particular prospective during a decent time-
frame. Numerous nanomaterials are integrated
towards amperometric biosensors due to further
developed discovery in anti-toxins [40].

(2) Impedimetric biosensors: Electrochemical imped-
ance spectroscopy (EIS) is a complimentary strategy
which is profoundly delicate to variation/collabora-
tions appearing in a surface. It can remove data
about electrochemical highlights of the electrochem-
ical framework really, for example, dual layer capac-
itance, dispersion impedance, charge transport
cycles also arrangement opposition [41]. Through-
out recent years, EIS plays had a significant influ-
ence in biosensing for different anti-microbials
because of their high awareness and fast discovery
times [42].

(3) Voltammetric biosensors: Voltammetry is based on
the principle of estimating the power flow through
the conducting electrode. The functioning electrode
is drenched in an answer containing electroactive
animal groups that can be examined by changing
potential. The capacity to effortlessly distinguish
the analyte by its voltammetric top potential makes
it incredibly delicate and particular [43].

(4) Photoelectrochemical biosensors: Photoelectro-
chemical (PEC) biosensor deals with the premise of
the mix of the PEC oxidation and explicit biorecog-
nition [44]. It shows more prominent execution than
customary optical and electrochemical biosensors on
the grounds that it joins the upsides of them. During
the beyond couple of years, insightful techniques in
light of PEC biosensors have been given a developing
consideration because of their huge benefits, for
example, basic mechanical assembly, simple scaling
down, quick reaction, diminished foundation signal,
and ultrahigh precision. As of late, consolidating
practical nanomaterials are generally used to
improve the exhibition of PEC biosensors for anti-
infection agent discovery [45].

3.3. Nanomedicine. Nanomedicine is the clinical use of nano-
technology [46]. The utilization of nanotechnology for clinical
purposes has been named nanomedicine and is characterized
as the utilization of nanomaterials for diagnosis, monitoring,
control, prevention and treatment of disease. Nanomaterials
can be applied in nanomedicine for clinical purposes in three
distinct regions: diagnosis (nanodiagnosis), controlled drug
Delivery (nanotherapy), and regenerative medication. Another
region which consolidates diagnostics and treatment named
the ranostics is arising and is a promising methodology which
holds in a similar framework both the finding/imaging special-
ist and the medication. Nanomedicine is holding promising
changes in clinical practice by the presentation of novel drugs
for both determination and treatment. Nanomaterials can be
designed to have different size, shape, compound arrangement
and surface, making them ready to associate with explicit bio-
logical targets. An effective biological result must be acquired
turning to cautious molecule plan. Accordingly, an extensive
information on how the nanomaterials connect with biological
frameworks are expected for two primary reasons [47, 48].

The first is connected with the physio-pathological idea
of the infections. The organic cycles behind illnesses happen
at the nanoscale and can depend, for instance, on changed
qualities, misfolded proteins, contamination by infection or
microbes. A superior comprehension of the sub-atomic
cycles will give the judicious plan on designed nanomaterials
to focus on the particular site of activity wanted in the body
[49]. The other concern is the communication between
nanomaterial surface and the climate in natural liquids. In
this specific situation, portrayal of the biomolecules crown
is of most extreme significance for understanding the com-
mon communication nanoparticle-cell influences the
organic reactions. This point of interaction includes
dynamic systems including the trade between nanomaterial
surfaces and the surfaces of natural parts (proteins, layers,
phospholipids, vesicles, and organelles) [50].

3.3.1. Physicochemical Characterization. The portrayal of a
nanomedicine is important to grasp its way of behaving in
the human body, and to give direction to the cycle control
and wellbeing evaluation. This portrayal is not consensual
in that frame of mind of boundaries expected for a right
and complete portrayal. Globally normalized procedures
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and the utilization of reference nanomaterials are the way to
fit every one of the various feelings about this subject [51].
Preferably, the portrayal of a nanomaterial ought to be com-
pleted at various stages all through its life cycle, from the
plan to the assessment of its in vitro and in vivo execution.
The association with the natural framework or even the
example readiness or extraction strategies might alter a few
properties and slow down certain estimations. Also, the
assurance of the in vivo and in vitro physicochemical prop-
erties is significant for the comprehension of the likely gam-
ble of nanomaterials [52].

3.3.2. Drug Delivery. Nanotechnology has given the chance
of conveying medications to explicit cells utilizing nanopar-
ticles [53]. The general medication utilization and incidental
effects might be brought down fundamentally by keeping the
active pharmaceutical agent in the dismal district just and in
no higher portion than required. Designated drug convey-
ance is expected to reduces the symptoms of medications
with attendant declines in utilization and treatment costs.
Furthermore, designated drug conveyance diminishes the
secondary effect moved by rough medication by means of
limiting undesired expose to the health cells. Drug convey-
ance centres around boosting bioavailability both at explicit
spots in the body and throughout some undefined time
frame. This might possibly be accomplished by sub-atomic
focusing by nanoengineered gadgets [54]. An advantage of
utilizing nanoscale for clinical advancements is that more
modest gadgets are less obtrusive and might potentially be
embedded inside the body, in addition to biochemical
response times are a lot more limited. These gadgets are
quicker and more touchy than ordinary medication delivery.
The viability of medication conveyance through nanomedi-
cine is generally founded on [55]:

(a) productive exemplification of the medications

(b) effective conveyance of medication to the designated
district of the body, and

(c) fruitful arrival of the medication

Drug conveyance frameworks, lipid-or polymer-based
nanoparticles, can be intended to work on the pharmacokinet-
ics and biodistribution of the drug [56]. However, the pharma-
cokinetics and pharmacodynamics of nanomedicine is
exceptionally factor various among patients. When intended
to avoid from the body’s defence systems, nanoparticles have
helpful properties that can be utilized to further develop drug
delivery [57]. Complex medication conveyance instruments
are being created, including the capacity to help drugs through
cell membranes and into cell cytoplasm. Triggered response
reaction is one way for drug atoms to productively be utilized
more. Drugs are set in the body and just actuate on experienc-
ing a specific sign. For instance, a medication with unfortunate
solubility will be Substituted by a medication conveyance
framework where both hydrophilic and hydrophobic condi-
tions exist, increasing the solubility [58].

Some nanotechnology-based drugs that are industrially
accessible or in human clinical trails include:

(1) Abraxane, supported by the U.S. Food and drug
Administration (FDA) to treat breast cancer [59],
non-small cell lungs cancer (NSCLC) [60] and pan-
creatic cancer [61], is the nanoparticle albumin
bound paclitaxel

(2) Rapamune is a nanocrystal-based drug that was
endorsed by the FDA in 2000 to forestall organ dis-
missal after transplantation. The nanocrystal parts
take into account expanded drug solubility and dis-
integration rate, prompting further developed inges-
tion and high bioavailability [62].

(3) Onivyde, liposome encapsulated irinotecan to cure
metastatic pancreatic cancer, was supported by
FDA in October 2015 [63].

Somewhat recently, we have helped to the interpretation
of a few utilizations of nanomedicine in the clinical work on,
going from clinical devices to nanopharmaceuticals. None-
theless, there is as yet quite far toward the total guideline
of nanomedicines.

3.3.3. Nanotechnology for Covid-19. COVID-19 is presently
posing an unparalleled public health risk. The fast spread
of illnesses has prompted requests for new virus-fighting
strategies. Nanotechnology is gaining traction in the fight
against SARS-CoV-2 infection prevention, diagnosis, and
therapy. Given the rising demand for pandemic manage-
ment, a comprehensive assessment that emphasises the role
of nanomaterials in the pandemic response is extremely
desirable [64].

COVID-19 outbreaks are becoming more common at an
alarming rate. Pharmaceutical (vaccines and antiviral medi-
cines) and non-pharmaceutical countermeasures are used in
pandemic prevention techniques. In this section, we look at
how nanomaterials, such as disinfectants, personal protec-
tion devices, and nanocarrier systems, may be used to build
vaccines [65]. COVID-19 is inhibited by diagnostics, which
limits its transmission by identifying and isolating infected
patients. Despite the introduction of a few diagnostic tech-
niques, creating a sensitive and quick COVID-19 diagnostic
test remains a challenge. Virus detection today uses a variety
of nanomaterials, including carbon nanotubes, quantum
dots, polymeric nanoparticles, metallic nanoparticles, and
silica nanoparticles (NPs). New medicines are needed to
combat the proliferation of new viruses and their heteroge-
neity. The primary drawbacks of existing antiviral treat-
ments are their lack of specificity, which causes damage in
host cells. Nanotechnology opens up new possibilities for
antiviral treatment. Nanoparticles are adjustable vectors for
particular therapeutic medication delivery and viral target-
ing due to their flexibility. The use of nanoparticles to com-
bat SARS-CoV-2 may include processes that impact the
virus’s entrance into the host cell until it is inactivated.
Because inhibiting viral surface proteins may result in virus
death, targeting nanoparticles that specifically target virus
produced proteins may reduce viral internalisation. Nano-
materials’ unique qualities, including as their strong optical
and electrochemical capabilities, sizes, biocompatibility,
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and cost-effectiveness, play a crucial role in a wide range of
applications. Applications of nanomaterials Their character-
istics may be easily modified and functionalized utilising a
variety of substrates, opening up a world of possibilities for
practical applications. Despite substantial progress,
COVID-19 research is still in its early stages, and numerous
hurdles remain [66].

3.4. Nanotechnology in food industry. Recent developments
in nanotechnology have changed various logical and modern
regions including the food business. Utilizations of nano-
technology have arisen with expanding need of nanoparticle
utilizes in different fields of food science and food microbial
science, including food handling, food packaging, functional
food advancement, food safety, discovery of foodborne
microorganisms, and time span of usability augmentation
of food or potentially food items (Figure 4). The nanostruc-
tured food fixings are being created with the cases that they
offer better taste, surface, and consistency. Nanotechnology
expanding the timeframe of realistic usability of various
types of food materials and furthermore help cut down the
degree of wastage of food because of microbial invasion.
These days nanocarriers are being used as delivery system
to carry food added substances in food items without upset-
ting their fundamental morphology [67].

Nanotechnology gives a scope of choices to further
develop the food quality and furthermore helps in upgrading
food taste. Nanoencapsulation methods have been utilized
comprehensively to further develop the flavour delivery
and maintenance and to convey culinary equilibrium [68].
The utilization of nano-emulsions to convey lipid-solvent
bioactive mixtures is much well known since they can be
created utilizing regular food fixings utilizing simple creation
techniques, and might be intended to improve water-
dispersion and bioavailability.

3.4.1. Nutritional Value. A larger part of bioactive mixtures
like lipids, proteins, carbs, and nutrients are touchy to high
acidic climate and chemical movement of the stomach and
duodenum. Embodiment of these bioactive mixtures not just
empowers them to oppose such unfriendly circumstances
yet additionally permits them to acclimatize promptly in
food items, which is very difficult to accomplish in non-
capsulated structure because of low water-solvency of these
bioactive mixtures. Nanoparticles-based minuscule eatable
cases with the intend to further develop conveyance of meds,
nutrients or delicate micronutrients in the day-to-day food
varieties are being made to give critical medical advantages
[69]. The nanocomposite, nano-emulsification, and nano-
structuration are the various procedures which have been
applied to exemplify the substances in smaller than expected
structures to all the more actually convey supplements like
protein and antioxidant p for definitively designated whole-
some and medical advantages [70].

3.4.2. Preservation or Shelf-Life. Encapsulation practical
parts inside the droplets frequently empowers a stoppage
of compound debasement processes by designing the prop-
erties of the interfacial layer encompassing them. For

instance, curcumin the most dynamic and less stable bioac-
tive phytochemical of turmeric (Curcuma longa) demon-
strated decreased cancer prevention agent action and
viewed as steady to sanitization and at various ionic strength
after capsulation [71].

3.4.3. Food Packaging. Nano-based “smart” and “dynamic”
food packaging’s present a few benefits over regular bun-
dling strategies from giving better bundling material supe-
rior mechanical strength, barrier protection, antimicrobial
films to nanosensing for microbe recognition and making
buyers aware of the wellbeing status of food [72].

3.4.4. Pathogen Detection. Nanomaterials for use in the devel-
opment of biosensors offers the elevated degree of awareness
and other novel ascribes. In food microbial science, Nano sen-
sors or Nano biosensors are utilized for the location of micro-
organisms in handling plants or in foodmaterial, evaluation of
accessible food constituents, alarming customers and mer-
chants on the wellbeing status of food [73].

3.4.5. Safety Issues. Other than a great deal of benefits of
nanotechnology to the food business, security issues related
with the nanomaterial cannot be disregarded. Numerous
specialists talked about security concerns related with nano-
material giving accentuation on the chance of nanoparticles
move from the bundling material into the food and their
effect on customer’s wellbeing [74].

3.5. Nanotoxicology. The study of the toxicity of nanomateri-
als is known as nanotoxicology [75]. Nanomaterials have new
features may interact with their wider companions and have
an influence on overall toxicities due to various smaller quan-
tum dimension and larger surface area to volume proportion.
Potential consequences include exposure to air, which seems
may cause the most worry, as well as a concentration on pneu-
monic effects such as fibrosis, inflammation, and cancer-
causing tendency for particular nanomaterials. Assimilation
exposure as well as dermal exposure are indeed concerns [76].

(1) Respiratory: Exposure to the air is the widely recog-
nized course of openness to airborne components
within the working environment. The form and size
of the nanoparticles or associated agglomerates
determine potential placement inside the respiratory
route, and they have been kept in the airways to a
greater extent compared to larger inhalable particu-
lates. In view of creature research, nanoparticles are
able to invade the circulation system driving out of
the lungs also transfer to different organs, in addition
to the CNS [77]. The inward breath danger is
impacted through the dustiness of the components,
the inclination of particles to become airborne in
light of an improvement. Dust age is impacted by
the molecule shape, size, mass thickness, also intrin-
sic electrostatic powers, and where the nanocompos-
ites would be in the form of a granules, a sludge, or
perhaps a liquid suspension [78].
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(2) Dermal: A few examinations propose that nanoma-
terials might actually move within the body from
flawless skin during word related openness. Research
are explained that components with less than 1μm
in measurement might infiltrate within precisely
crumpled skin tests, also that nanoparticles alongside
fluctuating physicochemical actions had the option
to enter the unblemished dermis of pigs. Aspects like
size, shape, water solvency, and surface covering
straightforwardly influence a nanoparticle’s capabil-
ity to infiltrate the dermis. As of now, it is not
entirely realized whether dermal entrance of nano-
particles may bring about antagonistic impacts in
creature models, albeit effective utilization of crude
SWCNT to naked mice are displayed to cause skin
aggravation, and in vitro examinations utilizing
essential or refined human dermal cells are demon-
strated the way a well-known carbon nanotubes are
able to infiltrate cells also lead to arrival of support-
ive of fiery cytokines, oxidative pressure, as well as
diminished practicality. It stays hazy, nonetheless,
in what way these discoveries might be hypothesized
to a likely word related hazard [79, 80]. Moreover,
nanoparticles be allowed get in the body by means
of injuries, alongside particles moving within the
blood also lymph nodes [81].

(3) Gastrointestinal: Ingestion may happen starting with
inadvertent hand to mouth move of ingredient; this
is established to occur accompanying customary
materials, also it is deductively sensible for expect
that it likewise be capable of occur in the course of
treatment of nanomaterials. Ingestion can likewise
go with inward breath openness since fragments that
are expelled from the lungs lot by means of the
mucociliary escalator might be gulped [82].

Particle toxicology has a subspecialty called nanotoxi-
cology. Nanomaterials appear to have toxicity effects that
are unusual and not seen in larger particles, and these

smaller particles may pose a greater threat to the human
body due to their ability to move with a much greater
degree of freedom, whereas the human body is designed
to attack larger particles rather than nanoscale particles.
Nanoparticles have substantially higher surface area to unit
mass ratios, which might contribute to more pro-
inflammatory effects in lung tissue, for example. Further-
more, certain nanoparticles appear to be able to travel from
their deposition site to distant locations such as the blood
and the brain [83].

3.6. Future Prospects in Nanotechnology. As of now, nano-
technology, along with its related exploration discipline of
nanoscience, constitute the total range of exercises spreading
over the entire range of actual compound, organic, and numer-
ical sciences. The arising areas of nanoscience and nanotech-
nology are likewise making the vital exploratory and
computational instruments for the plan and manufacture of
nano-layered electronic, photonic, natural, and energy move
parts, for example, quantum spots, nuclear wires, working on
nanoscopic length scales, and so forth. Nanotechnology’s
numerous uses have changed the globe, ranging from industrial
breakthroughs to touching our daily lives. Nanomaterials, par-
ticularly those with biological and other health-related features,
have given the subject of nanotechnology new dimensions.
Various nanotechnological applications are now being
deployed to improve the aquaculture sector, which might play
an essential part in the industry’s future development and sus-
tainability. Nanoscience and nanotechnology ought to signifi-
cantly affect a few critical logical and mechanical exercises in
an imminent future. Developments regarding these matters
will have a lot to do on the innovative advances in instruments
and apparatuses of manufacture and control in nano scale.
Such instruments and apparatuses are the means for live repre-
sentation and control in a nano world. They are by and by
costly, and accordingly, not accessible to numerous agents.
Innovative advances are generally followed with decrease of
costs, as has been the case with the electronic and correspon-
dence industry items in ongoing many years [84].
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Figure 4: Action of Nanotechnology in different section of Food Industry.
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The unequivocal and significant driving job of atomic
based strategies for the investigation of issue in the areas of
nanoscience and nanotechnology is surely known. Any
improvement in this field will have an incredible arrangement
to do with progresses in these procedures. Progresses in the
sub-atomic based investigation of issue in nanoscale will assist
with understanding, reenact, anticipate, and plan new mate-
rials using the fields of quantum and measurable mechanics,
intermolecular connection, sub-atomic recreation, and sub-
atomic displaying. We may then have the option to compre-
hend how to plan new atomic structure blocks, which could
permit self-get together or self-replication to propel the gran-
ular perspective of creating the vital materials for the progres-
sion of nanotechnology. The previous pattern of the
commitments of sub-atomic based investigation of issue in
naturally visible nanotechnology is very encouraging [85].

4. Conclusion

We concluded in this review article is that nanomaterials are
made up of nanoparticles with size ranging, from 1 to 100 nano-
meters. In past few decades a huge development seen in the
field. Because of the unique features that arise at the nanoscale,
nanomaterials have piqued researcher’s interest. These charac-
teristics include a large surface area for chemical reactions, dis-
tinctive surface structures, and various ways to interact with
light. Distinct category of nanomaterial-based biosensors like
quantum dots, carbon-based nanomaterials, silica nanoparticles
along with metal and metal oxide nanoparticles are developed.
For detection of antibiotic various nanomaterial-based biosen-
sors are growth is expanded. Nanomedicines and the applica-
tion of nanotechnology in the food industry was discussed. By
designing biological molecules, nanotechnology has begun to
uncover promising applications in the field of functional food
and Nanomedicine. Nanotechnology have received a lot of
attention because of its potential to boost biotechnology and
medical research. The major current goal is to concentrate on
the design of nanomaterials by engineering and produces, as
well as to establish standards for new materials and products
in terms of human and environmental safety.
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The synthesis of metal nanoparticles by using plant extracts is previously explored in phytomedicines. Nanobiotechnology has
many applications, including cosmetic, packing, coating, biomedicine, and enhanced biological activity. Keeping in view the
importance of Pistacia chinensis, its gold nanoparticles (AuNPs) have been synthesized by the eco-friendless and cost-effective
method. In this study, the synthesized nanoparticles were characterized by advanced techniques such as UV-visible
spectroscopy, Fourier transform infrared (FT-IR), and atomic force microscope (AFM) analysis. The biological activities of
these synthesized nanoparticles were examined in vitro by measuring the enzymatic inhibition potential on urease and
carbonic anhydrase and in vivo by determining the analgesic and sedative activities. The UV spectrum indicated various peaks
at the range of 530-550 nm, showing nanoparticles formation. The FT-IR spectroscopy of the extracts and AuNPs indicated the
presence of NH, C═N, and N═O in the extract involved in the nanoparticles synthesis. The size of nanoparticles was
determined by AFM analysis. The AFM showed that the nanoparticles range from 10 to 100 nm and are almost spherical in
shape. The synthesized AuNPs exhibited significant urease inhibition potential with an IC50 value of 44.98. Similarly, the
nanoparticles exhibited good carbonic anhydrase inhibition with an IC50 value of 53.54 against acetazolamide having IC50 0.13.
Pistacia chinensis extract and its AuNPs exhibited excellent attenuation p < 0:01 in acetic acid-induced writhing model at a
dose of 15mg/kg. The synthesized nanoparticles showed a significant sedative effect p < 0:001 compared to the standard drug.
This research work has developed a green method to synthesize nanoparticles by using Pistacia chinensis extract and directed
the researcher to purify active phytochemicals from Pistacia chinensis involved in nanoparticles synthesized.

1. Introduction

Application of nanotechnology has found to be of significant
importance in different fields such as imaging, sensing, and
biomedical sciences [1–4]. It has also a broad-spectrum
usage in several areas including cosmetics, energy, electron-
ics, food, agriculture, and biomedicine [5–7]. Nanotechnol-
ogy has attained attention in medical sciences because of
its role in plant, animal, and human health which led to
many applications in the field of medicine [1, 8]. Examples
of these include controlled delivery of drugs, electrolumines-
cent, imaging, detection, destruction of tumor, cancer diag-
nosis, and tissue engineering [9–15].

Nanoparticles (NPs) are a novel technique used in the
field of medical sciences which has been shown to have

promising results [16]. Extensive researches have revealed
the importance of NPs in medicine owing to their role in
catalytic degradation [17], antiviral [18], antibacterial [19],
anticancer [20], antidiabetic [21], and wound healing [22].

Different physical, chemical, and biological approaches
are used to synthesize NPs [16]. The most commonly used
metals to synthesize NPs are platinum, palladium, silver,
and gold [23]. Among these common metals, gold is posses-
sing a high ionic conductivity, and synthesized gold nano-
particles (AuNPs) can be adjusted based on their surface
state, shape, and size [18, 21, 23–27].

Biological derived NPs are shown to be sustainable,
effective, safe, and cost-efficient [28–30]. Metals are used
for the synthesis of NPs [26, 31, 32] from different resources
such as bacteria, algae, fungi, and plant extracts [33–38].
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Among these resources, metallic NPs prepared from natural
plant materials have different biological activities, owing to
their altered features such as small particle size, enhanced
surface area, and varied shape [30, 33, 34, 39, 40].

Pistacia chinensis Bunge, also known as Chinese pis-
tache, is a well-known member of the family Anacardiaceae
[41]. It is distributed in many places such as Pakistan, India,
China, the Philippines, North America, and Taiwan [42]. It
is a deciduous tree having characteristics of a rounded crown
[43]. Foliage comprises of compound, dark green leaves,
which are aromatic when bruised [44]. Pistacia genus con-
sists of 11 species. It has previously been showed that Pista-
cia chinensis can be used to treat various diseases such as
asthma, fever, cough, and respiratory disease [44, 45]. In var-
ious countries, its seeds are used as an oil material [46]. Var-
ious secondary metabolites such as flavonoids and phenolic
compounds have been reported from various parts of Pista-
cia chinensis [46]. Two 4-arylcomarin moieties (neoflavone)
dimers have been reported from Pistacia chinensis with
excellent estrogen-like properties [47]. Various phenolic
compounds such as digallic acid, gallic acid, quercetin, quer-
cetin-3-O(6″-galloyl)-β-D-glucosides, and 6-O-galloyl
arbutin-quercitrin have been documented from the leaves
of Pistacia chinensis [48]. Tender burgeons of Pistacia chi-
nensis also reported the presence of a new pyrrolidone deriv-
ative [46]. Pistacia chinensis plant has been reported for
excellent anti-inflammatory potency [49]. The compounds
isolated from aerial parts of Pistacia chinensis have been
reported for promising anti-HCV activity [50]. The chemi-
cal, which is isolated from the leaves of Pistacia chinensis,
also possesses excellent antimicrobial potency [51].

Thus, keeping in view the significance of NPs in drug
delivery and medicinal importance of Pistacia chinensis,
the present work was aimed for the development, character-
ization, and evaluation of the biological efficiency of Pistacia
chinensis-based gold nanoparticles (AuNPs). Purposely,
both in vitro (enzyme inhibitory activities) and in vivo (sed-
ative and antinociceptive properties) investigations were
conducted in this study to determine the biological effective-
ness of prepared Pistacia chinensis extract and its AuNPs.

2. Material and Method

2.1. Plant Collection. Pistacia chinensis Bunge seeds was
kindly gifted from Dr. Abdur Rauf, Department of Chemis-
try, University of Swabi, KP, Pakistan. These plant seeds
were collected from the ground of Hostel 2, University of
Peshawar, KPK, Pakistan. The plant specimens were recog-
nized by Dr. Muhammad Ilyas at Department of Botany,
University of Swabi, KP, Pakistan. The voucher specimens
were stored in Department of Botany, University of Swabi,
KP, Pakistan.

2.2. Preparation of Extract. The obtained seed was dried in
the shade for 20 days and was with water to remove the dust.
After that, the dried seed was subjected to the grinder to
obtain a powder. The powder plant material (1 kg) was
soaked in methanol for 10 days to obtain a maximum num-
ber of polar secondary metabolites. The extract obtained was

concentrated at low temperature and pressure with the help
of a rotary evaporator, which afforded 18.9 g extract.

2.3. Synthesis of Nanoparticles. To synthesize gold nanopar-
ticles, 2mg of extract was transferred to 100mL distilled
water and dissolved to prepare stock solution of extract.
Similarly, 1mM stock solution of gold salt (HAuCl4) was
prepared for synthesizing nanoparticles of Pistacia chinensis
seed extract. To reduce Au+3 into Au0, the extract solution
was combined with a syringe to the slat solution in various
ratios. The gold salt solution (HAuCl4) was kept constant,
and the extract concentration was changed (1 : 1; 1 : 2; 1 : 3;
1 : 4; 1 : 6; 1 : 8; 1 : 10; 1 : 12, etc.) and then stirred for
30minutes at 40°C. Then, the solution was kept for stirring
continuously for a period of 5 hours to optimize condition
for formation on nanoparticles. The change in color indi-
cates the formation of gold nanoparticles.

2.4. Characterization of Gold Nanoparticles. The synthesis of
nanoparticles by reaction gold solution (1mM) and Pistacia
chinensis extracts at various concentrations was character-
ized by ultraviolet visible spectrophotometer spectroscopy
(SP-3000 Plus, Japan), Fourier transform infrared (FT-IR),
Prestige-21 (Shimadzu, Japan), atomic force microscope
(AFM) (Agilent technology, USA), and clear change in
color. Changes in the ration of plant extracts and gold salt
intensity of the peaks changed to the visible region.

2.5. Animals. BALB/c mice were used in this study for in vivo
screening with range of weight from 20 to 26 g. The mice
were obtained from animal house facility of King Saud Uni-
versity, Saudi Arabia. After transferring the mice, they were
reserved at room temperature in standard laboratory condi-
tions at the College of Applied Medical Sciences, Qassim
University, Saudi Arabia. They were served with standard
food and water ad libitum. All the experiments were per-
formed in this study following the guidelines of the National
Research Council (US) Guide for the Care and Use of Labo-
ratory Animals after being reviewed and approved by the
Committee of Research Ethics, Deanship of Scientific
Research, Qassim University, Saudi Arabia (Ethical
Approval No. 21-09-07).

2.6. Enzyme Inhibitory Screening. Pistacia chinensis extract
and its AuNPs were assessed for urease and carbonic anhy-
drase inhibitory by following the recently published method
[52–57]. For urease inhibitory activities, the ammonia pro-
duction after treating the samples with urea was measured
via indophenol method. Thiourea was used in the urease
inhibitory evaluation as a standard inhibitor. Concentration
of Pistacia chinensis extract, gold nanoparticles of Pistacia
chinensis, and standard inhibitor used in this experiment
was 0.2μg. Data were recorded after 50minutes of incuba-
tion, and the formula used to determine the percent inhibi-
tion was the following:

%Inhibition = 100 – OD test well/OD controlð Þ × 100 ð1Þ

Pistacia chinensis extract and synthesized AuNPs of Pis-
tacia chinensis were tested also for carbonic anhydrase
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inhibitory potential. A yellow-colored compound (4-nitro-
phenol) was produced during the test. The assay was done
at room temperature, and acetazolamide was used in this
experiment as a standard inhibitor. Concentration of Pista-
cia chinensis extract, gold nanoparticles of Pistacia chinensis,
and standard inhibitor used in this experiment was 0.2mM.

2.7. Analgesic Activity. Pistacia chinensis extract and its
AuNPs was screened for analgesic activity by following the
recently published procedure using a standard method
[58–60]. Mice were divided into different groups in this
study, and each group comprised six mice (n = 6). The
weight of the mice ranged from 20 to 26 gram. One of the
mice groups was treated with a standard drug called diclofe-
nac as a dose of 10mg/kg, i.p. Another group of the mice
was administrated with normal saline at concentration
(10mL/kg i.p.), while the other groups of mice in this study
received Pistacia chinensis extract at different doses (25, 50,
and 100mg/kg (i.p.)) and gold nanoparticles at different
doses (5, 10, and 15mg/kg (i.p.)). After the completion of
treatment (40 minutes), acetic acid (0.9%) (v/v, 0.1mL/10 g
body weight) was used to induce the pain in the mice by
intraperitoneal injection (i.p.). The muscle contraction was
noted for every mouse in this experiment for a period of
10 minutes after injection of acetic acid.

2.8. Sedative Activity. Pistacia chinensis extract and its
AuNPs were screened for sedative activity by following the
recently published procedure [58, 59, 61]. The sedative activ-
ities of the extract were investigated in this study by using an
open-field screening technique which was performed in a
room with light and sound attenuated. All mice groups in
the study were adapted and familiarized with the red light
(40W red bulb) with also water and food accessible ad libi-
tum for 2 weeks before starting of the experiment. Normal
saline was used as a negative control, and diazepam was used
as a reference drug. One of the mice groups was treated with
the plant extract at different doses (25, 50, and 100mg/kg
(i.p)), and another mice group was treated with gold nano-
particles at doses of 5, 10, and 15mg/kg i.p. After that, each
mouse in the current experiment was kept in the white wood
arena in the center, and then, the number of lines crossed
was counted for every mouse in each group of mice.

2.9. Statistical Analysis. Outcomes of the current research
were presented asmean ± SEM (standard error of the mean).
The level of significant differences (p ≤ 0:05) between all the
groups in this study was evaluated using one-way analysis of
variance (ANOVA). Dunnett’s multiple comparison test was
performed for comparison purpose.

3. Results

3.1. Characterization of Gold Nanoparticles

3.1.1. UV-Spectroscopy. The results of UV-visible spectra
indicate that gold nanosized nanoparticles were prepared
successfully at various rations by recording peaks in the def-
inite region for gold nanoparticles. Figure 1 indicates various
peaks at the range from 530 to 550 nanometer showing dif-

ferent absorbance as a result of the different sizes of the syn-
thesized AuNPs. In addition, the sharpness of the peak
indicated the uniformity of AuNPs, and based on this infor-
mation, it was observed that the peak for AuNPs (1 : 4)
showed the highest absorbance by considering the peak
height from the baseline of the spectrum. This was the indi-
cation to the presence of greater concentration of AuNPs in
the solution, while other peaks presented also in Figure 1
showed lower peak height (measured from the baseline of
spectrum) and broadness which can reveal the presence of
a greater number of nonuniform AuNPs in the solution.
Thus, the ratio (1 : 4) was used in the current study for the
preparation of the bulk solutions for further investigations.

3.1.2. Kinetic Study of AuNPs. Results for the kinetic study of
the synthesis of AuNPs are indicated in Figure 2. It was
observed that the number and uniformity of nanoparticles
increased with the passage of time.

3.1.3. Stability towards pH. The pH of AuNP solution was
adjusted in the current study between 1 and 14 to evaluate
the effect of varied pH on the stability of AuNPs as shown
in Figure 3. The solution was kept at room temperature for
24 hours, and its affect was determined by recording UV-
visible spectrum. Results of the stability towards pH showed
that AuNPs were more stable in pH between 3 and 12, while
less stability was observed in pH between the range from 1 to
2 and from 13 to 14 indicating lower stability of the AuNP
solution in acidic and basic conditions. Maximum stability
was detected in this experiment at alkaline pH range of 8-
10, while moderate stability of the AuNPs was noticed at
pH range of 3 to 4 as in this range, the gold nanoparticles
showed peak broadening. However, the removal of plant
extract, considered as the stabilizer, from the gold surface
to destabilize the nanoparticles can be the reason for the
instability of AuNPs found at lower and higher pH. In addi-
tion, very low pH may cause the reoxidation of neutral
AuNPs.

3.1.4. Stability towards NaCl. The effects of salt (NaCl) on
AuNPs of Pistacia chinensis were examined in this current
study by using varying concentration of the salt from 0.1
to 0.5M on synthesized AuNPs. During the assay, the
AuNPs (2mL) were mixed with NaCl solution (1mL) which
have concentrations ranging from 0.1 to 0.5M in order to
find the salt effect. The UV-vis spectra were recorded after
keeping the intermixed solution of salt and AuNPs for 24
hours. Results showed that the AuNPs start precipitating
by increasing the salt concentration, and the solution
becomes colorless at a high concentration of the salt as
shown in Figure 4.

3.1.5. FT-IR Spectral Analysis. In the FT-IR spectrum
(Figure 5) of Pistacia chinensis, multiple peaks were
observed between 563 cm-1 and 3417 cm-1. Furthermore,
the green synthesis of AuNPs was confirmed by Fourier
transform infrared (FT-IR) spectroscopy analysis in
Figure 6, which exhibited different secondary metabolites
present in extracts involved in the synthesis of gold nanopar-
ticles (AuNPs). The FT-IR spectrum of extract and
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Figure 1: UV-visible spectra of gold nanoparticles prepared from Pistacia chinensis extract.
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synthesized nanoparticles exhibited a broad peak at 3417,
1643, 1386, and 1018 cm-1, which indicated the presence of
NH, C═N, and N═O in the extract. In AuNPs, these peaks
change toward higher frequency, showing that these func-
tional group are involved in the synthesis of nanoparticles.

3.1.6. Atomic Force Microscope (AFM) Imaging. Atomic
force microscope (AFM) indicated the synthesized nanopar-
ticles’ morphology and size. The size range of gold nanopar-
ticles of Pistacia chinensis ranges from 10 to 100nm and is
almost spherical in shape as shown in Figure 7.

3.2. Enzyme Inhibitory Potential. The results of urease and
carbonic anhydrase enzyme inhibitory potential of Pistacia
chinensis extract and its AuNPs are given in Tables 1 and 2.
The synthesized AuNPs exhibited significant urease inhibition
potential with an IC50 value of 44.98μg/mL and activity 92%
as shown in Table 1.

Also, the extract and AuNPs exhibited moderate car-
bonic anhydrase enzyme inhibitory potential as compared
to standard (acetazolamide). The nanoparticles exhibited
carbonic anhydrase inhibition with an IC50 value 53.54μg/
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Table 1: Urease inhibitory activity of extract and AuNPs of
Pistacia chinensis.

Tested samples Concentration % activity
IC50

(μg/mL)

P. chinensis extract 0.2 μg 47:65 ± 1:40 —

Gold nanoparticles
(AuNPs)

0.2 μg 92:09 ± 1:54 44:98 ± 1:02

Thiourea 0.2 μg 97:87 ± 1:21 21:54 ± 0:12
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mL, while the standard drug acetazolamide showed to have
IC50 value 0.13μg/mL (Table 2).

3.3. Analgesic Activity. The analgesic effect results of Pistacia
chinensis extract and its AuNPs are given in Table 3. The
AuNPs exhibited excellent attenuation (p < 0:01) in the ace-
tic acid-induced writhing model at dose of 15mg/kg. The
extract also exhibited excellent effect (p < 0:001) at a higher
dose as compared to standard drug (diclofenac sodium).

3.4. Sedative Activity. The results of the sedative effect for the
different doses of Pistacia chinensis extract and its AuNPs
are presented in Table 4. The synthesized nanoparticle
showed a significant sedative effect (p < 0:001) compared to
the standard drug (diazepam).

4. Discussion

Synthesized nanoparticles have multiapplication in cos-
metics, packing, coating, biomedicine, etc. [3, 62]. These
applications depend on prepared nanoparticles having uni-
form composition, size, shape, and stability [24, 63–65].
Medicinal plant-prepared nanoparticles gain key importance
throughout the globe due to its eco-friendless and simplicity
[8, 66, 67]. The plant contains bioactive compounds which
have a strong capacity to reduce heavy metals [66, 68]. Many
plants, including Salix alba, Allium cepa, Crocus sativus, and
Tropaeolum majus, have been documented to synthesize
metal nanoparticles [25, 64, 69–71]. In the present investiga-
tion, it is proved that the extracts of the title plant contain
various classes of compounds that possess the capacity to
reduce gold ion and produce stable nanoparticles.

The plant extract is acting as both reducing and stabiliz-
ing agents during the synthesis of nanoparticles and mixed
with solutions of the metal precursor at different reaction
conditions. The phytochemicals present in plants are
responsible for bioreduction of nanoparticles. Sugars in
plant extract can be responsible for the formation of metallic
nanoparticles. Proteins found in plant extract with function-
alized amino groups (–NH2) can participate in the reduction
of metal ions. The capping ligands play important role to
stabilize the nanoparticles and prevent uncontrolled growth
and agglomeration [72].

The synthesis of nanoparticles when the gold ion is
exposed to extracts of title plant could be observed by chang-
ing color, followed by UV-visible spectroscopy. UV-visible
spectroscopy is the preliminary technique to determine the
formation and stability of NPs in an aqueous solution
[8, 24, 27, 64]. The results of UV-visible spectra indicated
that gold nanosized nanoparticles were prepared successfully
at various ration by recording peaks in the definite region for
gold nanoparticles. The UV spectrum indicated various
peaks ranging from 530 to 550 nanometer showing different
absorbances, which designated different size of synthesized
AuNPs. The sharpness of the peak exhibited the uniformity
of AuNPs. It was reported that UV-vis spectra for the
AuNPs of alcoholic seed extract of black pepper exhibited
many peaks at the range of 530 to 550nanometer [24]. In
addition, UV-vis spectra of saffron stigma-based AuNPs
showed broad peaks and lower intensities at the wavelength
of 540nanometer [64].

Kinetic study of the synthesized nanoparticles showed
that the number and uniformity of nanoparticles increased
with the passage of time. This result is consistent with other
data obtained from a recent study performed using AuNPs
prepared from Opuntia dillenii aqueous extracts [8]. Fur-
thermore, the prepared nanoparticles were more stable
between the range of pH from 3 to 12, whereas lower stabil-
ity of these prepared nanoparticles was noticed more in
acidic and basic conditions, for example, in pH1-2 and
pH13-14. The instability of AuNPs found at lower pH and
higher pH in the current study can be attributed to the
removal of stabilizer (extract) from the gold surface to desta-
bilize the prepared NPs. Previous study showed that AuNPs
had maximum stability at pH10 using the extract of

Table 2: Carbonic anhydrase activity of extract and AuNPs of
Pistacia chinensis.

Tested samples Concentration % activity
IC50

(μg/mL)

P. chinensis extract 0.2mM 26:98 ± 1:32 —

Gold nanoparticles
(AuNPs)

0.2mM 76:43 ± 1:09 53:54 ± 0:32

Acetazolamide 0.2mM 89:76 ± 1:00 0:13 ± 0:32

Table 3: Analgesic effect of Pistacia chinensis extract and its
AuNPs.

Treatment Dose (mg/kg)
No. of writhing
in 10 mints

Saline 10ml/kg 146:98 ± 3:09
Diclofenac sodium 10 83:00 ± 0:51∗∗∗

P. chinensis extract

25 25:32 ± 1:98
50 34:23 ± 2:09
100 45:76 ± 1:76∗∗

Gold nanoparticles (AuNPs)

5 58:09 ± 1:30∗∗

10 69:65 ± 1:08∗∗∗

15 78:09 ± 1:00∗∗∗

Table 4: Sedative effect of Pistacia chinensis extract and its AuNPs.

Treatment Dose (mg/kg)
No. of lines crossed

in 10 mints

Saline 10mL/kg 125:23 ± 1:09
Diazepam 0.5 5:23 ± 0:03∗∗∗

P. chinensis extract

25 60:98 ± 2:66
50 51:92 ± 2:34
100 42:03 ± 2:98∗∗

Gold nanoparticles (AuNPs)

5 56:65 ± 1:87∗∗

10 44:32 ± 1:34∗∗∗

15 35:54 ± 1:05∗∗∗
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Momordica charantia [73]. Salt effect on prepared nanopar-
ticles showed that by increasing the concentration of salt, the
stability of nanoparticles decreased. Similarly, Alhumaydhi
et al. identified similar effects of salt stress on synthesized
AuNPs prepared from saffron stigma [64]. Bawazeer et al.
have also described similar stability findings of black
pepper-based AuNPs in different concentrations of
NaCl [24].

The FT-IR spectroscopy of the extracts and AuNPs indi-
cated the involvement of the various functional group in the
reduction of gold ions and formation of stable nanoparticles.
FT-IR spectra of the extracts showed the presence of NH,
C═N, and N═O in extract that are completely or partially
involved in reducing gold ion and preparation of nanoparti-
cles [74, 75]. The size AFM analysis showed that the nano-
particles range from 10 to 100nm and are almost spherical
in shape. Similar to this study, Uz-Zaman et al. described
uniform distribution of AuNPs prepared using the Trillium
govanianum Wall. Ex. Royle crude extract, reporting the
spherical shape of NPs having a particle size between 6.5
and 65.5 nanometer [76]. Similarly, Sadeghi et al. revealed
that the size of synthesized stevia leaf extract-based AuNPs
was between 21 and 45nanometer and was spherical in
shape [77].

Pistacia chinensis extract and synthesized nanoparticles
showed excellent urease and carbonic anhydrase enzyme
potential. The synthesized AuNPs exhibited significant ure-
ase inhibition potential with an IC50 value of 44.98. Simi-
larly, the nanoparticles exhibited good carbonic anhydrase
inhibition with an IC50 value 53.54 against acetazolamide
having IC50 0.13. Many previous studies have reported dif-
ferent enzyme inhibition activities of different plant extracts
and their AuNPs as compared to the standard [66, 69].

Pistacia chinensis extract and its AuNPs exhibited excel-
lent attenuation (p < 0:01) in acetic acid-induced writhing
model at dose of 15mg/kg. The synthesized nanoparticle
showed a significant sedative effect (p < 0:001) compared to
the standard drug. Findings of the current work are in accor-
dance with the outcomes of other recently published find-
ings showing promising in vivo activities for different plant
extract-based AuNPs [24, 64].

5. Conclusion

Synthesized NPs from natural products has gained signifi-
cant importance in the field of nanotechnology because of
their ecofriendly, safe, and efficient nature. The current
study has developed a raid and green methods to synthesize
nanoparticles by using Pistacia chinensis extract and evalu-
ated the effectiveness of these biosynthesized AuNPs by con-
ducting different in vitro and in vivo experiments. The size of
prepared nanoparticles was from 10 to 100 nm and almost
spherical in shape. The synthesized AuNPs exhibited signif-
icant urease and carbonic anhydrase inhibition potential
with an IC50 values of 44.98 and 53.54, respectively. In addi-
tion, outcomes of this work concluded that biosynthesized
AuNPs from Pistacia chinensis extract exhibited excellent
attenuation p < 0:01 in acetic acid-induced writhing model
at a dose of 15mg/kg and also showed a significant sedative

effect p < 0:001 compared to the standard drug. This
research work directed the researcher to purify active phyto-
chemicals from Pistacia chinensis involved in nanoparticles
synthesized. More investigations should be performed to
study and understand the probable mechanism of action
associated with these activities.
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This work made an attempt to optimize the powder metallurgy (PM) process parameters of ball-milled AA8079-B4C composites
via Taguchi grey relational analysis to attain better mechanical properties. The process parameters are reinforcement weight
percentage, compaction pressure, sintering temperature, and sintering time, and the output responses are micro Vickers
hardness and compressive strength. The different reinforcement weight percentages are AA8079-x wt.%B4C (X = 5, 10, and
15wt.%). The nanograin-refined green compacts were made at various compaction pressure 200MPa, 300MPa, and 400MPa.
The various sintering temperatures are 375°C, 475°C, and 575°C at different sintering times 1 h, 2 h, and 3 h. Taguchi L27
orthogonal array was utilized to examine the powder metallurgy process parameters. It could be understood from the results
that higher reinforcement weight percentage, compaction pressure, and sintering temperature were determined as appropriate
parameters to obtain maximum hardness and compressive strength.

1. Introduction

Metal matrix composite (MMC) offers a symbiotic blend
of properties; this could not be obtained in traditional
materials. The MMCs can be attained by combining par-
ticulates B4C, SiC, Al2O3, AlN, and Ash into less weight
alloys are the preferred to substitute traditional materials
in numerous usages defence, structural, automobile, aero-

space, marine, and mining industries [1–3]. Owing to the
less density, better specific strength and better thermal
conductivity aluminium alloys are extensively utilized [4].
To fulfill the necessities such as better mechanical proper-
ties and wear resistance of aluminium matrix composites
(AMCs), AMCs are reinforced with outstanding structural,
and physical properties are significantly required [5, 6].
Amid the different reinforcements, boron carbide (B4C)
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possesses extreme hardness subsequent to diamond and
cubic boron nitride. Moreover, B4C has lesser specific
gravity (2.51 g/cm3), and this is lower than Al (2.7 g/
cm3). B4C possesses extreme wear and impact resistance,
better resistance to chemical agents, and high melting
point [7, 8]. Despite of extreme mechanical properties,
the utilization of B4C reinforcement has been improved
extremely [9, 10].

Powder metallurgy (PM) production method includes
various steps, namely, blending of powders, compaction,
sintering, and secondary finishing method to manufacture
parts with reliable net-shape. Metal components produced
through PM can be utilized in automobile, aerospace,
defence, and electronic industry because of its superior phys-
ical and mechanical properties. Near net shape components
can be fabricated via PM method; furthermore, material
wastage can be eliminated. Uniform distribution of rein-
forcement particle with matrix can be attained [11, 12]. Pre-
cision metal components can be fabricated through PM
route so this technique has been acknowledged as extremely
established technique. In the course of the most recent seven
eras, the innovation has developed from fabricating bearings
for autos to difficult transferor gear set in vehicle transposal
and engines connecting rods [13]. Figure 1 shows the pro-
cess sequence for fabrication of MMC using PM. Nowadays,
many of the researchers focused to study the powder metal-
lurgy process parameters such as reinforcement weight per-
centage, compaction pressure, and sinterability [14–18].
Zakir Hussain et al. [19] examined the powder metallurgy
process parameters of diamond–copper composites in terms
of compaction pressure, sintering temperature, and holding
time and reported that compaction pressure 525MPa, sin-
tering temperature 900°C, and holding time 2h are the most
influencing parameters. Pravin et al. [20] utilized Taguchi
system to optimize the process parameters of Al-10% Cu
composites, and the process parameters are compaction
load, lubricant, sintering atmosphere, and dwell time and
stated that lubricant is a major influencing parameter. Ravi-
chandran and Anandakrishnan [21] examined the PM
parameters to obtain higher strength coefficient in alumin-
ium matrix composite via Taguchi method and described
that compaction pressure and sintering temperature are
major substantial parameters.

From the detailed literature study, it has been clearly evi-
denced that many of the researchers investigated the powder
metallurgy process parameters as in Figure 1 using different
matrix materials and reinforcement particles but none of the
work has been carried out in AA8079-B4C composites. Due
to that, an attempt has been taken to optimize powder met-
allurgy process parameters on the mechanical properties. In
general, a material should possess excellent hardness and
compressive strength properties then only it can be used
for desired application; according to that, this two mechani-
cal properties have been studied by grey Taguchi method.

2. Experimental Details

In this investigation, AA8079 powder was produced by min-
gling the elemental powders Cu, Fe, Si, and Zn with Al pow-

der. Purity of Al, Cu, Fe, Si, and Zn powders is 99.5%, and
mesh size as 10μm as AA8079 possesses less weight with
high strength. B4C was selected as reinforcement particle
with 99.5% purity and mesh size as 10μm as it has excellent
hardness; in addition, it has less density, and it is the third
hardest reinforcement next to diamond and cubic nitride.
The chemical composition of the pure elemental powders
is essential to synthesis AA8079 0.05Cu, 1.3Fe, 0.3Si,
0.15Zn, and Al remaining (each one in wt %). The SEM
image of the produced AA8079 and as received B4C is dis-
played in Figures 2(a) and 2(b).

Figure 3 shows the details of fabrication of ball milled
aluminium alloy and its composites. The needed amount
of elemental powders was exactly weighted by utilizing an
electronic weight balance machine to produce the composi-
tion, AA8079, AA8079-5%B4C, AA8079-10%B4C, and
AA8079-15%B4C and ball milled via high energy ball mill
for 10 h [22]. The drum speed maintained was 100 rpm
[23]. The diameter of the steel ball utilized here was
10mm, and ball to powder ratio was 10 : 1 [24].

The ball milled powders were compressed into cylindri-
cal billets (Dia 24 × 10mm). A computerized universal test-
ing machine capacity of 10 ton has been used to acquire a
green compact. Figure 4 shows the compaction press used
and other testing process conducted for the present work.
The green compacts were compacted at three different com-
paction pressure 200MPa, 300MPa, and 400MPa. Then, the
green compacts were sintered at three different sintering
temperatures 375°C, 475°C, and 575°C at three different sin-
tering times 1 h, 2 h, and 3h. As per ASTM, E384-08 Vickers
hardness test was performed at a load of 0.3 kg and a dwell
time of 10 s on the samples [25], and as per ASTM, E9-89a
compression strength test was done via computerized uni-
versal testing machine [26]. In this investigation, trials were
carried out with four parameters, and three level have been
selected. Hence, L27 orthogonal array was selected like rein-
forcement wt. %, compaction pressure, sintering tempera-
ture, and sintering time. Table 1 displays the process
parameters and their levels, and the details of the experi-
mental plan by means of L27 OA are enumerated in
Table 2. Figure 5 shows the procedure followed for Taguchi
grey relational analysis in this work.

3. Results and Discussions

3.1. S/N Ratio Analysis. Taguchi technique is a dominant
utensil in value optimization for fabrication routes. Taguchi
technique creates use of an unusual design of OA to inspect
the worth characteristics over a nominal amount of experi-
ments [27]. Word “signal” indicates the necessary value for
the output characteristic, and “noise” indicates the horrible
value for the output characteristic. The S/N ratios could be
deliberate using Equations (1) and (2)

S
N ratio = −10 log MSDð Þ: ð1Þ

MSD is mean square deviation.
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Process sequence for fabrication of metal matrix composites using PM method

Figure 1: Process sequence for fabrication of MMC using PM.

(a) (b)

Figure 2: (a) SEM images of 10 h ball milled AA8079 powders; (b) as received B4C.

Figure 3: Fabrication of ball milled aluminium alloy and its composites.
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The MSD for the higher the better quality characteristic
is expressed as

MSD = 1
n
〠
n

i=1

1
T2
i

: ð2Þ

An entire degree of factor was six to four factors. The
tests would permanently be carried out extra in numbers
than that of designated DOF. Therefore, L27 OA was chosen
based as per Taguchi’s design of experiments [28].

3.2. Interaction Effects of Factors. S/N response table for the
microhardness and compressive strength is displayed in
Table 3, and S/N response graph is shown in Figure 6, drawn
via the results provided in Table 3. The microhardness and
compressive strength increase with increasing the reinforce-
ment wt %, compaction pressure, and sintering temperature
[29, 30]. Here, the reinforcement wt % has been found to be
the supreme active parameter and compaction pressure; sin-
tering temperature and sintering time have been identified to
be a slight consequence on mechanical properties founded
on S/N ratio. From the Figure 6, it is clearly witnessed that
reinforcement wt % is the major noteworthy factor on the
response. It is detected that the interaction of reinforcement
wt % with compaction pressure is minor at low sintering
temperature and noteworthy at higher sintering tempera-
ture, the foremost cause is improper bind amid the particles

at low compaction pressure and low sintering temperature;
and repeatedly, it decreases the microhardness and compres-
sive strength value of the composites. Interaction of compac-
tion pressure with sintering temperature is minor at low
pressure and important at higher pressure. The maximum
microhardness and compressive strength are attained when
the compaction pressure is higher at sintering temperature
[31–35]. The interaction of sintering temperature with sin-
tering time is major at maximum temperature and minor
at least temperature for the microhardness, because diffusion
of atoms takes place at maximum temperature [36]. They
[37] reported that increase in reinforcement wt % and sin-
tering temperature increases the microhardness of the com-
posites. This work [38] reported that rise in compaction
pressure and sintering temperature increases the compres-
sive strength.

3.3. Grey Relational Analysis. It is one of the easiest and sim-
plest tools to provide exact results. The values of grey rela-
tion coefficient, grey relation grade, and its rank of each
experiments are arranged in Table 4. The author [39]
reported maximum the grey relational grade; the superior
would be the multirecital characteristics. Figure 7 displays
interaction plot for grey relational grade. Figure 8 displays
grey relational response for parameters for instance micro-
hardness and compressive strength. The optimal parameter
is acquired from trial 27. Table 5 displays response table of

Fabrication of sintered aluminum alloy (AA8079) and composites-testing process

Control panel

Compaction press

Compaction pressure:
200, 300 & 400 MPa

Sintering
temperature: 375,

475 & 575°c

Punch & die
setup

Green compacts

Sintering furnace
Vickers hardness
testing machine

Computerized universal
testing machine

Motor

Figure 4: Powder metallurgy process to produce alloy and composite samples.

Table 1: Process parameters and their levels.

Symbols Parameters Unit Level 1 Level 2 Level 3

A Reinforcement wt.% % 5 10 15

B Compaction pressure MPa 200 300 400

C Sintering temperature °C 375 475 575

D Sintering time hr 1 2 3
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Table 2: Experimental results as per L27 OA.

Expt. no Reinforcement (wt%)
Compaction

pressure (MPa)
Sintering

temperature (°C)
Sintering time (hr)

Compressive
strength

Hardness

1 5 200 375 1 125.49 141.59

2 5 200 475 2 133.74 145.27

3 5 200 575 3 140.05 120.09

4 5 300 375 2 131.48 147.92

5 5 300 475 3 149 149.73

6 5 300 575 1 142 167.3

7 5 400 375 3 105.33 151.25

8 5 400 475 1 156.03 114.89

9 5 400 575 2 157.11 112.62

10 10 200 375 1 108.09 138.97

11 10 200 475 2 110.81 164.85

12 10 200 575 3 151.24 136.06

13 10 300 375 2 112.79 120.45

14 10 300 475 3 145.98 128.53

15 10 300 575 1 154.77 154.7

16 10 400 375 3 116.22 122.02

17 10 400 475 1 141.06 152.38

18 10 400 575 2 148 132.41

19 15 200 375 1 139.09 161.56

20 15 200 475 2 120 126.42

21 15 200 575 3 122.12 165.98

22 15 300 375 2 147.19 145.69

23 15 300 475 3 150.06 184.41

24 15 300 575 1 156.88 159.14

25 15 400 375 3 145.02 151.77

26 15 400 475 1 164.33 174.2

27 15 400 575 2 171 158.03

Idenntifying
output variable

Idenntifying
controllable
parameters

Normalizing SN
ratio values (Data

processing)

Orthogonal array
and assigning

parameters

Grey relational
coefficients

(GRC)
Grey relational
grade (GRG)

Finding optimum
sequence from

GRG

L27 OA (�ree
level & four
parameters

Conducting
experiments as
per orthogonal

array

Experiments for validation of predicted results

Figure 5: Procedure for Taguchi grey relational analysis.
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the average grey relational grade for every level of the
parameters. According to these stages, average grey rela-
tional grade has been identified; (i) grey relational grades
have been combined via factor equal for every column in
the orthogonal array and (ii) average obtained [40]. The
abovementioned step has been repeated to determine the
normal grey relational grade values for every level of the
parameters. They [41] reported that average grey relational
grade indicates the level of correlation amid reference
sequence and the comparability sequence, the superior the
value of the grey relational grade, the stronger the correla-
tion to the reference sequence.

The optimal process parameter combination is achieved
from Table 5. The optimal reinforcement weight percent
level 3; optimal compaction pressure level 2; optimal sinter-
ing temperature, level 3 and duration, level 1; and the best
combination of process parameters, A3 B2 C3 D1. The opti-
mal process parameters values are reinforcement content
15wt %, compaction pressure 400MPa, sintering tempera-
ture 575°C, and sintering time 1h. It could be understood
from the Table 6 the maximum value is 0.1479, and the
equivalent control factor, i.e., the reinforcement wt % has

the strongest effect on multiperformance characteristics.
The order of consequence of the process parameter is factor
A (reinforcement wt %), B (sintering temperature), C (com-
paction pressure), and D (sintering time), i.e., 0:1479 >
0:1179 > 0:0907 > 0:0620. Factor A is utmost important influ-
ence in the process for the multiperformance characteristics.

3.4. ANOVA. From ANOVA in Table 7, it is detected that
the reinforcement weight %, sintering temperature, and
compaction pressure are vital parameters from the F values.
The sintering temperature is the most second influential
parameter. The compaction pressure has been considered
as third dominant part on the responses. Reinforcement
weight % is notable as utmost serious factor with highest
contribution percentage as shown in Figure 9. The com-
paction pressure, sintering temperature, and sintering time
are subsidized fair with contributions. Figure 9 shows the
contribution plot for all the parameters drawn from
ANOVA table.

Sintering normal for Al2O3-reinforced 2xxx series Al
composite powders was explored to acquire improved den-
sification. The dissemination of the fluid stage was speedier
in the composite powder sintered example than in the
mixed powder sintered example. The outcomes demon-
strate that a more prominent measure of fluid stage is
expected to improve the sinterability of 2xxx series Al com-
posite materials [42]. From Tables 3–6, the ideal parameters
for the compressive strength and hardness can be antici-
pated as the reinforcement weight 15%, compaction pres-
sure 400MPa, the sintering temperature 575°C, and the
sintering time 1h. This result is near the S/N and ANOVA
comes about.

3.5. Confirmation Test. Five examples were finished with
A3B2C3D1 parameters, and their normal quality coefficient
was found. Table 8 reveals the relationship of the predicted
quality coefficient and real quality coefficient of this compos-
ite preforms. A low rate blunder of 2.2% is gotten amid
anticipated; what is more, trial esteem is demonstrating a
decent relationship as appeared in Table 8.

3.6. Microstructure Analysis of the Composites Produced by
Anticipated Parameters. SEM analysis had been conducted
for the samples fabricated from the predicted parameters
(A3B2C3D1), and the images are shown in Figures 10(a)
and 10(b). From the SEM images, the occurrence of weight
percentage of B4C particles in the AA8079 matrix was
attained. The foremost factors manipulating the microstruc-
ture of PM components are compaction pressure along with
sintering temperature as per the results obtained from the
present study. It is observed from Figures 10(a) and 10(b)
that the higher compaction pressure and sintering tempera-
ture enhance proper bonding amid B4C particles and
AA8079 matrix. This creates denser structure owing to
greater diffusion rates results in fine microstructure. The
uniform distribution of B4C particles in Figure 10(b) is evi-
dent in the proper identification PM parameters from the
TGRA. This proper microstructure of the composite sample
enhanced the properties such as CS and hardness.

Table 3: Response table normalized SN ratios.

Expt. no Normalized S/N ratios
Microhardness Compressive strength

1 0.403538 0.306989

2 0.454799 0.432618

3 0.104053 0.528704

4 0.491712 0.398203

5 0.516924 0.664992

6 0.761666 0.558398

7 0.538097 0

8 0.03162 0.772042

9 0 0.788488

10 0.367043 0.042028

11 0.727539 0.083448

12 0.326508 0.699102

13 0.109068 0.113598

14 0.221619 0.619004

15 0.586154 0.752855

16 0.130937 0.165829

17 0.553838 0.544084

18 0.275665 0.649764

19 0.681711 0.514086

20 0.192227 0.22339

21 0.743279 0.255672

22 0.460649 0.63743

23 1 0.681133

24 0.648001 0.784986

25 0.545341 0.604386

26 0.85778 0.898432

27 0.632539 1
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Figure 6: S/N ratio response graph for microhardness and compressive strength.

Table 4: Grey relational coefficient.

Grey relation coefficient
Expt.
no.

Microhardness
Compressive
strength

Grey relational
grade

Rank

1 0.456012 0.419108 0.43756 22

2 0.478377 0.468436 0.473406 19

3 0.35818 0.514776 0.436478 21

4 0.49589 0.453804 0.474847 18

5 0.508608 0.598796 0.553702 8

6 0.6772 0.53101 0.604105 6

7 0.519803 0.333333 0.426568 23

8 0.340511 0.686853 0.513682 15

9 0.333333 0.702729 0.518031 14

10 0.441323 0.342942 0.392133 24

11 0.647282 0.35297 0.500126 16

12 0.426079 0.624299 0.525189 13

13 0.359471 0.360646 0.360059 27

14 0.39112 0.56754 0.47933 17

15 0.547138 0.669214 0.608176 5

16 0.365213 0.374765 0.369989 26

17 0.52845 0.523059 0.525755 12

18 0.408385 0.588072 0.498229 16

19 0.611031 0.507143 0.559087 7

20 0.382329 0.391662 0.386996 25

21 0.660746 0.401823 0.531284 10

22 0.481069 0.579663 0.530366 11

23 1 0.6106 0.8053 1

24 0.586855 0.699287 0.643071 4

25 0.523747 0.558276 0.541011 9

26 0.778549 0.831161 0.804855 2

27 0.576395 1 0.788198 3
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Table 5: Grey relational grade for each level of parameters.

Factor Parameters Level 1 Level 2 Level 3 Delta Rank

A Reinforcement wt. % -6.195 -6.622 -4.367 2.255 1

B Compaction pressure -6.601 -5.198 -5.384 1.403 3

C Sintering temperature -6.954 -5.269 -4.961 1.992 2

D Sintering time -5.128 -6.160 -5.896 1.032 4
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Table 6: Response table for means.

Factor Parameters Level 1 Level 2 Level 3 Delta Rank

A Reinforcement wt. % 0.4932 0.4732 0.6211 0.1479 1

B Compaction pressure 0.4714 0.5621 0.5540 0.0907 3

C Sintering temperature 0.4546 0.5604 0.5725 0.1179 2

D Sintering time 0.5654 0.5034 0.5188 0.0620 4

Table 7: Analysis of variance for grey relational grade, using adjusted SS for tests.

Source DF Adj SS Adj MS F value P value

Reinforcement wt.% 2 0.115957 0.057979 8.61 0.002

Compaction pressure 2 0.045403 0.022702 3.37 0.057

Sintering temperature 2 0.075683 0.037842 5.62 0.013

Sintering time 2 0.018770 0.009385 1.39 0.274

Error 18 0.121183 0.006732

Total 26

S = 0:0820511; R − Sq = 67:86%; R − SqðadjÞ = 53:57%.
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Figure 9: Contribution plot from ANOVA.

Table 8: Confirmation results.

Optimal process parameters

Parameter Predicted Experiment

Microhardness
A3B2C3D1

190 VHN

Compressive strength 177MPa
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4. Conclusions

The subsequent conclusions have been strained from the
investigations conducted on the AA8079-B4C composites
under various process parameters.

The AA8079-B4C composites were fabricated via powder
metallurgy manufacturing method.

The influence of powder metallurgy process parameters
on AA8079-B4C composites was studied.

The important parameters reinforcement weight per-
centage, compaction pressure, sintering temperature, and
sintering time were analysed by using Taguchi grey analysis
on the responses such as hardness and compressive strength
of AA8079-B4C samples.

Amid the parameters, reinforcement weight percentage
15%, sintering temperature 575°C, compaction pressure
400MPa, and sintering time 1h shows a positive conse-
quence on the mechanical properties.

SEM examination on the AA8079-B4C sintered compos-
ites fabricated by the optimized parameters shows the
homogenous dispersal of the reinforcement with the matrix
and good bonding between the matrix and reinforcement.

In future, the same results were optimized by using
some other optimization tools like genetic algorithm and
neural network.
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Nanoparticles are extensively used in biomedical and biotechnological research. Their large surface area, excellent physical
properties, high permeability, and retention effect make them ideal for biomedical applications including diagnosis and
treatment. Silver nanoparticles proved to be the safest for therapeutic uses. In the present study, silver nanoparticles (AgNPs)
were prepared using various ratios of Ziziphus nummularia fruit extract and silver nitrate solution. The nanoparticles were
investigated for hair growth and antibacterial and antifungal activities. Characterization of AgNPs was done by using UV-
spectrophotometer, scanning electron microscope (SEM), X-ray diffractometer (XRD), thermogravimeter (TG), energy
dispersive X-ray (EDX), Fourier transform infrared spectroscopy (FTIR), and master sizer. UV-spectrophotometer results
showed the best ratio 10 : 10 of Z. nummularia fruit aqueous extract to silver solution for nanoparticle production at 400 to
430 nm wavelength. The size of AgNPs was 40 nm as measured by SEM. Characterization of AgNPs through EDX resulted in a
silver peak at 3 keV. In contrast, differential scanning calorimetry (DSC) spectra show that the AgNPs are stable up to 160°C.
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The XED spectra gave 12 nm size of crystallite at 2 theta degree angle. FTIR bands for the metal oxides were recorded at 665 cm-1.
Weight loss of the prepared nanoparticles was observed due to moisture loss when subjected to TGA, whereas particle size
distribution 0.1μm to 0.17μm was recorded by the master seizer. The Z. nummularia fruit aqueous extract-mediated AgNPs
were noted highly effective against Gram-positive bacteria compared to ethanolic, methanolic, chloroform, and ethyl acetate
extracts of Z. nummularia fruit. The Gram-negative bacteria fungal species showed less sensitivity to AgNPs. The hair growth
activity was observed to be higher for AgNPs followed by minoxidil than ethanolic and methanolic extracts of Z. nummularia
fruit. These findings have concluded that Z. nummularia-AgNPs have an effective hair growth activity and exhibit several
applications in distinctive biomedical and pharmaceutical industries.

1. Introduction

Nanotechnology has induced a great scientific advancement in
research and technology. It deals with science and technology
to control matter at the molecular level. On the nanoscale
level, the properties of matter are considerably different from
their properties in bulk. It refers to the ability to design, char-
acterize, produce, and apply structures, devices, and systems
by controlling shape and size at the nanometer gage. Nano-
technology is the study and application of small objects which
can be used across all fields such as chemistry, biology, bio-
technology, physics, material science, and engineering [1].

The preparation of metallic nanoparticles has attracted
attention due to their unique biotic and physicochemical
characteristic related to their macroscaled counterparts.
Gold, silver, zinc, iron, and copper stable dispersions of
nanoparticles are very useful in microbiology, photography,
catalysis, biological labeling, photonics, and optoelectronics.
Silver nanoparticles are of prime importance because of their
wide applications in medical devices and pharmaceutical
products [2], antimicrobial properties, and low toxic effects
on animal and human cells. For such applications, small par-
ticle size can enhance the antimicrobial effect. So the reac-
tants used to prepare nanoparticles should be nontoxic or
nonirritant. Therefore, a method is known as green synthesis
favor well these purposes. The nanoparticles prepared
through “green synthesis” are eco-friendly, nontoxic, and
safe reagents [3]. Several methods are available for the fabri-
cation of silver nanoparticles, including a reduction in solu-
tions, chemical and photochemical reactions in reverse
micelles, thermal decomposition of silver compounds, radia-
tion assisted, electrochemical, sono-chemical, microwave-
assisted process, and recently via green chemistry route [4].
The use of environmentally friendly materials such as plant
extract, microorganisms (bacteria, fungi), and enzymes for
the preparation of silver nanoparticles has many advantages
of eco-friendliness, compatibility for pharmaceuticals, and
other biomedical applications as they do not contain toxic
material for the fabrication protocol. Chemical synthesis
methods for the preparation of nanoparticles lead to the
presence of some harmful material absorbed on the surface
that may cause adverse effects in treating various ailments.
Green synthesis has advantages over chemical and physical
methods; for example, it is cost-effective, eco-friendly, and
easy preparation for large scale synthesis. Moreover, there
is no need to utilize high pressure, energy, temperature,
and toxic chemicals [5].

The role of hairs is of great importance in mammals,
especially in the padding of heat and community patterns.

Comparatively, the human body consists of fewer hairs
than other mammals. The presence of hairs on the human
body has cosmetic importance rather than the existence of
life. Hair loss in humans is a skin disorder. It has remained
an issue for many years due to disturbance in metabolism,
genetic factor, irregular secretion of hormones, and use of
different drugs like immunosuppressant and antineoplastic
agents. The FDA approved synthetic drugs for hair growth
such as minoxidil and finasteride have been discouraged
due to side effects. Therefore, searching for new sources
from natural product of plant origin can play a significant
role in overcoming these problems [6]. Z. nummularia,
commonly known as Malla or Jher berry, belong to Rham-
naceae. The fruit of Z. nummularia has a cooling and
astringent effect and can be used as an appetizer, stomachic,
to treat mucous and enhance biliousness effect [7]. Differ-
ent parts of Z. nummularia have been reported for the tra-
ditional treatment of various types of diseases [8]. however,
no published data are available regarding the preparation of
silver nanoparticles from its fruits. The roots, leaves, bark,
and seeds of Z. nummularia have been focused on in all
the research work up till now, and fruits have been
neglected so far as a possible subject of study and analysis
[9, 10].

In this study, silver nanoparticles (AgNPs) were formed
by blending different amounts of fruit extract from Z. num-
mularia and silver nitrate solution. The nanoparticles were
studied for their effect on hair growth and activity against
pathogenic bacterial and fungal strains.

2. Materials and Methods

2.1. Fruit Collection and Preparation. Healthy and fully rip-
ened fruits of Z. nummularia were collected from plants
during the fruiting season and washed thoroughly with
deionized water. The fruits were cut into pieces and kept
in a sterile shady environment for drying. After drying, the
samples were ground into the powdered form using mortar
and pestle and transferred into polythene bags. Extraction
from the dried plant material was done in five different sol-
vents, i.e., water, chloroform, ethanol, methanol, and ace-
tone. In 100mL of each solvent, 25 g of the dried powder
sample was taken in a beaker and kept on a shaker for
48 h. The solutions were then filtered using Whatman No.1
filter paper (pore size 25μm) into conical flasks, and the fil-
trates were kept for drying in a shady sterile environment.
Under reduced pressure, solvents were allowed to be evapo-
rated, and the dried extracts were stored at 25°C for analysis.
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2.2. Preparation of Silver Nanoparticles. Silver nanoparticles
(AgNPs) were prepared via the standard method described
by Turkevich et al. [9]. Aqueous extract of Z. nummularia
fruit was used as a bioreductant to synthesize silver nanopar-
ticles. A 0.085 g of silver nitrate was thoroughly dissolved in
100mL of distilled water to get a 1mM solution of AgNO3.
Then, silver nitrate solution was mixed with aqueous extract
of Ziziphus fruit in the ratios of 6 : 1, 8 : 1, 10 : 1, 12 : 1, and
14 : 1. The mixture was kept on a shaker for about 4 h. The
change of color from colorless to yellowish-brown was
observed, indicating silver nanoparticles’ formation.

2.3. Characterization of Silver Nanoparticle. Characterization
of AgNPs was carried out by UV-Vis spectral analysis
through UV-Vis spectrophotometer UV-2450 (Shimadzu).
Infrared spectra were obtained using a Fourier transform
infrared spectrometer (I.R. Prestige Fourier transform infra-
red spectrophotometer, SHIMADZO, Japan) ranging 4000-
600 cm-1. XRD analysis was performed using Joel X-ray dif-
fractometer JDX-3532 with coat JCPDS no. 003-1018 and Ni
filter, using monochromatic CuKα radiation of wavelength
1.5418Å. The X-ray generator was operated at 40 kV and
30mA. The scanning range 2θ/θ was selected. The scanning
speed of 10min-1 was employed for precise determination.
Hitachi S-4500 SEM machine was used for scanning electron
microscopic (SEM) analysis. EDX Sight Oxford instrument
was used for EDX analysis. The thermal gravimetric analysis
used the Diamond Series TG, PerkinElmer, USA, analyzer
using Al2O3 as reference. The particle size analyzer gives
an order about the size of the synthesized silver nanoparti-
cles formed by the leaf extract of Ziziphus nummularia.

2.4. Antibacterial Assay. S. aureus (ATCC 6538), E. coli
(ATCC 35218), Streptococcus pyogenes (ATCC 19615), Pseu-
domonas aeruginosa (ATCC 125668), S. pneumoniae
(ATCC 6303), Streptococcus faecalis (ATCC 9790), Proteus
vulgaris (ATCC 6380), and Proteus mirabilis (ATCC
14153) were obtained from Sarhad University microbiology
lab. The agar well-diffusion was followed to determine anti-
bacterial activity. Nutrient agar (N.A.) plates were swabbed
(sterile cotton swabs) with 8 h old-broth culture of respective
bacteria. A sterile cork borer was used for making wells of
about 10mm diameter and about 2 cm apart in each of these
plates. A stock solution of each plant extract was prepared at
a 1mg/mL concentration in different plant extracts, viz.,
methanol, ethanol, petroleum ether, and water. Around
100μL of various plant solvent extracts was syringed into
the wells and left to diffuse for 2 h at room temperature.
Control experimentations, including inoculums without
plant extract, were carried out. The incubation of plates
was carried out for bacterial pathogens at 37°C for 18-24 h.
The activity index was also calculated, and the diameter of
the inhibition zone (mm) was also measured. The experi-
ment was repeated three times for maintaining triplicates.
The readings were taken in three different fixed directions
for each replicate, and the average values were noted [11].

2.5. Antifungal Assay. Candida albicans (ATCC 60193),
Cryptococcus neoformans (ATCC 14115), and Aspergillus

niger (ATCC 6275) were obtained from Sarhad University
microbiology lab. A well-diffusion method was followed to
determine the antifungal activity. Potato dextrose agar
(PDA) plates were swabbed (sterile cotton swabs) with 8 h
old-broth culture of respective fungi. Wells (10mm diameter
and about 2 cm apart) were made in each plate using a sterile
cork borer. A stock solution of each plant extract was pre-
pared at a 1mg/mL concentration in different plant extracts,
viz., methanol, ethanol, petroleum ether, and water. About
100μL of different concentrations of plant solvent extracts
was added sterile syringe into the wells and allowed to dif-
fuse at room temperature for 2 h. Control experimentations,
including inoculums without plant extract, were carried out.
The incubation of plates was carried out for bacterial patho-
gens at 37°C for 18-24 h. The activity index was also calcu-
lated, and the diameter of the inhibition zone (mm) was
also measured. The experiment was repeated three times
for maintaining triplicates. The readings were taken in three
different fixed directions for each replicate, and the average
values were noted [12].

2.6. Determination of Minimum Inhibitory Concentration
(MIC). The extracts of Z. nummularia were very effective
as antimicrobial agents. Later on, the MIC and MBC values
were also determined for each strain by applying tests. The
extracts were diluted to give the final concentrations of 75,
37.5, 18.8, 9.4, 4.7, 2.4, 1.2, 0.6, 0.3, and 0.15mg/mL.
100μL of 105CFU/m of the microbial strains was inoculated
in tubes with an equal volume of nutrient broth and plant
extracts. The tubes were incubated aerobically for 24-48 h
at 37°C. Three control tubes were maintained for each strain
(organism control, extract control, and media control). The
least concentration of the extract (highest dilution) that did
not produce visible growth (no turbidity) in the initial 24 h
as compared to the control tubes was considered as prelim-
inary “MIC.” The dilutions that showed no turbidity were
further incubated for 24h at 37°C. The lowest concentration
that did not show any visual turbidity after the overall incu-
bation period of 48h was considered the final “MIC.”

2.7. Determination of Minimum Bactericidal Concentration
(MBC). The value of MBC was found out by subculturing
the test dilution (which did not show any visual turbidity)
on newly prepared nutrient agar media. Further incubation
of plates was carried out for 18-42 h at 37°C. The highest
dilution that yielded no single bacterial colony on the nutri-
ent agar plates was taken as MBC [13].

2.8. Minimum Fungicidal Concentration (MFC). The MFC
determination was carried out initially by choosing those
tubes that did not show any growth during “MIC” determi-
nation. An inoculating loop full from each tube was subcul-
tured onto agar plates free from the extract and incubated at
37°C for further 24h. That minimum concentration, at
which there was no growth observation, was considered
the “MFC” [14].

2.9. Hair Grow Activity. Four rabbits of almost the same
weight were taken and kept in the animal house for one
week. All the rabbits were offered the same diet. After one
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week, the right limb of rabbits was shaved with a razor in a
dimension of 1 × 3 inch. Then, the shaved area was mas-
saged with minoxidil, ethanolic, and methanolic extracts of
Z. nummularia and silver nanoparticles three times a day
throughout the experimental periods. The size length of
hairs was measured by the scale and noted in photographs
[15]. All rabbits throughout the experimental study provided
the same diet and environmental conditions.

3. Results and Discussion

Z. nummularia aqueous fruit extract was used as a reducing
agent to synthesize silver nanoparticles and characterized
using various sophisticated instruments. The prepared silver
NPs were analyzed by UV-spectrophotometer, SEM, XRD,
TGA, DSC, EDX, and particle size analyzer. Further, the pre-
pared AgNPs were evaluated for antimicrobial and hair
growth activities.

3.1. Analysis of Silver Nanoparticles by UV-
Spectrophotometer. Figure 1 shows peaks of different sizes
and shapes of silver nanoparticles confirmed at a region of
460 to 485 nm. The silver nanoparticle formations depend
on the concentration of silver and plant extracts. The maxi-
mum absorbance of silver nanoparticles depends on Ag con-
centration concerning plant extract [16, 17]. The maximum
absorbance was noted with a ratio of 1 : 12 of plant extract

and silver nitrate solution indicated by the uppermost
orange line, which is the optimum ratio peak, while the other
lines show minimum absorbance specified for nanoparticles
larger in size than the orange line. Namratha and Monica
[18] studied that variation in the absorption peaks of the
synthesized silver nanoparticles might be the difference in
the morphology of the nanoparticle. Analysis of silver nano-
particles by scanning electron microscopy white patches as
shown in Figure 2 indicates silver nanoparticles’ formation
using Z. nummularia fruit extract. The silver nanoparticles
formed are round; however, some white large dull patches
can also be seen that represents an accumulation of the par-
ticles. The round and uniform silver nanoparticles have been
noted with a diameter of 40 nm. The SEM results indicated
that Z. nummularia fruit extract acts as a strong reducing
agent, resulting in spherical and uniform Ag nanoparticles.
However, the large white spot may be an aggregation of
the nanoparticles. Our results showed particle size contrast
[13], where the observed particle sizes ranged between
4nm and 6.5 nm.

3.2. Analysis of Silver Nanoparticles by EDX. EDX spectros-
copy is used for elemental analysis, as depicted in Figure 3.
The EDX spectra show the high intensive silver peak, which
represents the formation of silver nanoparticles. The spectra
indicated the silver nanoparticles peak at 34 keV, whereas
carbon and oxygen peaks are also present, representing the
mixed precipitation in the plant extract. It has been reported
that oxygen and carbon peaks are due to the presence of bio-
molecules attached to the surface of the silver nanoparticles
[19, 20]. Priya et al. [21] also studied plant-mediated silver
nanoparticles. They reported the presence of silver, carbon,
and oxygen peaks when analyzed through EDX. Jiang et al.
[22] suggested that Ag is only the major element present in
the NPs under study. Our results are also in concordance
with the study of [14], which observed silver, carbon, and
oxygen peaks in Z. nummularia fruit aqueous extract-
mediated silver nanoparticles characterized by EDX.
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Figure 1: UV-spectrophotometer spectra of silver nanoparticles of different ratios of Ziziphus nummularia fruit.

Figure 2: SEM image of silver nanoparticles of Ziziphus
nummularia fruit extract at 60,000 magnification level.
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Figure 3: EDX spectra of silver nanoparticle of Ziziphus nummularia fruit.
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Figure 5: XRD spectra of silver nanoparticle of Ziziphus nummularia fruit.
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3.3. Analysis of Silver Nanoparticles by DSC. DSC has been
used to study the isothermal behaviour of silver nanoparti-
cles. Figure 4 shows the DSC spectra of silver nanoparticles
with temperatures ranging from 20°C to 160°C. The DSC
spectra clearly show various exothermic peaks at 45, 70,
95, and 99°C. These peaks indicated that the gradual loss
of water started at a temperature of 45°C and ended at
99°C, whereas above 99°C, the silver nanoparticles were
found stable up to 160°C. Our results are nearly in agree-
ment with Farhat et al. [16], where AgNPs of Z. nummularia
leaf extract were stable up to 93°C.

3.4. Analysis of Silver Nanoparticles by XRD. The XRD spec-
tra of silver nanoparticles at 2θ (degree) angle are shown in

Figure 5. The diffraction peaks at 37 and 43 represent the
correspondence indices 111 and 200, respectively. The corre-
spondence peaks indicated the typical face-centered cubic
structure of silver nanoparticles. Sulochana et al. [23] inves-
tigated the XRD technique of Andrographis paniculata leaf
extract’s silver nanoparticles. The diffraction peaks of silver
nanoparticles at 37 and 44 confirmed the indices 111 and
200, respectively. The particle size of the prepared silver
nanoparticles was noted at 15nm by using the Deby Scherer
equation as listed below.

D = K λ
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Figure 6: FTIR spectra of silver nanoparticle of Ziziphus nummularia fruit.
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Figure 8: MSA pictogram of silver nanoparticle of Ziziphus nummularia fruit.

Table 1: The antibacterial activity of different extract of Ziziphus nummularia fruit and silver nanoparticle against Gram-positive bacteria.

Aqueous Methanol Ethanol Chloroform Ethyl acetate Ag nanoparticles

S. aureus (ATCC 6538) 11:66 ± 1:52 13:66 ± 1:52 13:33 ± 2:51 06:33 ± 0:57 06:66 ± 1:15 16:66 ± 1:52
S. pyogenes (ATCC 19615) 13:00 ± 2:00 16:13 ± 1:15 15:66 ± 2:08 10:66 ± 0:57 06:25 ± 0:57 20:00 ± 1:00
S. pneumonia (ATCC 6303) 06:33 ± 1:15 09:63 ± 1:15 08:66 ± 2:00 04:10 ± 0:57 04:33 ± 1:52 12:00 ± 1:00
S. faecalis (ATCC 9790) 12:54 ± 1:52 13:00 ± 2:64 10:38 ± 0:57 05:00 ± 1:00 05:66 ± 1:52 17:00 ± 2:00

Table 2: The antibacterial (Gram negative) activity of different extract of Ziziphus nummularia fruit and silver nanoparticle (mean ± SD).

Gram-negative bacteria
Zone of inhibition mmð Þ ± standard deviation

Aqueous Methanol Ethanol Chloroform Ethyl acetate Ag Nanoparticles

E. coli (ATCC 35218) 06:24 ± 1:00 08:73 ± 0:57 07:39 ± 0:57 04:00 ± 1:00 03:66 ± 0:57 18:66 ± 1:15
P. aeruginosa (ATCC 125668) 06:51 ± 0:21 07:15 ± 0:57 06:54 ± 1:15 03:78 ± 1:00 02:99 ± 1:00 13:00 ± 1:00
P. mirabilis (ATCC 14153) 07:33 ± 1:52 07:07 ± 1:00 06:00 ± 1:00 03:71 ± 1:15 02:68 ± 0:57 14:00 ± 1:00
P. vulgaris (ATCC 6380) 06:87 ± 1:54 06:61 ± 0:57 07:08 ± 0:32 03:43 ± 0:57 03:19 ± 1:15 10:00 ± 1:00
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where D is the mean size, K is the constant (0.94) pro-
portionality, λ is the wavelength (1.54060Å) of X-ray, β is
the excess line broadening, and θ is the Bragg angle.

Β = B − b, ð2Þ

where B stands for line width (radian) and b is instru-
ment line broadening (radian). The crystallite sizes were
found to be 20-60 nm using the above formula. Geetha-
lakshmi et al. [24] reported that Trianthema decandra
extract mediated silver nanoparticles and was characterized
by XRD at 2 theta, ranging from 10 to 80. According to
the study, the average size of prepared silver nanoparticles
was 15 nm, ranging from 10 to 50nm. The diffraction pat-
tern corresponds to no impurities present; this proves that

pure silver nanoparticles were prepared. Similar XRD pat-
tern reports were observed in the Eclipta prostrate, Tribulus
terrestris, and Prosopis juliflora extracts for synthesized
AgNPs [23].

3.5. Analysis of Silver Nanoparticles by FTIR. Fourier trans-
form infrared spectroscopy of AgNps is shown in Figure 6.
An infrared study was carried out to ascertain the nature
and purity of the Ag nanoparticles. The infrared spectrum
consists of two regions, i.e., fingerprint and functional group
regions. The absorption band for organic compounds is
observed in the functional group region. At the same time,
metals normally show absorption spectra in the fingerprint
region, resulting from the atomic vibration of the molecules.
The peak detected at 3443.22 cm-1 show the O-H group,

Table 3: The antifungal activity of different extract of Ziziphus nummularia fruit and silver nanoparticle (mean ± SD).

Fungi
Zone of inhibition mmð Þ ± standard deviation

Aqueous Methanol Ethanol Chloroform Ethyl acetate Ag nanoparticles

C. albicans (ATCC 60193) 13:00 ± 1:73 14:33 ± 1:53 12:12 ± 1:53 03:00 ± 1:73 08:74 ± 1:15 14:67 ± 1:53
C. neoformans (ATCC 14115) 11:31 ± 1:15 15:54 ± 2:08 13:00 ± 1:73 07:33 ± 0:58 03:67 ± 1:53 23:67 ± 1:53
A. niger (ATCC 6275) 05:60 ± 1:15 10:11 ± 2:08 11:41 ± 0:58 06:67 ± 0:58 03:57 ± 0:58 21:00 ± 1:73

Table 4: MIC and MBC of ethanolic and methanolic extracts of Ziziphus nummularia and silver nanoparticles (μg/mL).

Gram-positive bacteria
Ethanolic extract (μg/

mL)
Methanolic extract

(μg/mL)
Silver nanoparticles

(μg/mL)
MIC MBC MIC MBC MIC MBC

S. aureus (ATCC 6538) 250 500 230 475 100 200

S. pyogenes (ATCC 19615) 200 500 210 425 100 150

S. pneumonia (ATCC 6303) 300 550 275 510 150 250

S. faecalis (ATCC 9790) 300 600 280 525 100 300

Table 5: MIC and MBC of ethanolic and methanolic extracts of Ziziphus nummularia and silver nanoparticles (μg/mL).

Gram-negative bacteria
Ethanolic extract (μg/

mL)
Methanolic extract

(μg/mL)
Silver nanoparticles

(μg/mL)
MIC MBC MIC MBC MIC MBC

E. coli (ATCC 35218) 300 600 310 630 200 375

P. aeruginosa (ATCC 6303) 250 500 280 540 200 350

P. mirabilis (ATCC 14153) 250 450 290 510 150 300

P. vulgaris(ATCC 6380) 300 500 280 490 250 400

Table 6: MIC and MFC of ethanolic and methanolic extracts of Ziziphus nummularia and silver nanoparticles (μg/mL).

Fungi
Ethanolic extract Methanolic extract Silver nanoparticles

MIC MBC MIC MBC MIC MBC

C. albicans (ATCC 60193) 350 600 325 570 200 400

C. neoformans (ATCC 14115) 300 600 270 550 150 250

Aspergillus niger (ATCC 6275) 300 550 250 510 200 300
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which result from the stretching and deformation of water
molecules adsorbed to the surface of the metal. Similarly,
the peaks were observed at 1646 cm-1, 1458 cm-1, 1140 cm-

1, 1056 cm-1, and 7787.6 cm-1, representing other functional
groups present in the synthesized particle. FTIR stretching
vibrations showed that the biomolecules such as alkaloids,
flavonoids, and phenols in bark extract were responsible
for reducing, capping, and stabilizing silver nanoparticles.
A similar trend was also observed in the synthesis of AgNPs
using Artocarpus heterophyllus Lam [25] and Abelmoschus
esculentus [26, 27] seed extracts.

3.6. Analysis of Silver Nanoparticles by TGA. By increasing
the temperature and employing the thermal gravimetric
analysis, % weight loss of AgNPs was detected, as shown in
Figure 7. The experimental conditions for gravimetric anal-
ysis were set at a temperature range of 200°C to 1600°C to
determine the decomposition of the prepared silver nano-
particles. It was found that the decomposition started at
25°C. At the same time, the size of the particles was noted

to have been decreased up to 92.60°C. The initial sample size
was 8.416mg which gradually decreased to 0.0123mg due to
extensive loss of moisture contents at a temperature of
92.60°C. Kasthuri et al. [28] analyzed the TGA of the phyl-
lanthin extract loaded with gold and silver NPs when heated
from 35 to 800°C. The initial weight loss observed at 150°C
was attributed to the water molecules present. In our study,
no further weight loss occurs beyond 92.60°C as proposed by
Farhat et al. [16] for Z. nummularia fruit extract-mediated
silver nanoparticles.

3.7. Analysis of Silver Nanoparticles by MSA. Master sizer is
mainly used to measure the particle size in the nanometer
range. The synthesized silver nanoparticles of Z. nummu-
laria fruit extracts are shown in Figure 8. Further analysis
of the synthesized particle confirmed their size range from
0.10μm to 0.17μm. On the mass medium diameter analysis,
50% of the particles were small in their size and diameter of
0.9 micrometres. Jeyanthi et al. [29] prepared Dracaena
mahatma leaf extract-mediated silver nanoparticles and

Table 7: Correlations among antibacterial (Gram positive) activity of Ziziphus nummularia fruit extract in different solvents and in
combination with silver nanoparticles. The symbols ∗ and ∗∗ show the significance of a correlation.

Aqueous Methanol Ethanol Chloroform Ethyl acetate Silver nanoparticles

Aqueous 1.00

Methanol 0.89∗∗ 1.00

Ethanol 0.63 0.91∗∗ 1.00

Chloroform 0.60 0.89∗∗ 0.95∗∗ 1.00

Ethyl acetate 0.86∗∗ 0.86∗ 0.79 0.62 1.00

Silver nanoparticles 0.94∗∗ 0.99∗∗ 0.83∗ 0.84∗ 0.83∗ 1.00

Table 8: Correlations among antibacterial (Gram negative) activity of Ziziphus nummularia fruit extract in different solvents and in
combination with silver nanoparticles. The symbols ∗ and ∗∗ show the significance of a correlation.

Aqueous Methanol Ethanol Chloroform Ethyl acetate Silver nanoparticles

Aqueous 1.00

Methanol -0.57 1.00

Ethanol -0.85∗ 0.50 1.00

Chloroform 0.20 0.42 0.24 1.00

Ethyl acetate -0.15 0.00 0.64 0.63 1.00

Silver nanoparticles 0.63 -0.39 -0.95∗∗ -0.47 -0.85∗ 1.00

Table 9: Correlations among antifungal activity of Ziziphus nummularia fruit extract in different solvents and in combination with silver
nanoparticles. The symbols “∗” and “∗∗” show the significance of a correlation.

Aqueous Methanol Ethanol Chloroform Ethyl acetate Silver nanoparticles

Aqueous 1

Methanol 0.91∗∗ 1.00

Ethanol 0.84∗ 0.99∗∗ 1.00

Chloroform -0.52 -0.12 0.03 1.00

Ethyl acetate 0.64 0.26 0.11 -0.99∗∗ 1.00

Silver nanoparticles -0.39 0.03 0.18 0.99∗∗ -0.96∗∗ 1.00
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confirmed that average particle size obtained 0.87 micro-
metres through master size analyzer. In contrast, the average
particle size of the synthesized nanoparticle 108 nm was
reported by Tugçe et al. [30].

3.8. Antimicrobial Activities. Nowadays, multiresistant bac-
terial strains have been developed, resulting in increased
morbidity and mortality. Due to the high cost and unwanted
effects of commercially available antibiotics, searching low-
cost and potentially active compounds is needed that can
act as new antimicrobial agents. Therefore, new antibiotics
from other sources, especially plant origin with known anti-
microbial activity, are required [30–33]. Table 1 shows that
the zone of inhibition 11.66mm was produced against S.
aureus (ATCC 6538) by aqueous extract followed by
13.66mm and 13.33mm by methanolic and ethanolic
extracts, respectively. Chloroform and ethyl acetate extract
was noted less effective, having 6.33mm and 3.66mm zone
of inhibition, respectively.

In contrast, a silver nanoparticle of Z. nummularia fruit
extract was noted highly effective with a 16.66mm zone of
inhibition. Streptococcus pyogenes (ATCC 19615) showed
high resistance against ethyl acetate extract, having a

6.25mm zone of inhibition; however, methanolic extract
was found highly effective, having a 16.13mm zone of inhi-
bition against Streptococcus pyogenes followed by a
20.00mm zone of inhibition produced by Z. nummularia
fruit extract AgNPs. Streptococcus pyogenes (ATCC 19615)
showed high resistance against chloroform and ethyl acetate
extract with 4.10mm and 4.33mm zone of inhibition,
respectively. The same bacteria showed less resistance
against Z. nummularia fruit extract AgNps having a
12.00mm zone of inhibition. In the case of Streptococcus fae-
calis, the methanolic extract was found effective, having a
13.00mm zone of inhibition; however, the silver nanoparti-
cle of Z. nummularia fruit extract was noted highly effective
with a 17.00mm zone of inhibition.

Table 2 reveals that ethyl acetate extract of Z. nummu-
laria fruit extract was less effective with a 3.66mm zone of
inhibition against E. coli, followed by a 4.00mm zone of
inhibition produced by chloroform extract. AgNps of Z.
nummularia fruit extract had the maximum zone of inhibi-
tion of 18.66mm. Pseudomonas aeruginosa (ATCC 125668)
was noted to be highly resistant to chloroform and ethyl ace-
tate extract with 3.78 and 2.99mm zone of inhibition. Aque-
ous and ethanolic extracts showed nearly the same activity of

A = Untreated

D = Minoxidil (+ve control) E = Silver nano particles

B = Ethanolic C = Methanolic extract

Figure 9: Shaved areas of rabbit skin.

A = Untreated

D = Minoxidil (+ve control) E = Silver nano particles

B = Ethanolic C = Methanolic extract

Figure 10: Air growth on the shaved area of rabbits in response to various extracts on the 7th day.
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6.51 and 6.54mm zone of inhibition against the same bacte-
ria. The prepared silver NPs were found highly effective with
13.00mm zone of inhibition. The highest zone of inhibition,
14mm, was recorded against Proteus mirabilis (ATCC
14153) by silver NPs, while the zone of inhibition of all the
extracts was in the range of 2.68 to 7.33mm. The least zone
of inhibition, 3.19mm of ethyl acetate, was recorded against
Proteus vulgaris(ATCC 6380) whereas the highest zone of
inhibition, 10.00mm of silver NPs, was measured against
Proteus vulgaris (ATCC 6380). Taking together, the Z. num-
mularia fruit-mediated silver nanoparticles were found

highly effective against various types of tested bacteria and
possessed maximum antibacterial activity. Previous studies
conducted to examine plant-mediated silver nanoparticles
[23] also report the maximum antimicrobial potential of sil-
ver nanoparticles.

Table 3 represents the antifungal activity of different
extracts of Z. nummularia fruit and the silver NPs of Z.
nummularia fruit extract. It shows that the methanolic
extract and AgNPs were found highly effective against Can-
dida albicans (ATCC 60193) having 14.33 and 14.67mm
zone of inhibition followed by 13.00, 12.12, 8.74, and

D = Minoxidil (+ve control) E = Silver nano particles

B = EthanolicA = Untreated C = Methanolic extract

Figure 11: Investigation of hair growth on the shaved area of rabbits in response to various extracts on the 14th day.

A = Untreated

D = Minoxidil (+ve control) E = Silver nano particles

B = Ethanolic C = Methanolic extract

Figure 12: Analysis of hair growth in response to various extracts on the 21st day.

Table 10: Measurement of newly grown hairs of rabbits in response to different solvent extracts and Ziziphus nummularia fruit-mediated
silver nanoparticles.

Time period
Length of hair measurement in centimeter (cm)

Groups
Untreated Ethanolic extract Methanolic extract Minoxidil (positive control) Silver nanoparticles

Day 0 0 0 0 0 0

Day 7 0.6 0.7 0.7 0.9 0.9

Day 14 1.4 1.9 1.8 2.8 3.1

Day 21 2.4 3.3 3.5 4.5 4.8
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3.00mm zone of inhibition of aqueous, ethanolic, ethyl ace-
tate, and chloroform extracts, respectively. Methanolic and
ethanolic extracts of Z. nummularia fruit were effective with
15.54 and 13.00mm zone of inhibition against Cryptococcus
neoformans (ATCC 14115). However, the highest zone of
inhibition was 23.67mm of AgNPs against the same fungi.
In the case of Aspergillus niger (ATCC 6275), the methanolic
and ethanolic extracts of Z. nummularia fruit produced a
nearly same zone of inhibition (10.11 and 11.41mm). In
contrast, the highest zone of inhibition, 21.00mm of AgNPs,
was recorded against Aspergillus niger (ATCC 6275). The
values of the zone of inhibition of other extracts of Z. num-
mularia fruit were in the range of 3.57 to 6.67mm. Our
results showed that silver nanoparticles were highly effective
against various tested fungal species. Tugçe et al. [30]
reported that silver nanoparticles possess an effective anti-
fungal property against C. albicans, C. kefyr, and A. niger.
The present study emphasizes using the medical plant to
synthesize silver nanoparticles with an antifungal effect.

Table 4 shows the MIC and MBC values of ethanolic and
methanolic extracts of Z. nmmularia fruit and silver nano-
particles of the respective plant fruit extract. According to
this data, the MIC value 250μg/mL of ethanolic extract
was noted against Staphylococcus aureus (ATCC 6538),
whereas the MBC value 500μg/mL was recorded against
the same bacteria. The methanolic extract was found more
effective than ethanolic extract having 230μg/mL and
475μg/mL MIC and MBC values. However, the AgNPs were
highly effective with 100μg/mL MIC value and 200μg/mL
MBC value. The MIC and MBC values 200μg/mL and
500μg/mL of the ethanolic extract were recorded against
Streptococcus pyogenes (ATCC 19615). The prepared silver
nanoparticles were found highly effective than ethanolic
and methanolic extracts having MIC value 100μg/mL and
MBC value 150μg/mL. In the case of Streptococcus pneumo-
nia (ATCC 6303) and Streptococcus faecalis (ATCC 9790),
methanolic extract was more effective than ethanolic extract;
however, both the bacteria showed less resistance against sil-
ver nanoparticles.

Table 5 reveals that silver nanoparticle was highly effec-
tive against E. coli (ATCC 35218) having 200μg/mL and
400μg/mL MIC and MBC values, respectively. Pseudomonas
aeruginosa (ATCC 125668) showed more resistance against
ethanolic and methanolic extracts and less resistance against
the AgNPs with 200μg/mL MIC and 250μg/Ll MBC values.
The MIC and MBC values of methanolic extract were noted
higher than ethanolic extract; however, the prepared nano-
particle was found highly effective against Proteus mirabilis
(ATCC 14153) than ethanolic and methanolic extracts.
The ethanolic and methanolic extracts were less effective
against Proteus vulgaris (ATCC 6380). In contrast, the pre-
pared nanoparticle was more effective than ethanolic and
methanolic extracts with 250μg/mL MIC and 400μg/mL
MBC values.

The MIC and MFC values 350μg/mL and 600μg/mL of
the ethanolic extract were measured against Candida albi-
cans, whereas the MIC and MFC values of methanolic
extracts were recorded 325μg/mL and 570μg/mL
(Table 6). Cryptococcus neoformans (ATCC 14115) showed

less resistance against the prepared AgNPs than ethanolic
and methanolic extracts. The MIC and MFC values of etha-
nolic extract were measured higher than methanolic extract
against Aspergillus niger (ATCC 6275); however, the pre-
pared nanoparticle was more effective with 200μg/mL and
300, respectively, against Aspergillus niger (ATCC 6275).

3.9. Correlation among Antimicrobial Activities of Solvents.
Correlations calculated for antimicrobial activity of Z. num-
mularia fruit extract in different solvents (aqueous, metha-
nol, ethanol, chloroform, and ethyl acetate) and an
aqueous solution of silver nanoparticles were informative
(Table 7). The antimicrobial activity of methanolic extract
of Z. nummularia fruit demonstrated a significant positive
correlation with the other solvents and the aqueous solution
of silver nanoparticles. A mixture of silver nanoparticles and
Z. nummularia fruit extract showed significantly positive
correlations with the fruit extracts in different solvents such
as aqueous, methanol, ethanol, chloroform, and ethyl ace-
tate. The highest significant positive correlation (R2 = 0:94)
was found between methanolic extract and silver
nanoparticles.

In combination with silver nanoparticles and an aqueous
solution, fruit extracts demonstrated negative correlations
(Table 8) with the antimicrobial activities of the Z. nummu-
laria fruit extracts in the other solvents. Z. nummularia fruit
extracts in ethanolic solution showed strong negative corre-
lations with the fruit extract in aqueous solution (R2 = −0:85
) and the aqueous mixture of silver nanoparticles and the
fruit extract (R2 = −0:95). A highly significant positive corre-
lation (R2 = 0:99) was observed (Table 9) between chloro-
form and silver nanoparticles, while strong negative
correlations were noted for ethyl acetate with chloroform
(R2 = −0:99) and silver nanoparticles.

3.10. Hair Growth Activity. Hair growth activity of minoxi-
dil, methanolic extract, ethanolic of Z. nummularia fruit,
and silver nanoparticle is shown in Figures 9–12. The photo-
graphs taken after one week indicated that the shaved area of
rabbits massaged by silver nanoparticles gave good results
compared to ethanolic and methanolic extracts. The length
of newly grown hairs in the area massaged by minoxidil
and silver nanoparticles was found maximum than that of
ethanolic and methanolic extracts of Z. nummularia fruit
(Figures 9–12). The hair growth activity of Z. nummularia
leaf extract and its respective silver nanoparticles have also
been studied by Kaya et al. [14]. All the results for hair
growth activity were presented in photographs. As shown
in Table 10, maximum hair growth was recorded on the
21st day in groups D and E, which were treated with minox-
idil and silver nanoparticles, respectively. However, groups B
and C treated with ethanolic and methanolic extracts were
found less effective as full hair growth did not occur there.
The hair growth values in untreated group A (negative con-
trol) were less than all treated groups. A similar study was
conducted by Deepa et al. [31] using different groups of rab-
bits treated with Amla, methi, and Neem hair oil in different
concentrations. It was reported that each hair oil (Amla,
methi, and Neem) in 7.5% concentration was highly effective
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than 3.5 and 4.5% concentration in combination to achieve
the full hair growth.

4. Conclusions

Z. nummularia aqueous fruit extract-mediated silver nano-
particles were prepared and confirmed through UV-
spectrophotometer and FTIR. The size of the particles was
measured at 40nm through SEM, whereas XRD confirmed
the crystalline nature of the particles. The prepared nanopar-
ticles were found stable from 90°C to 160°C when analyzed
by DSC, and EDX confirmed the intense sharp peak of the
sliver. In conclusion, the size silver nanoparticles of 40 nm
were noted to be highly effective against both Gram-
positive and Gram-negative bacteria and different tested
species of fungi compared to other extracts of Z. nummu-
laria fruit. Moreover, the prepared silver nanoparticles
exhibited the highest hair growth activity, followed by
minoxidil. However, the toxicological study of the prepared
silver nanoparticles is highly recommended before their
use on a commercial level. Furthermore, clinical trials are
required to determine its therapeutic effect on various
bacteria.
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Calcium oxide nanoparticles (CaO NPs) have unique catalytic and biological properties; their activities are highly influenced by
their morphology; as a result, these characteristics are most needed for various applications in several fields, including material
science, environmental science, and medicinal science. The primary motivation for synthesizing CaO NPs using a biological
method is to suppress the usage of hazardous chemicals used in making its process, which will be more cost-effective and
ecologically profitable. However, due to the complexity of the biological extracts employed in chemical processes, large-scale
manufacturing of nanoparticles via the green synthesis approach remains a significant problem. As a result, the production of
CaO NPs utilizing Moringa oleifera plant leaves aqueous extract as an alternative biological agent for capping, stabilizing, and
reducing agents due to rich phytochemical parameters in synthesis was investigated in this study. The structural
characterization of the CaO NPs obtained by using UV-Vis, FTIR, XRD, and SEM-EDS indicates the presence of purity and
primarily aggregated spherical nanosized material with an average size of 32.08 nm observed. The XRD study revealed that
heat annealing increased the size of the crystallites, favoring monocrystalline. Finally, these findings, together with the cheap
cost of synthesizing the plant-mediated CaO NPs produced, show good antimicrobial (gram-positive) activities.

1. Introduction

Technology must be miniaturized to nanoscale size materials
to function in the twentieth century. Nanostructures are a

scientific discipline that involves manipulating materials on
a nanoscale level. Nanomaterials act like atoms because they
have a larger surface area, enormous surface potential, and
unique surface properties [1]. These nanosized materials
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exhibit high surface by volume ratios compared to bulk
materials. The physical characteristics of larger particles are
stable, have less surface volume ratio, and limit their applica-
bility in many disciplines. Because of their size, shape, and
morphology, bulk materials exhibit improved and unique
characteristics when manipulated at the nanoscale level [2].
As an individual, they are helpful in various disciplines,
including material science [3], photochemistry, medicine
[4], and solar energy [5]. Calcium oxide (CaO) finds wide
used in cosmetics, medicine, waste remediation, destructive
adsorbent, and catalyst [1]. Chemical precipitation, hydro-
thermal, microemulsion, sol-gel, gas phase, microwave syn-
thesis, and electrochemical methods have been described
for CaO NPs synthesized and for other nanomaterials such
as NiO, FeO, ZnO, Ag, and Au. Green method is significant
for cost-effective, harmless, and eco-friendly than any other
methods like chemical and physical [6, 7]. According to
the literature, some of the phytoremediation notions found
in the plant extract may be related to nanomaterial produc-
tion’s chemical mechanism [8, 9]. Metal/metal oxide nano-
particles (NPs) are considered the best way for future
generations to use everywhere within clinical care, consumer
items, and other industrial applications [6, 10]. The adsorp-
tion of CO2, biomedical applications, gas sensing, and pho-
tocatalytic activity of CaO NPs have also gotten much
attention [11].

Moringa oleifera plant, as shown in Figure 1, is a drum-
stick evergreen or deciduous tree of a single genus in the
Moringaceae family; because of its numerous nutritional,
medicinal, and industrial benefits [12, 13], it is regarded as
a “wonder tree.” It is a tiny, fast-growing ornamental tree
found throughout Africa and Asia’s tropical areas. It is pri-
marily appreciated for its edible parts as fruits, leaves oil,
leaves, and flowers, and it is widely utilized in traditional
medicine [14]. According to a literature survey, the leaves
have a high nutritional content, including vitamins, min-
erals, and amino acids used as an alternate source for dietary
supplements [15] and growth boosters [16, 17]. Because of
their high coagulation properties, the M. oleifera seeds pow-

der has traditionally been used for purification of water in
many rural regions [18]; in coagulation studies, a slight
reduction in the total bacterial count of the filtered water
was found, with antibacterial and antioxidant effects, indi-
cating that the seeds may contain antibiotic compounds
[19]. Moringa is said to offer a variety of therapeutic proper-
ties [12, 14]. Thus, the M. oleifera tree parts are used in tra-
ditional medicine to cure diarrhea, hypertension, and folk
medicines. As a result, herbal plants used in medicine, also
known as phytomedicine, are still reliable [12]. Plant com-
ponents function as cardiac stimulants and anticancer [20],
antiulcer, antipyretic, and anti-inflammatory [15]. The M.
oleifera Plant also has anticancer, antimicrobial, antidiabetic,
antibiotic, antihypertensive, antioxidant, hepatoprotective,
and cholesterol-lowering effects [14, 21, 22].

Due to the more effective and environmentally friendly
approach to the biosynthesis of CaO NPs, the utilization of

Figure 1: Moringa oleifera plant.

Figure 2: Moringa oleifera leaf powder.

(a)

(b)

Figure 3: (a) Moringa oleifera leaves powder extract and its basic
solution. (b) Yellow-colored precipitate of MO-CaO NPs.
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plant leaves aqueous extracts will be a worthy scientific chal-
lenge [4, 23, 24]. It is long been recognized that phytochem-
icals present in a plant material can function as a biological
reduction on metal and metal oxide production [25, 26],
with flavonoid compounds being one of the most influential
families of secondary metabolites in plant tissues for metal
ion reduction [27]. Depending on the kind of plant, most
flavonoid compounds include ascorbic acid, phenolics, and
carotenoids [16, 22]. “M. oleifera leaf has been reported to

be a rich source of beta-carotene, protein, vitamin C, carot-
enoids, polyphenols, phenolic acids, flavonoids, alkaloids,
glucosinolates, isothiocyanates, tannins, saponins, calcium,
and potassium, as well as a good source of natural antioxi-
dants, and thus improve the shelf life of fat-containing foods
due to various antioxidant compounds such as ascorbic acid,
flavonoids, phenolics, and carotenoids” [12, 28]. In recent
research, Moringa leaf powder aqueous extracts have been
used to make nanoparticles [16]. This is the first time a
shrub has been used for green nanoparticle deposition. We
perform work for the biosynthesis of CaO nanoparticles
with the employment of Moringa oleifera leaves aqueous
extract secondary metabolite compounds and its study
regarding antibacterial activity because there is still a lack
of scientific reports on using the extract of Moringa oleifera
(MO) leaves as a biologically reductive and capping agent on
the biosynthesis of MO-CaO nanoparticles [16]. Further-
more, the antibacterial activity outline of nanomaterial was
investigated in contrast to bacterial fears, with the final result
revealing that Gram-positive (G+) bacteria (Escherichia coli)
are more vulnerable than Gram-negative (G-) bacteria at
various concentrations.
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Table 1: XRD data.

No. 2θ Θ d-Spacing (A°) Intensity (a.u) (hkl)

1 29.596 14.798 3.015 921.858 011

2 32.216 16.108 2.775 1302.459 111

3 37.348 18.674 2.405 3171.038 002

4 42.812 21.406 2.109 436.0656 012

5 53.829 26.914 1.701 1424.864 022

6 64.091 32.045 1.451 432.2400 113

7 67.335 33.667 1.388 416.9390 222
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Figure 6: XRD pattern of MO-CaO NPs.

3Journal of Nanomaterials



2. Materials and Methods

2.1. Materials. Analytical grades with 98% of purity of cal-
cium nitrate Ca (NO3)26H2O and sodium hydroxide
(NaOH) and deionized water grade-I (Extra pure) Charco
Chemicals. M. oleifera leaves are collected through the local
farm in Nashik, Pimpalgaon (B), Maharashtra, India.

2.2. Preparation of Moringa oleifera Plant Leaves Powder.
Fresh mature Moringa leaves were collected during the day-
time from the local farm, removed the leaves and discarded
the stems and stalks, and then thoroughly were washed with
distilled water and followed with deionized water to remove
the various impurities such as mud, dust particles, and
unwanted material. The MO leaves were allowed to dry in
the oven at 80°C for 2 hrs after drying and made powder
using mortar and pestle, and leaves powder, as shown in
Figure 2, was taken for MO-CaO NPs synthesis purposes.

2.3. Synthesis of Calcium Oxide Nanoparticles Using M.
oleifera Leaves (MO-CaO NPs). The 2 g MO leaves powder
was boiled in deionized water for 25min at 60°C. A light
brown colored solution in Figure 3 was formed during the
boiling and cooled at room temperature (RT). After that,
the brown-colored aqueous extract was filtered (Whatman
No. 1), and the filtrate (stock solution) was stored in the
refrigerator (2°C to 4°C) for further work. 20mL MO plant
aqueous extract was boiled at 50°C to 60°C using a magnetic
stirrer. The temperature of the solution was reached at 50°C
to 60°C; 2 g of calcium nitrate (Ca(NO3)2 H2O) was added to
maintain the basic nature of the aqueous extract solution by
using a few drops of sodium hydroxide (2M NaOH) solu-
tion [29] as shown in Figure 3(a). Then the mixture was
boiled until it became a yellow-colored paste (Figure 3(b))
and filtered through filter paper, and the precipitate was
transferred to a crucible and heated in a muffle furnace up

to 400°C for 3 hrs to obtain the white powder; it is the
MO-CaO NPs which were identified by the characterizations
and used for various applications.

3. Results and Discussion

3.1. UV-Vis Absorption Spectroscopy Analysis. The absorp-
tion spectra of M. oleifera leaf aqueous extract and MO-
CaO NPs with an absorption peak of about 280.5 nm and
323 nm, respectively, are shown in Figure 4. The leaf extracts
bump at 250nm to 300nm; it could be the presence of poly-
phenolic bioactive compounds responsible for reducing cal-
cium ions to CaO NPs [30]. The UV-Vis spectra of MO-
CaO were taken in the solid-state, with the substantial exci-
tation binding energy at 25°C; MO-CaO NPs show exciton
absorption at 323nm. Demonstrating UV-Vis of MO-CaO
NPs, it can be seen that the nanomaterial has a good absorp-
tion capacity in the visible region [11].

3.1.1. Vibrational Properties. The aqueous extract of MO
contains a lot of phytochemicals such as alkaloids, glyco-
sides, phenols, tannins, saponins, glucosinolate, and flavo-
noids. These major bioactive components will act as
capping and stabilizing agents and can be reduced from cal-
cium metal salt (Ca2+) precursors to CaO NPs. To further
affirm the formation of the CaO NPs crystal structure, FT-
IR spectroscopy is shown in Figure 5. The strong IR band
located at 534 cm-1 attributed to fundamental vibrations of
CaO, confirming the formation of CaO NPs. The broad peak
observed at 1062 cm−1 corresponds to the C-O stretching
frequency of phytochemicals in the Moringa oleifera aque-
ous leaves extract. The peaks around 1382 cm-1 correspond
to the O-H bend of flavonoids and polyphenols, confirming
the presence of an aromatic group. The absorption peak
appearing around 1442 and 3430 cm-1 could be correlated
to adsorbed water’s bending and stretching vibrations bands
and the residual -OH group. The bioactive/biomolecules in
leaf extract of Moringa oleifera are responsible for the cap-
ping, reducing, and stabilizing CaO NPs. To identify the
nature of the MO extract, which was responsible for the
reduction of calcium ions to form the CaO NPs, the aqueous
extract of MO were investigated [30]; the major bioactive
compounds, as shown in Scheme 1 in Moringa oleifera leaf
aqueous extract, may be responsible for capping and reduc-
ing the nature of the CaO NPs [30].
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Figure 7: SEM images and EDS of MO-CaO NPs.

Table 2: Ca and O elements composition in the synthesized CaO
nanoparticles.

Element Line type Wt% Atomic %

O K series 59.81 72.22

Na K series 23.45 19.71

Ca K series 16.74 8.07

Total: 100 100
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3.2. FT-IR Analysis. For the MO-CaO NPs and M. oleifera
leaf aqueous extract, IR measurements were performed at
room temperature using the KBr technique in the wavenum-
ber range (400 to 4000 cm-1). The CaO bond bending vibra-
tion appears as a peak in the low energy area at 437.98 cm-1.
Ca-oxygen is responsible for the zone between (400 and 600)
cm-1. The stretching vibration of the -OH group is responsi-
ble for the prominent peak in the higher energy area at
3600–3450 cm-1. At roughly 2933–2915 cm-1, the -CH
stretching vibration band appears, indicating the existence
of an alkanes group. The amide I and amide III sections of
proteins/enzymes are responsible for the peaks around
1620–1655 and 1150-1390 cm-1. The presence of functional
groups of alcohols, and a carboxylic acid, may be seen in the
influential bands detected at 1120–1065 cm-1 C–O stretch-
ing vibration. The absorption bands at 3430, 2918, 1624,
1442, and 1062 cm-1 in the FT–IR spectra indicate the struc-
ture of M. oleifera in which high phytochemicals parameters
caused these peaks, as shown in Figure 5. As a result, water-
soluble phenolic acid and flavonoid components are essen-
tial in the bioreduction process. The interactions between
reducing phenolic acids such as ascorbic, cardiac glycoside,
gallic acid, and calcium ions can lead to MO-CaO NPs.
The mechanism of CaO NPs stabilization by M. oleifera leaf
extract ascorbic acids and green production of CaO NPs
might entail the reduction of calcium nitrate ions, which
can form intermediate complexes with phenolic -OH groups
found in hydrolyzable tannins, which are then oxidized to
quinine forms, resulting in calcium reduction to CaO NPs.
However, the process is yet unknown and has to be investi-
gated further.

3.3. X-Ray Diffraction Microscopy (XRD). The XRD patterns
show perceptible peaks of CaO NPs at 29.59°, 32.22°, 37.35°,
42.81°, 53.83°, 64.09°, and 67.34°, corresponding to (011),
(111), (002), (012), (022), (113), and (222) planes of cubic
system CaO NPs as shown in Table 1. The plane values of
XRD patterns agree with CaO (lime, syn, JCPDS card No.
00-004-0777) with cubic crystal system and lattice parame-
ters (a = 4:8152 A°). All recorded peak intensities were char-

acteristics of the cubic structure; the relatively high intensity
of the (002) peak indicates anisotropic growth and implies a
preferred orientation of the crystallites, as shown in Figure 6.
The stiff and narrow diffraction peaks suggest that the prod-
uct is excellent crystalline. There is no shift in the diffraction
peaks, and other crystalline impurities are not observable.

3.3.1. Calculation of d-Spacing between Calcium Oxide
Nanoparticles. It can be calculated by using Bragg’s equation:

nλ = 2d Sin θ ð1Þ

where λ = 1:54A° wavelength of X-rays, n is the order of dif-
fraction (n = 1), d is the distance between adjacent CaO
layers, and θ is the diffraction angle.

d-Spacing is calculated by using above equation:

d = n λ
2 x sin θ

ð2Þ

Crystal planes for the cubic system:

dhkl =
a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 + k2 + l2
p

a = b = c = 4:8152 Å
ð3Þ

According to the Scherrer equation,

D = K λ

βCOSθ
D ≤ 200 nmð Þ ð4Þ

where D is the average crystallite size/diameter (particle
size); K is the Scherrer constant, 0.68 to 2.08, 0.94 for spher-
ical crystallites with cubic symmetry; β = β′π/180, broaden-
ing at FWHM in radians; β′ is the full width at half
maximum; λ is the X-rays wavelength (CuKα = 1:5408Å);
and θ is the Glancing angle in degrees half of 2θ.

Using the above Scherrer equation, the mean or average
particle size of the plant-mediated CaO NPs is 32.08 nm.

(a) (b)

Figure 8: The antibacterial activity of plant-mediated CaO NPs (a) and (b) Escherichia coli at various concentrations.
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3.4. Scanning Electron Microscopy and Energy Dispersive X-
Ray Analysis (SEM-EDS). The sample’s SEM studies in
Figure 7 show the synthesized MO-CaO NPs. The images
depicted both individual CaO NPs and the number of aggre-
gates. The picture shows that the particles are round, granu-
lar, and nanosized. The size and form of the MO-CaO NPs
are visible in the SEM images. NPs were spherical with a
group of aggregated particles; according to XRD analysis,
the average particle sizes are within 30–40nm, as shown in
Figure 6. To confirm the purity of the MO-CaO, the energy
dispersive X-ray analysis was done. EDS spectrum clearly
shows that the synthesized material is highly pure, which
shows peaks due to Ca, O, and Na elements as shown in
Figure 7 and Table 2, and the presence of Na may be due
to the basic solution of MO plant leaves aqueous extract.
The FTIR analysis shows that Ca and O atoms produce weak
and strong bonding peaks due to macromolecules such as
alcoholic or phenolic compounds; weak peaks are detected
from the elements S, K, C, Na, Ca, and O [5].

3.4.1. Antibacterial Activity. According to the minimal
inhibitory concentration (MIC) method, Escherichia coli
and Staphylococcus aureus were used as microorganisms in
this study. Stock solutions of synthesized compounds were
prepared in DMSO. Cultures were incubated in nutrient
broth for 24hrs at 37°C at 160 rpm. The turbidity of bacterial
suspension was adjusted at a concentration of approximately
106 cells/ml. The microorganisms grown were spread on the
nutrient agar medium plate, and then a well was prepared
with the help of a good borer. Then 100μl of a synthesized
compound of various concentrations was added to each well,
as shown in Figure 8. After that, all plates were incubated at
37°C for 24hrs in the incubator. The minimum inhibitor
concentration was taken as the MIC value, at which no
growth was observed.

4. Conclusion

Leaf powder extracts of theMoringa oleifera plant act as cap-
ping and reducing agents due to phytochemical parameters
used to make CaO nanoparticles for this study. Still, the
reaction mechanism and specific bioactive groups are
unknown and must be investigated further. The use of nano-
particles made from leaf extracts is a promising alternative to
the more conservative chemical method. Ultraviolet visible

(UV-Vis), Fourier transform infrared resonance (FTIR), X-
ray diffraction (XRD), and scanning electron microscopy-
energy dispersive X-ray analysis (SEM-EDS) were used to
examine the plant-mediated CaO NPs. Furthermore, using
the minimal inhibitory concentration (MIC) method
approach, this work investigated the antibacterial activities
of the produced CaO nanoparticles in contrast to scientific
and traditional concerns. Finally, CaO nanoparticles synthe-
sized from M. oleifera leaf powder aqueous extract exhibited
promising results in Gram-positive bacterial strains, as
shown in Table 3 with severe inhibition areas of 19mm,
20mm, 22mm, 23mm, and 24mm at various concentra-
tions when employing a consistent quantity of CaO NPs.
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Combining liquefied metals with multiwalled carbon nanotube-aluminium alloy 7149 composites enables the creation of intricate
designs and mass production was manufactured using mechanical stir casting, thixoforming, and T6 heat treatment. Taguchi with
two factorial levels was chosen to investigate the optimum parameter and affect variables such as carbon nanotube concentration,
magnesium wettability, and ring mechanical stir duration were used in addition to a robust design of experiments. The response
variables were the S/N ratio, hardness, and ultimate tensile strength. The fourth DOE run resulted in an optimised nanocomposite
with 107.8HV hardness and 278.1MPa tensile strength that contained 0.75wt.% magnesium and 1% multiwalled carbon
nanotube and stirred time of 10 minutes. The as-forged AA7149 alloy had a lower hardness value (76.3%) but a higher
ultimate tensile strength value (108.4%). It was demonstrated that combining thixoforming and heat treatment improves the
mechanical properties of multiwalled carbon nanotube produced under mechanical stir casting conditions.

1. Introduction

Multiwalled carbon nanotubes have been employed in a num-
ber of investigations on composites. Load transmission,
strengthening, and thermal expansion strengthening are just
a few of the factors that go into making multiwalled carbon
nanotubes so strong [1, 2]. The key obstacles in metal matrix
composites manufacture are often achieving homogeneous
distribution and adequate wetting qualities, as well as interfa-
cial phases between reinforced particles and matrix [3]. Rather
than relying on more traditional approaches, the powder met-
allurgy industry has opted to tackle these problems instead.
Processing powder metallurgy, on the other hand, is prohibi-
tively expensive and can only be used for simple, not elaborate,

parts [4, 5]. It is possible to use liquid metallurgy processing, a
cheaper option [6], for complex designs and large-scale
manufacturing. It is, however, difficult to overcome the large
density difference between multiwalled carbon nanotube and
aluminium alloy. Composite reinforcement requires consider-
ation of a variety of factors, including the purification and acti-
vation of reinforced materials, the mixing of those materials,
the amount of wetting agent, and other variables (sintering,
extrusion, compaction, thixoforming, and heat treatment).

Taguchi is a great technique for optimising parameters
for composite development conferring to [7, 8] have shown
that a number of variables, including the quantity of
strengthened material, processing temperatures, wettability
agents, and stirring method, have an effect on the physical
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and mechanical characteristics of stir cast aluminium alloys.
There have been numerous investigations on the mechanical
characteristics of metal composites incorporating carbon
nanotubes, which have been published [9, 10]. By mixing
mechanically in the liquid state with a carbon nanotubes
weight fraction ranging from 0.5–1.0 weight %, the hardness
of the AA7149 alloy with carbon nanotubes was enhanced to
2.5wt.%. Though the rise in compressive strength was dras-
tically reduced in the alloy having additional than 1.0wt%
carbon nanotubes [11–13]. Addition of 4.5% carbon nano-
tubes to pure aluminium powder in solid-state mixing by
ball milling resulted in rise in the composite’s hardness
and tensile strength, respectively, from 60HV and 123MPa
to 130HV and 420MPa.

With 6.0wt% carbon nanotubes [14, 15] achieved the
highest hardness of 140HV, however, the value declined as
the amount of carbon nanotubes. Two phases of rolling
and melting were performed on an AA7149 alloy containing
0.5 weight % carbon nanotubes by [16]. It was shown that
when carbon nanotube content was increased to more than
2% by volume, accumulation and flexible flow in the metal
matrix decreased the composite’s hardness [17]. Wettability
between carbon nanotubes and metal matrix was the focus
of this study in order to achieve an effective interfacial area
and load transmission. Surface tensions among dissimilar
materials include carbon nanotubes (100–200mN/m) and
liquid aluminium (865mN/m) and may be wetted and bro-
ken with relative ease. An indicator of this is wettability,
which is the ability to soak up water [18]. Coatings, ceramic
treatment, and alloying elements can all be utilised to
enhance the wettability of a material, according to [19, 20].
To increase the wettability of the AMC using strengthened
materials, Mg is one of the most commonly employed mate-
rials [21], for example, increased melt wettability by adding
0.75 weight % Mg. For both carbon nanotubes and other
reinforcing materials, the effects of stirring have been exten-
sively studied.

At 500 revolutions per minute, [22] mixed SiC in a pure
aluminium matrix in their study. The interfacial reaction

was made stronger and more resistant to cracking thanks
to the stirring process. To ensure an even dispersion of
Al2O3 in the AA7149 matrix alloy, [23, 24] used stirring
times of 10 and 15 minutes, respectively. Induction stir cast-
ing for multiwalled carbon nanotubes and pure Al compos-
ites improved hardness and ultimate tensile strength by 45%
and 52%, respectively, according to [25, 26]. Making a multi-
walled carbon nanotube, aluminium alloy is therefore viable
and has drawn substantial interest from the MMC commu-
nity. Mechanical stirring, wetting agent, and an optimised
multiwalled carbon nanotube concentration have all been
tested, but their effects on the composite are still unknown.
Multiwalled carbon nanotube and AA7149 aluminium alloy
were synthesised utilising mechanical stir casting, thixo-
forming, and T6 heat treatment in this study [27]. There
were two factorial levels of Taguchi technique employed to
optimise 3 variables, like carbon manotubes, magnesium,
and mechanical stirring duration, while all other compo-
nents remained fixed. When it comes to mechanical qualities
like as hardness and the ultimate tensile strength, bigger S/N
values were shown to be more advantageous. On the other
hand, we also talked about how the microstructures have
evolved. These factors and their impact on a multiwalled
carbon nanotube-strengthened alloy matrix composites were
shown in detail in this study.

2. Experimental Procedures

Mechanical stir casting was used to fabricate multiwalled
carbon nanotube/AA7149 alloy composites in this investi-
gation. Table 1 shows the chemical composition of AA
7149 by weight percentage. The experiment also made
use of the dependable Taguchi method and the Minitab
software. AA7149 aluminium alloy and multiwalled carbon
nanotube of industrial quality (Sigma-Aldrich, purity > 88
%; outside 20–40 nanometer, within 5 to 10 nanometer,
with an overall length of 10–30 nanometers) were utilised
as the AMC and the strengthened particles, correspond-
ingly. A wettability ingredient was added to the mixture
in the form of preweighed 1mm magnesium pellets as it
increases solid solution strengthening and adds strength
to composites. Mechanical stirring time and multiwalled
carbon nanotube/Mg weight percentage were both studied
to see what effect they had on the results. There were two
response functions: Vickers hardness (HV) and ultimate
tensile strength. Taguchi balanced orthogonal arrays focus
on ensuring all stages of all factors are considered fairly.
At random, eight tests with two levels of primary factors
and the Taguchi method L8 orthogonal array were con-
ducted as in Table 2.

Analysis of response S/N ratios (bigger is better) was
used to determine the degree of variation in the data.
Table 2 shows the percentages of multiwalled carbon

Table 1: Chemical composition of AA 7149 by weight percentage.

Silicon Copper Magnesium Manganese Zinc Nickel Iron Lead Titanium Aluminium

6.5 0.2 0.2 0.3 0.1 0.1 0.5 0.1 0.2 Balance

Table 2: Layout of L8 orthogonal array.

Ex. no
Multiwalled carbon
nanotubes (wt%)

Magnesium
(wt%)

Stirring time
(minutes)

1 1.0 0.50 5

2 1.0 0.50 10

3 1.0 0.75 5

4 1.0 0.75 10

5 1.5 0.50 5

6 1.5 0.50 10

7 1.5 0.75 5

8 1.5 0.75 10
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nanotube, and Mg used to make the composites, which were
then wrapped in aluminium foil. The alloy was molten in an
induction furnace at a temperature of 650 degrees celsius
after being melted at temperatures as high as 700 degrees
celsius (400 was completely consumed). It was wrapped in
foil, placed in the crucible, and mechanically churned at
200 revolutions per minute using a three-blade propeller
for specific periods of time (Table 2). To create new metal
alloys in the semisolid state, thixoforming is a novel process.
Thixoforming techniques rely on customised casting pro-
cess. The thixo feedstock billet was formed by immediately
pouring the mixed composite into a mould. Use of T30-
80KHz thixoforming machine was used as in Figure 1. It
was heated to 580°C (semisolid temperature) with the aid
of pneumatic ram and then smashed into hot work tool steel
mould with a forging load of 5 tonnes at a speed of 1m/s
inside induction coils. After being removed from the mould,
the billet was allowed to cool to ambient temperature.

The MT6 heat treatment process was sped up. The sam-
ples were heated to 540°C and cooled to room temperature
before being quenched with water. In the Nabertherm fur-
nace, the specimens were aged at 180°C for one hour at
30–3000°C. Following treatment for 5 minutes by [28] and
it is represented in Table 3, particles will developed and
hardness comparable to ASTM B917 can be attained after
20 minutes, according to this study. Because the samples
had previously undergone thixoforming prior to MT6, a
quicker treatment time was chosen.

The samples were sectioned, ground (400, 600, 800, and
1200 grits), polished (6μ, 3μ, and 1μ with diamond solu-
tion), and etched with Keller’s solution before and after thix-

oforming/heat treatment. To establish the mechanical
qualities, we used the VH testing machine (with a load of
1 kgf and a dwell time of 10s) and the universal testing
machine (with tensile tests). Affording to ASTM E8, the ten-
sile test samples were machined and shown in schematic as
Figure 2. Calculated on the basis design of experiment
results, a follow-up experiment was conducted. Reliable
findings could only be achieved by conducting tests on at
least three samples per step.

3. Result and Discussion

3.1. Mechanical Responses. It is seen in Table 4 that the aver-
age hardness (HV) and ultimate tensile strength of the runs
are summarised. In run 4, hardness and ultimate tensile
strength were optimised using 1 weight % multiwalled car-
bon nanotube, 0.75 weight % Mg, and ten minutes of
mechanical stirring. The hardness HV and tensile strength
of the AA7149 cast ingot arrived in the laboratory at
59.5HV and 132.9MPa, correspondingly. A hardness of
104.2HV and a tensile strength of 271.5MPa were measured
in the confirmation studies.

The S/N response graphs were created using minitab
software as in Figures 3(a) and 3(b). The number of carbon
nanotubes was found to be the second most important
determinant of hardness, after mechanical stirring. When it
came to composite hardness, magnesium content had the
least impact. Although carbon nanotubes and magnesium
were present, mechanical stirring time had the greatest
impact on the composite’s strength. Comparing run 4 to
as-cast AA7149 alloy, the hardness and hardness of the com-
posite improved by 76.3% and by 108.4%, respectively. In
the following subchapter, we will go into more detail about
this topic. It was shown that when the rheocast alloy was
compared to the gravity cast aluminium alloy AA7149, the
ultimate tensile strength was 73.5% greater after a 50%
decrease in compaction. After thixoforming and T6 heat

Stirrer

Crucible

Furmace

Plunger

Induction coil

Multiwalled carbon
nono tube +
magnesium

Figure 1: Mixing process schematic diagram.

Table 3: Parameters of T6 heat treatment.

Quenching Treatment solution Artificial ageing

27°C at room temperature 540°C for 1 hour 180°C for 2 hour
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treatment, the ultimate tensile strength of an AA7149 alloy
containing 6% copper was determined to be 361MPa by
[29, 30]. When silicon particles in the AA7149 alloy, [31]
found that solution treatment decreased ultimate tensile
strength somewhat.

3.2. Homogeneity and Wettability of Multiwalled Carbon
Nanotubes. A study of the fracture surfaces of tensile speci-
mens exposed that the recommended manufacturing
method produced fracture surfaces that were uniformly wet-
table. The matrix’s multiwalled carbon nanotubes structure
also showed no signs of heat deterioration. They found that
wet shake mixing and cold compaction/hot extrusion
achieved similar results for 1% multiwalled carbon nano-
tubes and 1.5% carbon nanotubes in pure aluminium
matrix, respectively.

In spite of the lack of interfacial phases, such as Al4C3,
which could be attributed to technical limitations, there were
discovered to be favourable conditions for the nanotubes to
spread and bridge across the grains, indicating adequate wet-

ting. Reinforced strengthening may also be a factor in the
increased ultimate tensile strength characteristics of base
and composite alloys. There was also evidence of multi-
walled carbon nanotubes clumping in the sample from run
5. There was a correlation between the composite’s mechan-
ical properties and the reinforcing amount.

3.3. Effect of Mechanical Stirring. As multiwalled carbon
nanotube particles were injected into the melt, the matrix’s
density and surface tension caused some of the particles to
float and aggregate immediately. However, when mechanical
stirring was introduced, the particles began to dissipate and
were incorporated into the melt. A layer of multiwalled car-
bon nanotube particles had formed on the surface after 5
minutes of agitation, and this layer was gradually eroding
in size. It is possible that the stir ring helped disseminate
the particles and avoided density segregation in the molten
matrix, which has been observed before. Disruption in visco-
plastic behaviour was made possible by the shearing action
of whirling blades that deagglomerated and homogenised
molten alloy components. As observed by [19], a vortex is
created when metal is vigorously stirred during liquid metal-
lurgy processing, aiding in the transfer of nanoparticles and
keeping them suspended.

The composite’s hardness and ultimate tensile strength
decreased as a result of the stirring process, which created
voids and porosities. Therefore, thixoforming and heat treat-
ment were required as secondary operations in order to min-
imise these effects. As the temperature rose, so did the grain
boundaries, until they were unbroken. These operations had
a direct impact on the matrix alloy. Both of the highest-
response samples showed a similar significant reduction in
porosity in all samples. It is assumed that a low porosity
results in increased hardness.

Tension space

Upper cross head

Screw column

Specimen

Dial guage

Hand lever

Grips

Adjustable lower cross head

Figure 2: Shows schematic view of universal testing machine.

Table 4: Results for hardness and ultimate tensile strength.

Run Hardness Ultimate tensile strength

1 103.5 180.5

2 105.2 263.6

3 99.6 164.8

4 107.8 278.1

5 105.6 196.7

6 101.2 232.4

7 102.9 208.5

8 104.7 244.3
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3.4. Effect of Carbon Nanotubes and Magnesium Contents. It
was found that carbon nanotube content had a greater
impact on hardness than tensile characteristics, according
to the DOE data. By utilising carbon nanotubes with a lower
content of 1%, hardness and tensile strength were both
improved. When the entire metal matrix density is greater
than 0.5 weight %, low porosity and high-density disloca-
tions might arise. Additionally, stirring aided to enhance
the grain’s microstructures. It is because of the inclusion of
an agglomerated reinforcing material, the carbon nanotube
content had a smaller impact on ultimate tensile strength
than on hardness in this investigation.

Compared to 0.5wt.% of Mg in the matrix, 0.75wt.%
contributed to greater and more consistent hardness and
ultimate tensile strength values. Carbon nanotubes can pen-
etrate the grain boundaries of the molten matrix thanks to
the wettability of pure Mg, which functions as a lubricant.
Even though the additional 0.75 weight % of Mg in the
AA7149 alloy may have altered the composition, it was still
within the alloy’s maximum Mg range given that 0.2 weight
% of Mg had been added to it. Multiwalled carbon nano-
tubes and magnesium concentrations in the metal matrices
could not be determined with any precision. Reinforced par-
ticles are still difficult to quantify, despite earlier research on
varied percentages of these particles in their matrix.

4. Conclusions

Hardness and ultimate tensile strength of the multiwalled
carbon nanotubes—AA7149 composite was studied in this
analysis. The manufacturing parameters were optimised
using Taguchi’s robust L8 orthogonal array with two layers
of major factors. Using the S/N ratio responses, we were able
to determine how much the hardness and ultimate tensile
strength varied from one response to the next. As a result
of the uniform distribution and pullouts of multiwalled car-
bon nanotubes across grain boundaries, it was possible to
produce a multiwalled carbon nanotubes—AA7149 compos-
ite via processing. Despite this, a small number of multi-
walled carbon nanotube particles clumped together in the
MWCNT sample (1.0wt%). It was subjected to a modified
short-solution treatment after thixoforming and heat treat-
ment (MT6). Using a mixture comprising1 weight % multi-
walled carbon nanotubes, 0.5 weight % magnesium, and
mechanical stirring for 10 minutes, we were able to attain
T6 conditions.

A 76.3% increase in the composite’s hardness compared
to the AA7149 alloy resulted in an increase in its ultimate
tensile strength (108.4%). According to Taguchi analysis,
mechanical stirring duration was the most critical factor in
increasing the mechanical properties of the composite.
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Figure 3: Main effects of S/N ratio for (a) hardness and (b) ultimate tensile stress responses.
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There was a greater correlation between the amount of mul-
tiwalled carbon nanotubes and the material’s hardness and
its ultimate tensile strength. The amount of magnesium in
the composite had the least impact on its two attributes.
The current findings have shown nanoparticles are distrib-
uted and suspended throughout the matrix as a result of vor-
tex activity during stirring, which breaks surface tension.
The increased wettability was partially attributed to the mag-
nesium level as well, but this contribution was small. After
thixoforming and MT6, the size of Al remained constant
and grew. Porosity reduced by 11% after MT6, leading to
an increase of hardness and ultimate tensile strength. Thixo-
forming and heat treatments can improve the composite’s
mechanical characteristics even further.
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The tribological properties of hybridized reinforced aluminium matrix composites were optimized using Taguchi and Grey
Relational Analysis in conjunction with an L16 orthogonal array. The combination of palm kernel shell ash (PKSA) (0–5wt.
%) along with nano BN reinforcements was taken in interest. Loads and speeds (500, 750, 1000, and 1250 rpm) were employed
as control parameters for the experiment. Using a Taber type abrasion machine, the wear samples were made, and the wear
experiments were carried out. Speed and load were more important than the percentage of reinforcements in composites when
it came to evaluating wear index and loss of volume. With respect to wear index and volume loss, Taguchi-relational Grey’s
analysis identified A3B1C1 (reinforcement = 5wt. %; load = 500 g; speed = 500 rpm) as the optimal process parameter
combination, with a reinforcement of 3wt. %, load = 500 g, and speed = 500 rpm being the second-best option. Validation tests
have revealed that the anticipated and experiment values at the optimal situations are both within the acceptable range.
Performance is influenced more by speed than by load, which is influenced more by the weight percentage of composites, as
demonstrated by the application of the Taguchi and Grey Relational Analysis methods.

1. Introduction

Metal matrix composites have been widespread use in
advanced material development because of the improved
properties of the base metals as a result of various reinforce-
ment inclusions [1]. Metal matrix composites can be found
in numerous industries, including automotive, sports and
recreation, aviation, and maritime [2]. The outline of rein-

forcing elements into the metal matrix could enhance the
mechanical and tribological characteristics of metal matrix
composites. Metal matrix composites have been made using
both monolithic and hybrid reinforcements. As a result, a
wide range of metal matrix composites with various
mechanical and tribological characteristics have been cre-
ated. Metal matrix composites from Al6061 were produced
by [3] using a hybrid reinforcement of boron nitride and
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boron carbide. Inorganic and organic ingredients can be
combined in a variety of ways to create hybrid materials that
have a wide range of applications. Aluminium metal matrix
composites were investigated for their wear and mechanical
properties without optimizing the procedures. This study
examined the hardness and wear behavior of hybridized
reinforcement composites using LM25 alloy ingots embed-
ded with activated carbon and mica ingots [4]. All of the rel-
evant physical factors were taken into account. As a result of
this flaw, it appears that optimization strategies for Al6063
composite materials are underutilized.

Taguchi and response surface methodology have been
studied extensively. They are helpful in giving data on the
numerous criteria that go into ranking them. Composites
produced by [5] employed an artificial neural network to
increase their tribological qualities (ANN). We employed
the sliding block-on-disc tribometer for the tribological
experiments. The L27 orthogonal array was employed to
optimize 3 variables: speed and load (40, 80, and 120N),
sliding distance (0.3, 0.6, and 1.2m/s), and load (60, 90,
and 120N) [6, 7]. The optimization took into account all
three variables (2400m). Using a 95% confidence level
ANOVA, the wear rate and coefficient of friction were exam-
ined. Hybridized mixtures containing 3% graphite have
lower wear and friction values. To estimate the wear rate
and the COF, ANN produced a regression coefficient of
0.98905 [8].

The wear of an Al 7050 alloy reinforced with boron
nitride was studied using Taguchi’s method. Data was gath-
ered and analyzed using a L9 orthogonal array in the DOE.
Reinforcement percentage level of 0, 4, and 6%; sliding veloc-
ity of 1, 2, and 3m/s; and distance of 1000 to 14000 metres
were used in this investigation. The sliding distance was
found to have the greatest impact on the output characteris-
tics. Fuzzy and Grey’s relational analysis utilized by [9] to
improve tribological characteristics of Al composites. In the
Al6061 base metal, tungsten carbide and graphite were
employed as reinforcement. In order to determine the COF
(coefficient of friction) and to test different degrees of load,
sliding distance, and sliding velocity, an experimental run
of 30 runs was conducted at 9% and three different levels of
water content [10, 11]. The wear rate and the COF were also
calculated. Because COF and wear rate are closely related,
FGRA was used to find optimal control variable values that
would reduce both of these. The experimental results vali-
dated the appropriate tribological conditions, which were
confirmed in the study [12, 13]. Powder metallurgy was used
to produce MMCs with a monolithic boron nitride reinforce-
ment in Al6082. By employing Grey-method Taguchi’s of
optimization, the tribological performance of synthetic
MMCs was improved. A pin-on-disc tester was used to assess
volume loss and frictional force using an L27 orthogonal
array. When applying the Grey Relational Analysis, the ideal
SWR and COF values were obtained [14, 15]. Friction and
wear behavior were shown to be strongly influenced by %
volume, the most important of the four variables. Taguchi’s
concept was adopted to enhance the tribological characteris-
tics of Al hybrid composites incorporating A356 alloy, 10%
boron nitride, and graphite [16]. Using compo-casting,

hybrid composites were created. When it came to the wear
tests utilizing the block-on-disc method, the sliding speed
was 0.25, 0.50, and 1.25m/s, as well as 10 and 30N loads,
and the graphite weight % ranged from 0, 3, and 5%. The
SWR was analyzed using Taguchi’s method to find the most
effective settings [17, 18]. The study found that the SWR was
influenced primarily by the percentage of load applied. Al
hybrid metal composites were optimized using Gray-
approach Taguchi’s by [19] in another work. Molybdenum
disulfide (varying from 2 to 4% of the total weight) was com-
bined with 5% alumina and stir cast to make metal matrix
composites. Once it came to testing for wear, we employed
a pin-on-disc tribometer [20]. Calculating SWR and COF,
volume loss and frictional force were considered. The exper-
iment was constructed using Taguchi-Grey Relational Anal-
ysis, which was used to identify the ideal SWR and COF
values as different factors can really be optimized concur-
rently in the Taguchi technique, allowing for the extraction
of many more quantitative information from fewer experi-
mentations, while the GRA is being used to identify the opti-
mum condition for multiple input variables in order to
obtain the best quality characteristics [21]. The control
parameters have an impact on the tribological performance.
It is well known that Taguchi-Grey Relational Analysis
approach is used in improving wear properties of mixed rein-
forced composites, particularly by [22, 23]and others. Hybrid
Al6063/palm kernel shell ash reinforcement with 2% BN is
not clear how it can increase its tribological qualities. The
PKSA concentration varies from 0% to 6%, with a 2% weight
percentage gap between each percentage point. In an orthog-
onal array experimental design of L16, the Taguchi and Grey
Relational Analysis methods were used to optimize dry slid-
ing performance by modifying control factors. Analysis of
variance is used to analyze tribological performance of the
composite under examination and determine the relative rel-
evance of the various factors and their interactions [24–26].

2. Taguchi and Grey Relational Analysis

Taguchi is amongst the best effective strategies for
manufacturing high-quality orthogonal array trials. As long
as process control settings are optimized, using an orthogo-
nal array can assist decrease measurement variation. Design-
ing for performance, cost, and quality in an integrated
manner is a common practice in the industry. Taguchi dif-
ferentiates out from other experimental methodologies
because it focuses on the impact of variance on processing
quality assessments moderately than mean. The Taguchi
method uses a limited number of orthogonal array experi-
ments to study the whole design space in order to control
factors impact and their relations with all other factors. Since
the optimal design parameters can be predicted, it is easier to
minimize the objective function while still ensuring that
constraints are maintained.

To help with the optimization process, Taguchi goes into
great detail in Taguchi to describe the sequence in which
Taguchi’s technique is implemented. Reaction S/N ratio
relies on the product or process that is being optimized for
quality. Using three various forms of S/N ratios, Taguchi’s
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method makes use of HB, HB, and the nominal-is-best (NB).
As AMC quality decreases, the better their tribological fea-
tures become. This is why AMCs should be used to their
fullest. In order to find statistically significant experimental
variables, the analysis of variance is frequently performed.
Thus, S/N ratios and analysis of variance analyses may be
utilized to discover the optimal process parameters. Confir-
mation experiments are often carried out to confirm that
the optimal process variables have been established. It is
therefore necessary to introduce Grey Relational Analysis.
Tribological characteristics such as wear rate and volume
loss can be reduced by optimizing the tribological parame-
ters in this study. In this case, the multiresponse optimiza-
tion technique is being utilized. Grey Relational Analysis is
a useful method for analyzing numerous answers, in which
the target functions are first normalized between 0 and 1
before the analysis begins. Grey’s connection score and the
overall Grey relationship grade are then calculated. Accord-
ing to a number of performance metrics, the highest GRG
value serves as an indicator of optimal process parameters.
Analysis of variance is widely used to determine the relative
relevance of numerous features and their relations on the tri-
bological characteristics.

3. Materials and Method

These ashes are generated as a byproduct of palm oil mills,
as it possesses pozzolanic activity and contributes signifi-
cantly to the performance and toughness of mixed materials.
The PKS had been sorted, cleaned, and dried. PKS ash
extraction at 900 degrees Celsius [13]. The base alloy for
the AMCs was Al6063, as aluminum 6063 is being used to
achieve an appealing finish for architectural and building
application fields that are visually appealing, which had the
composition shown in Table 1. Boron nitride and PKSA
with the chemical constituents listed in Table 1 were used
as hybrid reinforcements. The BN and PKSA particle rein-
forcements have typical diameters of 30m and 40m. Many
writers have described the two-stir casting procedure which
was hired in the production process.

3.1. Hybrid Composite Synthesis. Stir casting, a well-known
liquid metallurgy technology, was used to create the com-
posites. The composites were made via dual stir casting.
Between 0% and 10% reinforcement combinations can be
generated with (40-60μm) PKSA, 50 nm BN (1%), and
Al6063. Strengthening particles of BN and PKSA were
heated to 250°C in order to remove humidity and boost its
ability to adhere to the base metal. The billets of Al6063 alloy
were heated to 750°C in a gas-fired crucible furnace. In order
to complete the cooling process, the partially formed metal

was removed and put in a 600°F oven. When the Al6063
alloy was melted, the warmed reinforcements of PKSA and
nano BN were applied. The slurry was ready for use after a
10-minute hand-stirring session. To achieve a temperature
range between 780°C and 30°C, the semisolid composites
were heated mechanically at 400 rpm for around 10 minutes.
Mechanical stirring was used to break down particle agglom-
erates by enhancing particulate distribution in the molten
metal matrix. It was then necessary to use an already pre-
pared mould in order to harden the liquid composites.
Figure 1 shows the schematic view of double stir casting
process.

3.2. Tribological Characteristics. The ASTM D4060-16-
compliant composites’ wear resistance was tested using a
Taber Type Abrasion Tester. Measurements of diameter
and thickness were made for each test sample (5mm). Taber
abrasion machine turntable platform was used for the sam-
ple’s surface to be scratched. Continual pressure was applied
to the sample’s surface using two abrasive wheels that had
been lowered and secured in place. There were four different
weights (masses) applied to each sample, and four different
speeds (rpms) applied to each sample: 500, 750, 1000, and
1250 g and 1000 rpm, respectively. The sample was rubbed
against itself by the machine’s abrasive wheels, resulting in
loose composite debris. After 15 minutes of abrasion testing,
the starting and end weights were recorded.

Equations (2) and (3) were used to compute the wear
characteristics of the composites. The mass (g) and volume
(mm3) lost were calculated by means of

Mass loss = Initial mass mið Þ − Finalmass mf

� �
, ð1Þ

Volume loss =
mass loss

ρ
: ð2Þ

The Taber wear rate index was attained by the relation as
shown as follows::

TaberWear Index, I =
mi −mf

T
× 1000: ð3Þ

3.3. Design of Experiment. These parameters are reinforced,
load, and speed, with four levels of each element selected
for consideration in this study. Reinforcement is available
in levels 3, 5, 7, and 9 weight %, while load is available in a
range of 500 to 1250 grammes, while speed is available in a
range of 500 to 1250 revolutions per minute (RPM). Tagu-
chi’s technique was used to optimize the wear index and loss
of volume for synthesized AMCs. On the basis of four main
processing factors, the L16 orthogonal array was selected. S/

Table 1: Chemical constituents of (a) Al6063 and (b) palm kernel shell ash (PKSA).

Constituents (a) Si Fe Mn Mg Cu Ti Zn Cr Sn Al

% 0.45 0.18 0.04 0.49 0.01 0.03 0.01 0.01 0.01 Bal.

Constituents (b) Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 Fe2O3 MnO LOI

% 0.18 3.15 6.45 65.80 3.76 5.21 5.48 0.54 5.68 0.08 2.56
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N ratios are frequently employed in Taguchi’s approach to
express goal function values. In order to minimize the wear
index and loss of volume, Equation (1) was employed to cal-
culate the S/N ratio since the less the value, the better in

S/N = −10 log
1
n
〠
n

i=1
y2i

 !
: ð4Þ

3.4. ANOVA. As a consequence of ANOVA, the relative
importance of various process parameters in achieving the
desired outcome was determined. Minitab 14 (statistics soft-
ware) was used for the Taguchi and ANOVA analyses in this
research.

3.5. Confirmation Test. In order to verify the Taguchi-based
optimal conditions for wear rate (WRopt) and volume loss
(VLopt), a confirmation test was carried out. For the purpose
of estimating the optimal answers, we used the following:

WRopt =mW + A3 −mWð Þ + B1 −mWð Þ + C1 −mWð Þ, ð5Þ

VLopt =mV + A1 −mVð Þ + B1 −mVð Þ + C1 −mVð Þ: ð6Þ

There are two ideal levels of wear rate and volume loss:
A3B1C1 and A1B1C1. The WRopt and VLopt averages from
the study are mW and mV, respectively. In order to deter-
mine if the projected optimal responses are in agreement
with the experimental results, in order to calculate individual
response CIs, we used

CI =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fα,1,f eVe

1
neff

+
1
R

� �
,

s
ð7Þ

neff =
N

1 + Tdof
: ð8Þ

3.6. Grey Relational Analysis (GRA). The first step in the
GRA process is to normalize the investigational data to a
value between 0 and 1. It was decided to use equation to
evaluate the performance of each response based on the

principle of the smaller, the better in

The smaller – the – better, yi sð Þ =
max xi sð Þ − xi sð Þ

max xi sð Þ −min xi sð Þ
:

ð9Þ

After the experimental findings have been standardised
using Equations (10) and (11), the grey relational coefficient
(GRC) is commonly determined in (11).

εi sð Þ =
Δmin + φΔmax
Δoi sð Þ + φΔmax

, ð10Þ

where ΔoiðsÞ is the deviation sequence estimated by employ-
ing

Δoi sð Þ = x0 sð Þ − xi sð Þj j: ð11Þ

For instance, the comparability sequence consists of the
terms xðsÞ, min ðsÞ, and max ðsÞ. The term xoðsÞ is the refer-
ential order, and the term ϕ is the coefficient of identifica-
tion. The value can be anywhere from 0 to 1.

4. Results and Discussion

4.1. S/N Ratio Analysis of the Responses. Displayed in
Table 2, the processing parameters’ response characteristics
and S/N ratios are analyzed. The results of the experiments
varied from run to run. Subsequent sections go into greater
depth on the outcomes and the analysis that will be done
on them.

4.2. Analysis of a Response (Wear Index). Process parameters
were ranked according to the wear index value, with the
mean S/N ratio being the most important. The wear index
of the synthetic aluminium metal composites is depicted in
Figure 2, which reveals the substantial effect of each param-
eter. As a means of identifying, the best processing parame-
ter variations, the best S/N ratios will help. A set of method
settings was developed that resulted in the highest possible
wear index. The applied load was 500 g, and the sliding
speed was 500 rpm at the moment, with a reinforcement
percentage of 5%. At a sliding speed of 500 revolutions per
minute and a weight of 500 gm, the ideal wear index for
Al6063 may be attained with the addition of 2% BN and

Squeeze setup

Secondary furnace

Motor 2

Motor 1

Primary furnace

Inert gas

Bottom pouring
mechanism

Figure 1: Schematic view of double stir casting.
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5% PKSA as hybrid reinforcements (A3B1C1). As a result,
this indicates that the wear index is in good shape. Optimal
value was most strongly influenced by sliding speed and
load, with reinforcing percentage weight having the least
impact, according to the ranking.

4.3. Analysis of Volume Loss Target Functions. Mean SNR
ratio and ranking order of reinforcement, load, and speed
were used to calculate volume loss value. As each process
parameter changes, so does the volume loss, as seen in
Figure 3. The most significant effect on volume loss was
found to be associated with the sliding speed. Furthermore,
the reinforcing impact was considered as the least important.
It is important to have 3% reinforcement in the AMCs to get

the optimum volume loss value at 500 g applied load and 500
revolution per minute sliding speed, as can be shown in
Figure 3.

4.4. ANOVA of the Responses

4.4.1. Wear Index. ANOVA has been recommended by [6]
for verifying the statistical consistency of Taguchi analysis
outcomes. The % of each AMC factor’s impact on the wear
index was calculated. It is shown in Table 3 that the ANOVA
results for wear index of AMC samples reveal the percentage
influence of each process parameter. In the ANOVA investi-
gation, the applied load was demonstrated to be the most
important component, accounting for 42.83%. Only 6.97%

Table 2: Process parameters, responses, and S/N ratios.

Exp no.
Process parameters Responses (target functions)

S/N ratio for various
responses

Reinforcement (wt.%) Load (g) Speed (rpm) Wear index (g/min) Loss of volume (mm3) Wear index Volume loss

1 3 500 500 0.00301 15.183 51.469 -23.621

2 3 750 750 0.00362 20.012 49.812 -26.015

3 3 1000 1000 0.01824 96.842 36.354 -40.528

4 3 1250 1250 0.07569 418.42 23.612 -53.412

5 5 500 500 0.00512 29.455 47.128 -30.182

6 5 750 750 0.00491 27.528 47.583 -29.512

7 5 1000 1000 0.06614 382.84 24.126 -52.654

8 5 1250 1250 0.02965 164.21 31.245 -45.349

9 7 500 750 0.00118 58.24 60.124 -36.345

10 7 750 1250 0.001785 97.415 36.354 -40.824

11 7 1000 500 0.006428 37.965 44.135 -32.168

12 7 1250 750 0.01884 104.24 35.012 -41.345

13 9 500 1250 0.01562 88.48 36.512 -39.934

14 9 750 1000 0.01247 70.18 39.754 -37.912

15 9 1000 750 0.01364 73.86 39.0963 -38.248

16 9 1250 500 0.00854 50.02 42.621 -34.812

Main effects plot for SN ratios
Data means
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Figure 2: Analysis of the S/N ratio of each parameter’s effect on wear index.
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of the total was accounted for by reinforcing weight, which
had a 40.74% share. However, the main effect plots and
ANOVA results of Taguchi’s approach were ordered differ-
ently. An ANOVA test, however, indicated that speed and
load were in that order, despite a Taguchi test indicating
the opposite. As a result, the wear index is most strongly
influenced by load and speed, whereas reinforcement has
the least. Researchers [25] back up the findings of this inves-
tigation. When compared to the weights and sliding speeds
they were tested against, the graphite addition to composites
had no influence on their performance. With increasing
applied load and speed, raising the AMC wear index is sig-
nificantly impacted. According to [4], as the applied force
increases, tribological characteristics such as wear rate and
COF can rise. As the load increases, the plastic deformation
increases as well. Each process parameter’s p value revealed
which ones have a significant impact on the wear index.
There is no correlation between the wear index value and
the reinforcing process parameter because the p value is
much above the 0.05 level of confidence. The composites’
wear index values are strongly influenced by the loads and
speeds applied.

4.4.2. Volume Loss. Table 4 indicates the outcomes of the
ANOVA as well as the volume loss contribution proportion
of the three variables. After doing an analysis of process
parameters using ANOVA, which indicated that speed had
a 60.16% effect, followed by applied load (34.35%) and rein-
forcement (11.64%), reinforcement’s percentage contribu-

tion to volume loss is negligible as compared to speed and
load. Like the ANOVA findings, we can see how the process
parameters affect volume loss. Strengthening (p = 0:467) was
not significant, but speed (p = 0:0001) and load (p = 0:002)
were highly significant in terms of volume loss (p = 0:002).
Variables like load and speed have an effect on responsive-
ness when the p value is less than 0.05. The findings of the
experiments showed that the composites’ volume loss
increased without reference to the reinforcing weight per-
centage as load and speed increased. As observed in the
study from [14], sample volume loss increased correspond-
ingly as speed and load increased. Following speed, applied
load, and % reinforcement weight, Taguchi and ANOVA
analysis indicated that % reinforcement weight was the least
influential factor. If the findings from [24] are correct, then
the use of optimization techniques is confirmed to be accu-
rate, as indicated by [23].

4.4.3. Confirmation Test. These tribological properties
underwent a confirmation test in order to ascertain their
exact optimum values. As expected, the experimental results
were within the CI computed using Equations (7) and (8).
For this purpose, the following values were substituted into
Equations (7) and (8). As shown in Table 5, the anticipated
and experimentally optimal CI values for each of the goal
functions are all within acceptable ranges.

4.5. Grey Relational Analysis (GRA). Multiple performance
characteristics were the consequence of combining GRA’s

Main effects plot for SN ratios
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Figure 3: Analysis of the S/N ratio of each parameter’s effect on volume loss.

Table 3: Analysis of variance for wear index.

Source DF Seq SS Adj SS Adj MS F value p value Contribution (%) R-sq

Reinforcement 3 98.46 100.4 34.16 1.48 0.342 6.85 0.915

Load 3 612.13 612.12 204.18 10.16 0.018 43.18

Speed 3 582.62 581.45 194.15 9.42 0.016 40.45

Error 6 135.54 135.62 24.45 9.52

Total 15 1428.75
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two primary goals (MPC). The key objectives are the wear
index and loss of volume. As shown in Table 6, the GRC,
the GRG, and the rankings generated by applying Equations
(9)–(11) to the grey’s relational grade are all shown. For the
best MPC, a research with the maximum GRG in all of its
runs will yield the most accurate results On the basis of
GRG’s responses, the order of each process parameter’s rat-
ing was determined. Speed is listed first, followed by load,
and then reinforcement. Reinforcement comes in at a distant
third place, with rotational speed taking precedence. The
results from experiment 1 were the most impressive.

Figure 2 shows the most important impact of each pro-
cessing parameter on a typical wear specimen. A3B1C1 is
the best answer for a wide range of questions. When evalu-
ating A3B1C1’s ideal values, it is important to take into
account the weight of 6%, the loads applied of 500 gms,
and the speed of 500 revolutions per minute (rpm). Using

ANOVA, the GRG findings were analyzed, and the % contri-
bution of each constraints was evaluated. 47.38% and 23.9%,
respectively, of the MPC’s impact are due to speed and load.
According to the GRG response’s ranking order, this is also
true in Table 6. This characteristic, speed, outperforms both
loads and reinforcement in terms of significance due to its p
value being less than or equal to 0.05. Using the wear index
and loss of volume and the S/N ratio as a proxy, Table 5
compares reinforcement, load, and speed. A correct
response will be based heavily on these factors.

5. Conclusions

Aluminum metal composites were improved by combining
Taguchi and Grey’s Relational Analysis approaches. We
found that reinforcing percentage weight, load, and speed
all had an impact on wear index and volume loss. The exper-
iment’s outcomes were analyzed and verified using ANOVA.
We can finally conclude the following:

(i) Reinforcement percentages of 5% and 3% were used
to optimize wear indexes and volume loss at
A3B1C1, while volume loss was optimized at the
same location

(ii) Speed is the most important component in deter-
mining wear index and volume loss, according to
Taguchi and GRA

(iii) A 95% confidence interval confirmation test was
used to check that anticipated and investigational
findings were within permitted range

(iv) The tribological characteristics of a material were
improved using both of the methods utilized in this
investigation

Data Availability

The data used to support the findings of this study are
included within the article. Further data or information is
available from the corresponding author upon request.

Table 4: Impact of processing parameter loss of volume.

Source Degrees of freedom Seq SS Adj SS Adj MS F value p value Contribution (%) R-sq

Reinforcement 3 17.9 19.3 7.034 0.98 0.671 2.06 0.945

Load 3 348.46 348.64 116.84 19.64 0.003 34.46

Speed 3 609.84 610.81 203.912 33.48 0.0001 59.00

Error 6 38.6 38.3 6.348 3.72

Total 15 1015.5 100

Table 5: Predicted and actual results for each reaction at optimal conditions.

Response Condition at optimum level Predicted Experiment

Wear index (g/min) A3B1C1 (reinforcement = 5wt.%; load = 500 g; speed = 500 rpm) 0.00132 0.00267

Loss of volume (mm3) A1B1C1 (reinforcement = 3wt.%; load = 500 g; speed = 500 rpm) 14.915 15.016

Table 6: Optimized results for the Grey Relational Analysis.

S.
no

Normalized GRCs
GRG RankWear

index
Loss of
volume

Wear
index

Loss of
volume

1 0.96842 1.0134 0.9456 1.000 0.9834 2

2 0.9742 0.9976 0.9461 0.9842 0.9664 1

3 0.7914 0.8016 0.7052 0.7231 0.7161 16

4 0 0 0.3341 0.3342 0.3433 12

5 0.9541 0.9745 0.9125 0.9468 0.9287 3

6 0.9585 0.9812 0.9182 0.9543 0.9351 4

7 0.1283 0.0961 0.3743 0.3661 0.3712 14

8 0.6342 0.6419 0.2812 0.5758 0.5842 15

9 1.0124 0.9041 1.0146 0.8349 0.9114 5

10 0.7965 0.8074 0.7142 0.7124 0.7124 6

11 0.9347 0.9546 0.8832 0.9128 0.8972 11

12 0.7830 0.7816 0.6950 0.7042 0.6910 10

13 0.8124 0.8168 0.7346 0.7456 0.9398 13

14 0.8614 0.8342 0.7789 0.7954 0.7785 9

15 0.8431 0.8643 0.7632 0.7869 0.7769 7

16 0.9012 0.9243 0.8434 0.8661 0.8534 8
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Alzheimer’s disease is an eventually destroying disease of the overaged people featured by the dynamic and gradual brain erosion
because of construction of extracellular plaques in the hippocampus. It is an undertreated and underrecognized disease that is
becoming a major public health concern. From the study, it is known that production of plaques takes place twenty years back,
before the commencement of clinical syndromes. As per report, in 2019, above 50 million people got into Alzheimer’s disease.
Recent developments include improved clinical diagnostic guidelines and improved treatment of both cognitive disturbance
and behavioral problems. Treatment majorly focus on cholinergic therapy has been clinically evaluated by different studies
including randomized, double-blind, placebo-controlled, parallel-group studies measuring performance-based tests of cognitive
function, activities of daily living, and behavior. The presence of extracellular plaques of insoluble β-amyloid peptide (Aβ) and
neurofibrillary tangles (NFT) containing hyperphosphorylated tau protein (P-tau) in the neuronal cytoplasm is a remarkable
pathophysiological cause in patients’ brains. The graph of increasing patients, suffering from Alzheimer’s disease, is being
ascended. The outcome of this turn into fatal, deadly situation. So, there is a possibility of breaking down world economics
and human strength. There is a different kind of organic as well as inorganic nanocomponent group, those have been pursued
with satisfaction. By studying and researching over pathogenesis specifically, diagnosis of this AD as per its symptoms is
possibly done. Treatment of this neurodisease is under processing. The experts are playing an extremely appreciable role for
displacing this disease completely. The present review summarizes the pathophysiology and role of the nanoparticle in the
diagnosis and treatment of AD.

1. Introduction

Alzheimer’s disease, a neurodegenerative disorder, generates
memory and learning scarcity. It is not a reversible disorder.

People, who are above 65, mostly suffer from this disease.
Though the pathophysiology of Alzheimer’s disease is very
distinct to us, the procedure of treatment is not of clear per-
spective at all. It only gives a very less satisfaction to
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minimize enhancement of symptoms of the disease and to
regulate the phenomenon of disease. It stands fifth as reason
of death of over 65 aged people. The approved drugs used
for this treatment of Alzheimer’s disease are relied on neuro-
transmitter or modulation of enzymes like acetylcholinester-
ase inhibitors. Again, it is not found as a successful
treatment. It cannot pass because of less solubility, low bio-
availability, and incapability of overthrowing barriers resides
along with drug transportation routes as well, especially
while transcending blood brain barrier. As we know, the
blood–brain barrier is the most specific, made up of tightly
connected endothelial cells and irregular stratum of peri-
cytes [1]. Here, paracellular or transcellular transport is pos-
sible. Here, drugs are being enhanced and improved for
targeting Aβ attestation and tau phosphorylation. There
are more than 100 drugs, which are in phase II and III clin-
ical trials and are not so effective as per depressed outcomes.
In the early step of AD, AMPA dysfunction is instigated by
soluble Ab as well as dendritic changes. Solanezumab is a
monoclonal antibody that targets AB, basically improved
to restrict cognitive deficits, and was not successful to
develop cognition or sectional capability in patients with
Alzheimer’s disease in clinical trial. Leuco-
methylthioninium bis might prevent tau accumulation, but
adequate trial is required to assure the potential. In these cir-
cumstances, it is highly required to have a new, innovative
device for treatment of this Alzheimer’s disease [2].

2. Pathogenesis of Alzheimer’s Disease

Alzheimer’s disease is a persistent neurodegenerative disease
distinguished by the disablement of evocation and coherent
obligation (Figure 1). It is one of the usual neurodegenera-
tive diseases in the world. Mostly, people, who are aged
above sixty-five, are mainly affected with this specific dis-
ease [3].

2.1. Pathophysiology. In the area of brain, deprivation of syn-
apse widely and neuronal expiry takes place. As a result, ana-
lytical functions stop over there. Apoptosis of the neuron
inside the brain comes out because of existence of accumu-
lated amyloid plaques (amyloid beta peptide) and neurofi-
brillary tangles (tau protein filaments). These
accumulations create diminished constraints. As per pathol-
ogy, there are two types of postulations. One is based on
amyloid cascade neurodegeneration and another one related
to the disablement of cholinergic process (Figure 1). The ini-
tiation of Alzheimer’s disease happens through the proteo-
lytic splitting of the amyloid pioneer proteins (by
disarranging of homeostatic mechanism) that effects in the
excess abundance of amyloid–beta and production of amy-
loid plaques. There are some conditions like age, ecological,
and hereditary which accelerates in shifting metabolically
that can hold esteem in the system of amyloid protein pio-
neer. Here, two enzymes, beta-secretase and gamma-
secretase (constituents of the presenilin compounds), helps
to split amyloid-beta peptides (Figure 2). The outcome of
mutation in the amyloid pioneer protein with a presenilin

compound is enhancement of amyloid-beta accumulation
in patients with Alzheimer’s disease [4].

2.2. Characteristics of Nanomaterials and their Appliance in
Nanomedicine. Nanomaterials play a significant role in
developing drug durability and therapeutic efficiency. These
possess a wide embarked surface area, which helps in lading
huge amounts of drug and conserving drugs from enzymatic
deterioration. These materials show specific physicochemi-
cal features because of their surface yield, quantum dimen-
sion outcomes, and macroquantum effects. Nanomedicines
are very advantageous and potent as per its appliance [5].
So, choosing and designing of nanotransporters for trans-
porting and carrying are under tough conditions. One must
be very careful and responsible at the time of selection of
nanomaterials. Evaluation of toxic level and safety measure-
ment is one of the beneficial steps. For making the transport
successful and increasing the efficiency of treatment, it must
be focused on size, shapes, surface impose, and surface func-
tionalization. Uptaking and transporting nanoparticles are
size dependent. Size of nano-materials must be relevant
because of specific route of administration, carrier proce-
dure, fluid-chemistry. As per previous data, nanoparticles
sized less than 200nm are capable of intense brain perme-
ation and wide space circulation as compared to bigger par-
ticle sized materials. Nanoparticles, which have diameter less
than 5nm (Figure 3), have been constructed to be impres-
sionable to fast renal removal added to restricted dealing
capacity and rapid drug deliverance dynamics that put them
insufficient transport fluids. The surface charge of upgraded
nanomaterials leads an important disposition regarding
revival and cellular toxicity of enhanced technicality for
brain transportation. Here, positively charged mediums are
desired for transportation of siRNA9 (negatively charged),
and earlier data revealed that nanotransporters containing
positive charges produce the toxic effect to BBB (Figure 4).
So, to get efficiency, transporters with a neutral to negative
charge have been more generally pursued as a carrier. The
surface charge of nanoporters is affected through protein
adsorption. By utilizing in vitro and in vivo pattern, interre-
lation between nanoparticles and serum substituents are
being evaluated. Apart from that surface charge also impacts
over cellular intake, dispensation, and efficiency of nanodrug
particles relying on route of administration, cell target, and
functions [6].

2.3. Dendrimers. Dendrimers are the polymers, which are
suprabranched. The structure is 3-D arranged with excess
regulated mass. Size, shape, magnitude, volumes, and surface
chemistry carry beneficial features for treatment and diagno-
sis of particular disease. These particles are framed with a
basic core, surrounded by linked functional groups along
the peripheral region. By affixing of subsequent strata with
every generation, diameter of dendrimer maximizes by
1nm. Dendrimers are used for transportation of drugs.
These are able to maintain drug levels at therapeutic levels,
maximize the circulation half-life of active components,
and raise drug transport and durability. Biomolecules conju-
gate to the surface of dendrimers, and an excess drug
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 (i) Proteolytic splitting of amyloid
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  neurotransmission
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Figure 1: Chart Pathogenesis of Alzheimer’s disease.
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Figure 2: The major pathological characteristics of Alzheimer’s disease. Accumulation of amyloid beta, neurofibrillary tangles persuaded by
hyper phosphorylated tau protein and neuronal apoptosis. Amyloid beta is produced from amyloid beta precursor protein splitted by beta
secretase and gamma secretase. AB monomer accumulates to produce oligomers of various molecular weight and then fibriller AB. These
forms plaques in the brains of AD patients. Excessive accumulation, tau hyperphosphorylation, and neuronal apoptosis initiate series of
pathological alterations including cognitive deficits and brain atrophy.
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burdening capacity inside inner perforation is shown. These
molecules are keen of proteins, peptides, lipids, ligands, and
nucleic acid highly. Some dendrimers are wide in a variety
like poly(aminoamine) (PAMAM), polyether hydroxyl-
amine (PEHAM), and poly-(propyleneimine) (PPI) dendri-
mers. The PAMAM dendrimer has comprehensive
chemical features. This polycationic PAMAM consists of te
primary amine group at its surface area. Another half-
generation PAMAM dendrimer is polyanionic, which con-
tains carboxylic acid groups on surface. It helps in efficient
appliance of these transporters. Dendrimers are utilized as

antiamiloydogenic components. For example, fourth-
generation PPI maltose (PPI-G4-Mal) and fifth-generation
PPI maltose (PPI-G5-Mal) glycodendrimers have shown
the efficiency of shattering the amyloid-beta peptide, espe-
cially A beta (1-40) fibrilization. Every individual process
has various procedures to hinder AB fibrilization. Whereas
PPI-G4-Mal produces grove fibrils at down side of
dendrimers-peptide ratios as well as amorphous accumu-
lates at elevated ratios, the fifth-generation dendrimers pre-
vent fibril organization by producing granulated
nonfibrillar amorphous assembles. From this information,

Size

1 𝜇m

500 nm

200 nm

5 nm

Surface charge Shape Functionalization

Figure 3: Key physicochemical characteristics for the development of nanomaterial technologies to cross the blood−brain barrier for
Alzheimer’s disease treatment. Size, shape, surface charge, and functionalization greatly influence the nanocarrier efficacy for drug
delivery to the brain. Nanoparticles between 5 and 200 nm have been shown to penetrate the brain more efficiently than larger particles,
in addition to being efficaciously internalized by macrophages for cell-mediated delivery across the blood−brain barrier. The surface
charge of the nanotechnologies used for brain delivery must be carefully controlled to minimize the potential toxicity of each platform.
Furthermore, nanoparticle shape can significantly enhance the circulation and uptake of nanomedicines. Finally, surface functionalization
of the nanocarrier offers an extensive range of possibilities to improve brain penetration and target specific cell receptors with the use of
small molecules, antibodies, or peptides.

Decreasing adverse effects

Biological solubilisation Minimizing drug doses

Enhancing the efficiency of drugs

Regulable and maintained drug
exemption Enhancement of half life of drug

Targeting and penetrating BBB

Tiny diameter with strong penetrability Target lesional cells and tissues

Figure 4: Characteristics of nanomaterials are shown in the chart. Modified nanomaterials can target lesional cells and tissues.
Nanomaterials modified with specific molecules have small diameters with high efficient penetrability that make them focus and
penetrate the blood-brain barrier with perpetuated drug release, developed bioavailability, and enhanced drug half-life, therefore
minimizing drug doses, enlarging drug efficacy, and reducing adverse effects.
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we came to know that protecting fibril clumping may be uti-
lized as an efficient access in identifying the upgradation of
Alzheimer’s disease. CPDs (generation 3 and 4) have anti-
inflammatory features through blocking acetylcholine
hydrolysis as well as occupying antioxidant characteristics
(Figure 5) [7, 8].

2.4. Polymeric Nanoparticles. The size of polymeric nanoma-
terials are approximately 1 to 1000nm as well as multipur-
pose and harmonious process. In comparison with other
materials, polymers have singular combined form of features
possessing those components to be utilized for different drug
transportation appliances (Figure 5) [9, 10]. Additionally,
nanocomponents can be synthesized both naturally and arti-
ficially from polymers. Polysaccharides, poly(ethyleni-
mines), poly(alkyl cyanoacrylates), poly(methylidine
malonates), and polyesters are examples of polymers utilized
for transportation. Polybutylcyanoacrylate (PBCA) is the
earliest polymer-dependent nanocomponents used to trans-
port therapeutic materials to the CNS. These were formed
through emulsion polymerization of polyalkylcyanoacry-
lates. As per this information, an opoid peptide named
dalargin burdened PBCA nanomolecules were wrapped with
polysorbate 80 (Tween80) and transported intravenously.
The ultimate object of that was to get therapeutic steps of
dalargin, residing in CNS, marking drug passes through
BBB. Polysorbate 80 accelerates the power of penetrating
of polymeric nanomolecules through the BBB. Nanocompo-
nents, which stream through blood, are rapidly caught by
reticuloendothelial process through opsonization. Inside
the process of circulation, to increase the duration time of
residing, there should be minimization of particle size/
absorption of surfactants (polysorbate 80) on the surface
that is operative, particularly, surfactant polysorbate 80.

2.5. Liposome. Liposomes are globules, with composition of
one lipid bilayer, encompassed with an inward aqueous
chamber (Figure 5) [11]. Liposomes incorporate with phos-

pholipids, and thus, unilamellar and multilamellar forma-
tions take place. There are some phenomenons, by which
liposomes can be prepared like sonication, extrusion,
reverse-phase evaporation, or high-pressure homogeniza-
tion. The method of synthesis of liposome is simple. These
have property of intense bioavailability, biocompatibility,
and less poisonous. Additionally, these globules are capable
of transporting such kind of drugs, which are hydrophilic,
hydrophobic, and lipophilic in nature. The usage of lipo-
some in the transportation process exhibits suitable features
because of their rapid elevation by reticuloendothelial pro-
cess. For increasing time of circulating, the globule size is
reduced to tiny extent as well as surfaces are rectified by uti-
lizing PEG. Liposomes trigger on αβ peptides to hinder the
synthesis of senile plaques. Even if, PEG-covered liposomes
were active by utilizing anti αβ monoclonal antibodies.
Though the proper mechanism of penetrating peptide is
unknown, yet, this establishment of these peptides raised
penetrative power through the blood–brain barrier.

3. Diagnosis

The nanomaterial is also accepting growing focus for the
treatment of AD. Nanomaterial are the nanostructural mate-
rial that carries therapeutically active substance cross the
BBB and have powerful target affinity and likely high effec-
tiveness Therefore, he nanomaterial coupled to therapeuti-
cally active substance may be useful for monogenic disease
like AD [12].

3.1. Nanotechnology in Diagnosis of AD. The recent focus in
producing NPs for imaging and molecular tackling of bio-
markers is the promise of accurate diagnosis of Alzheimer’s
disease. Nanotechnology allows for highly powerful signal
transduction, which might aid in the early detection of Alzhei-
mer’s disease. The physical (magnetic, optical, or electrical),
chemical, and/or biological quality of cleverly structured
nanomolecules is the foundation for this possible application

Dendrimer

Core
First generation

Polymer chain

Crosslink

Hydrophilic
head

Hydrophobic
tail

Second generation
Third generation
Periphery

Polymer nanoparticle Liposome

Figure 5: Anatomy of nanocarriers used for Alzheimer’s disease drug delivery across the blood−brain barrier. Dendrimers, polymeric
nanoparticles, and liposomes are examples of nanocarriers that have been used to deliver therapeutic agents across the blood−brain
barrier for the treatment of Alzheimer’s disease. To cross the blood−brain barrier, studies have shown optimal particle diameters ranging
from 5 to 200 nm.
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of nanotechnology in imaging/diagnostic. Traditionally, the
soluble biomarkers of Alzheimer’s disease may be discovered
using one of two methods. The first is relied on assessing the
total amount of tau protein or Aβ concentration in CSF or
plasma. Because of the overlapping of such biological markers
in general and disturbed people, this technique has produced
some dubious results. Only hypothesized pathogenic bio-
markers, such as phosphorylated tau protein, splitter tau pro-
tein, or Aβ-derived diffusible ligands, are targeted in the
second strategy (ADDL). Though this method yields more
conclusive results, such pathogenic markers cannot be reliably
assessed with traditional ELISA or western blotting tests
because their quantities in CSF are extremely less in the previ-
ous stages of Alzheimer’s disease [12, 13].

Nanodiagnostics for AD in in vitro is as follows:

(1) Nanoparticle conjugates: DNA-NP clusters may
detect protein biomarkers at extremely small molar
concentrations, even as low as 10–18 moles per liter.
This approach has demonstrated to be effective in
detecting ADDL in CSF for in vitro AD diagnosis
[14]

(2) Localized surface plasmon resonance-based nano-
sensor (LSPR): when incoming light irradiates a solid
material, the surface plasmon resonance (SPR) is a
condition of resonant and collective oscillation of
valence electrons. In all directions, photon absorp-
tion and emission occur with a same frequency.
SPR events in several inorganic NPs make them use-
ful for imaging and researchers can better applica-
tions in a variety of illnesses, including Alzheimer’s
disease. Many metallic NPs-based ultrasensitive and
cost-effective approaches for detecting AD biomark-
ers such as ADDL have recently been developed
based on the SPR effect [15]

Nanodiagnostics for AD in in vivo is as follows:

(1) Magnetic resonance imaging (MRI): in recent
decades, iron oxide nanoparticles (IONPs) as well
as magnetic nanoparticles (MNPs) were extensively
studied as MRI contrast agents. Monocrystalline
IONPs with ultrasmall SIONPs have been studied
as MRI probes by two different sets of scientists.
The researchers used in vivo studies of Aβ plaques
in the brains of mice with Alzheimer’s disease. Intra-
venously administered MRI enhancing agents (NPs)
were deemed minimally intrusive [16]

(2) Optical imaging (OI): optical imaging (OI) with a
particular near-infrared (NIR) fluorescent dye is a
new method being researched with in vivo studies
of molecular biomarkers in many diseases, including
Alzheimer’s disease. The capacity of an imaging
probe to penetrate the BBB and specificity to target-
ing AD linked biomarkers are two of the most prev-
alent requirements for an AD diagnostic inquiry.
NIAD-4, a fluorescent dye that works in the NIR
region, was proposed for in vivo molecular detection

of A. Because of its unusual structure and low molec-
ular weight, it may quickly pass-through BBB [17]

3.2. Treatment. A nanomaterial is also accepting growing
focus for the treatment of AD. The nanomaterial is a nanos-
tructural material that carries therapeutically active sub-
stance across the BBB and has powerful target affinity and
likely high effectiveness. Therefore, nanomaterial coupled
to therapeutically active substance may be useful for mono-
genic disease like AD [18].

3.2.1. Nanomaterial as Drug Carriers in AD. The blood–
brain barrier adjusts the access of polymer into the brain
to ensure the CNS. These also hinder the movement of the
drug inside the brain for possessing small diameter as well
as elevated perceptibility; surface-modified nanostructures
can be utilized as a conveyer for effectively bringing drugs
to CNS. Nanodrug bringing procedures can naturalize the
perception of drug molecules into the CNS and better their
bioavailability in a particular brain region. This numerous
nanocarries have been altering to upgrade therapeutic with
delayed extrication property and better efficiency, such as
by generating polymers, emulsions, lipocarries, carbon
nanotubes, and metal-based carriers. Recyclable oxidized
perforated silicon was used as a transporter to load. The
nerve growth factor into the brain lowers cholinergic neuro-
nal loss in AD. The liberation of NGF was delayed for over a
month and its uninterrupted liberation. Inhibited AB-
included cytotoxicity in differentiated PC12 cells. NGF-
PSIO2 may therefore be potent carriers NGF that permit
its continuity and sustain redemption while reserving bioac-
tivity. Moreover, PSIO2 chips inserted above the dura mater
for eight weeks do not show swelling or adverse effect, and
biolistic bringing of PSIO2 microparticle enter the brain
and reach to depth of 150μm in the brain, purposing that
recyclable PSIO2 transporters were a usable bringing process
for NGF inside the brain [19, 20]. It combines with TiO2-
nanowired cerebrolysin along with neprilysin and P-tau
antibodies effectively augmented neuroconservancy in rat
ideal of Alzheimer’s disease. This shows better significant
activity than cerebrolysin, neprilysin, and P-tau antibody
(administrated merely). A surface-enhanced Raman scatter-
ing- (SERS-) relied sandwich assay by utilizing a combined
form of monoclonal anti-tau-functionalized hybrid mag-
netic NPs and polyclonal anti-tau-immobilized gold NPs
was particular for tau (collection through a simple magnet).
The interrelation between tau concentration (25 fM to
500 nM) found as linear. In terms of susceptibility and tack-
ling extent for tau protein identification, Gold NPS function-
alized with tau-specific monoclonal antibodies and an
oligonucleotide template for immuno-polymerase chain
reaction (Nano-iPCR) seemed as auspicious. A cholinester-
ase inhibitor, donepezil (implicated with polylactidecogyco-
lide (PLGA)) exhibits more brain accumulation than
donepezil unaccompanied.

3.2.2. Nanomaterial Targetting αβ Accumulation. The para-
normal congestion of αβ inside brain is nothing but a signif-
icant stamp for AD, and it influences alterations of AD
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neuropathologically. So, it is a very necessary condition to
search out drug, which can hinder αβ congestion and mini-
mize αβ toxicology. Au-NPs wrapped with PAA (Au PAA)
have been expressed to impact αβ fibril accumulation in
mice. If it is covered by insulin, there is hapazar situation
in fibril arrangements shown. The duplex action PEG-
PLA-NPs toned down with TGN and QSH specially aimed
amyloid plaques with less neurotoxicity. For eradicating
accumulated αβ through the immune process, immune ther-
apy utilizing nanotechnical is drawing deliberation. Zinc-
filled nanomolecules are used to hinder synaptic minimiza-
tion and prevent neuronal inflammation.

3.2.3. Nanomaterials Targetting Tau for AD Treatment.
From the present research, it is known that tau channel
belongs to a very potent therapeutic trigger because it is
compactly assorted with clinical upliftment of AD impedi-
ments. An αβ inhibitor (LK7) coupled and PEG-stagnant
black phosphorus (BP) nanoprocess exhibit nice perma-
nency and importantly increased preventive capacity with
respect to αβ42 fibrillogenesis.

3.3. Future Perspective. The appliance of nanotechnology in
Alzheimer’s disease therapy is very much worthful. Though
most of the research is still in preclinical level of study, it is
expected that it could turn towards upgraded therapeutics
and theragnostic results. There are so many advancing mod-
ernness simultaneously with nanotechnology-dependent
procedures showing prospective in drug or bioparticles or
transport of any agents across the BBB deliberate for Alzhei-
mer’s disease action. There are some technical proficiencies
that accelerates the enhancement of nanoparticle mediated
CNS transportation smoothly [21, 22].

3.4. Ultrasound-Mediated BBB Disruption. Focused ultra-
sound (FUS) enhances the penetrability of drugs and drug
transporters across the BBB and thus nanoparticles intended
in the brain. From the past several years, as per biomedical
research in that specific field, brain cancer and Alzheimer’s
disease are being emphasized MRI influenced FUS individu-
ally for BBB disruption. Focused ultrasound blood–brain
barrier disarrangement is majorly influenced by ultrasound
context including amplitude of applied pressure, prevalence,
duty circle, number of cycles per pulse, dose, and magnitude
of microbubble [23]. Regulation of such measurements is
not so easy because of disrupting of endothelium next to
sonication regarding in vivo data. Enhancement of vascular
penetrability across the tissue next to sonication space takes
place because of interrelation of sonication and vasculature.
Application of FUS shows better result in brain cancer treat-
ment than Alzheimer’s disease treatment. Hence, damage of
BBB creates complications inward streaming of circulating
components into the CNS would be neuronoxious, carrier
malfunction, modified protein articulation, inflammatory
action, oxidative force, and neuronal disruption. Here, it is
distinct evidence that disrupted BBB turns into intensified
Alzheimer’s disease [24].

4. Direct Convection Therapy in
Alzheimer’s Disease

Convection-enhanced delivery (CED) is a system to trans-
fer the various diagnostic/therapeutic substance straightly
inside the brain along with BBB. Parenteral administration
of different therapeutic components into the brain has
been relied on diffusion hypothesis and relies on concen-
tration gradient to get the better of prevention because
of biological obstructions. The outcome of it is restricted
transportation of delivered components, and drug perme-
ates stay enclosed to several millimeters from the location
of administration. Here, CED uses a fluid pressure gradi-
ent at the infusion catheter tip and bulk stream to circu-
late the components within extracellular fluid place.
Nowadays, CED is being evaluated clinically in the eras
of neurodegenerative diseases and neurooncology due to
excess drug congregation over widened regions of aimed
tissues in comparison to general injection manner of
administration [25].

5. Conclusion

As there is swift progression of nanotechnology, nanocom-
ponents display extreme efficiency in biomedicine because
of their extraordinary biophysical characteristics. The com-
bined form of nanotechnology as well as biomedicines sup-
ply new eras for the diagnosis and treatment procedure.
From the research and various suitable information, we
came to know that nanomolecules are capable of slowing
the enhancement of Alzheimer’s disease through different
types of systems like functioning as drug transportation
vehicles, preventing αβ accumulation, raising αβ demote,
putting down tau accumulation, minimizing tau phosphory-
lation, and unburdening the oxidative pressure provoked αβ
accumulation [26]. Overall, the toxic nature of nanomole-
cules varies upon several factors such as materialistic neat-
ness, molecular size, chemical construction, dose,
accumulated state, and time of exposing. To increase focus
efficiency, surface modifications and other procedures can
be utilized. Such that contraindications can be minimized
to civilize their appliances. Again, research, concentration,
development, and investigations are highly required for
looking at the new horizon of success in diagnosing as well
as treatment of Alzheimer’s disease. To reduce, to regulate,
and to eradicate advance levelled research upon nanoparti-
cles are needed abundantly.
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Aluminium matrix composites (AMCs) are broadly used to change the monolithic materials in aviation, automotive, and defense
industries owing to their superior characteristics such as specific strength with light weight, greater hardness, good wear resistance,
and better thermal properties. This novel work was aimed at estimating the specific wear rate (SWR) of zirconium dioxide- (ZrO2-
) filled AA8011 (Al-Fe-Si alloy) matrix composites. A Taguchi method and response surface methodology (RSM) were used to
find out the optimum range of control parameters on SWR of proposed composites. The stir casting technique was used to
fabricate the composite specimens with varying proportions (5, 10, and 15wt.%) of ZrO2 particle addition. The wear tests were
performed as per L27 orthogonal design by using a pin-on-disk apparatus under dry conditions. For this test, four control
parameters such as wt.% of ZrO2, load, disc velocity, and sliding distance each at three levels were selected. Based on the
experimental results, 15wt.% of ZrO2, 29.43N of load, 0.94m/s of disc velocity, and 1000m of sliding distance provide the
minimum SWR of the developed composite sample. ANOVA result revealed that the load (49.04%) was the primary dominant
factor for affecting the SWR, followed by wt.% of ZrO2 content (29.24%), respectively. Moreover, scanning electron microscopy
(SEM) analysis was performed to study the wear mechanism of worn-out surface of the composite test specimens.

1. Introduction

In the past few decades, aluminium and its alloys are essen-
tial materials for fabrication of high recital parts in engineer-
ing applications like aerospace, automotive, and defense
industries due to their excellent characteristics like specific

strength, light weight, high stiffness, good elastic modulus,
and better thermal characteristics [1]. Among the many Al
series alloys, Al-Fe-Si alloy has emerging material for various
engineering structural applications owing to its unique char-
acteristics such as high strength and hardness. However,
these alloys have obtained very poor tribological properties.
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Hence, these alloys are made with self or hard ceramic par-
ticulates such as ZrO2 [2], TiC [3], TiB2 [4], Al2O3 [5], B4C
[6, 7], ZnO [8], Si3N4 [9], and Gr [10] to improve the tribo-
logical properties. The development of Al-based composites
increases widespread in recent days because of it providing
more wear resistance. Stir casting, powder metallurgy, infil-
tration, compo casting, etc., are commonly employed to
develop the AMCs [11]. Among them, stir casting technique
is most preferable due to their merits like simple and flexible;
more economic and mass production can be achieved [12].
The limitation of the stir casting method is to obtain suffi-
cient wetting of reinforcement particles by molten alloy
and to get a homogeneous distribution of the particles and
also to reduce the porosity. However, these are prohibited
by proper utilization of casting process variables. They [13]
fabricated AA7075 composites reinforced with TiO2 particu-
lates by liquid casting technique, and they reported that the
properties of the developed AMCs drastically enhanced due
to even allocation of reinforcement. They [14] conducted the
wear test of Al-ZrO2 composites under dry conditions and
concluded that the wear resistance, improved gradually with
an increasing ZrO2 content. Generally, a variety of factors
like load, disc velocity, lubricating medium, and sliding dis-
tance are controlling the wear rate of fabricated components.
Therefore, selection of optimal parameters is more essential
during the wear test. Optimization techniques like the Tagu-
chi method and response surface method are most suitable
for prediction of optimum wear control parameter level.
The Taguchi method is one of the primary statistical tech-
nique which is applied in various areas such as design opti-
mization, parameter selection, and prediction of output
responses. It provides a simple, efficient, and systematic
approach to optimize the wear control parameters. They [15]
optimized the wear parameters of AMCs (356/B4C) using
Taguchi technique. They observed that load was a predomi-

nant factor trailed by sliding distance with contributions of
35% and 25%, respectively. This work [16] conducted the wear
test for AA6062 using a pin-on-disk apparatus under dry con-
ditions. The optimum level of parameters was determined by
RSM coupled with desirability analysis. The SEM image of
the worn surface reveals that abrasive wear mechanism was
occurring. This work [17] optimized the wear control factors
such as wt.% of reinforcement, load, sliding distance, and
speed on wear resistance of AA7150-TiC nanocomposites by
employing the Taguchi method. They [18] presented the wear
performance of SiC-Gr-filled AMCs, and they reported that a
raise in load rises the wear of the fabricated composites. The
author [19] considered the wear rate of nanosize of SiC
particle-filled AMCs proposed by two-step stir casting route
and reported that the dispersion of SiCn (60.15%) content
was the strongest impact factor, trailed by sliding distance
(35.33%), respectively. The worn surface analysis shows that
the formation of the oxide layers resists the metal removal
from the pin surface, thus resulting in decreasing the wear.
They [20] analyzed the tribological performances of ZrO2-
reinforced Al7068MMCs produced through liquid metallurgy
route. They stated that 12wt.% ZrO2 composition addition
drastically improves the tribological performances of the
matrix alloy. They [21] explored the wear behavior of in situ
AA8011-ZrB2 MMCs using Taguchi-Grey analysis, and they

Table 1: Chemical elements of AA8011.

Elements Fe Si Mn Cu Zn Ti Mg Cr Al

Wt.% 1.0 0.9 0.20 0.10 0.10 0.08 0.05 0.05 Remain

Matrix
(AA8011)

Reinforcement
(ZrO2)

Fabrication route
(Stir casting method)

Output response
(Specific wear rate)

Taguchi
technique
(S/N ratio
analysis)

Input parameters
(wt.% of ZrO2, load, disc
velocity, sliding distance)

Response surface
methodology

(ANOVA)

Result and discussions
(SEM-Worn surface morphology)

Dry sliding wear test
(Pin-on-disc apparatus)

Figure 1: The layout of current investigation.

Table 2: Control parameters and its level.

Symbol Control parameters Unit
Level

1 2 3

A % of ZrO2 wt.% 5 10 15

B Load N 9.81 19.62 29.43

C Disc velocity m/s 0.94 1.88 3.76

D Sliding distance m 1000 1500 2000

2 Journal of Nanomaterials



found that the load and sliding velocity are the most decisive
factors among the others. This work [22] predicted the SWR
of Al7075 composites incorporated with B4C (8wt.%) and
fly ash (2wt.%). The RSM was accomplished to create an

empirical model of SWR in terms of various input factors.
The worn-out surface shows that the deep plowing grooves
and fine debris exist which ensure the presence of powling
mechanism. They [23] studied the wear behavior of LM25

Table 3: L27 orthogonal array experimental layout.

Ex. no. ZrO2 (wt.%) Load (N) Disc velocity (m/s) Sliding distance (m) SWR (mm3 × 10−4/Nm) S/N ratio (dB)

1 5 9.81 0.94 1000 4.495 -13.055

2 5 9.81 1.88 1500 5.250 -14.403

3 5 9.81 3.76 2000 5.902 -15.420

4 5 19.62 0.94 1500 2.431 -7.716

5 5 19.62 1.88 2000 2.808 -8.968

6 5 19.62 3.76 1000 3.374 -10.563

7 5 29.43 0.94 2000 2.620 -8.366

8 5 29.43 1.88 1000 2.433 -7.723

9 5 29.43 3.76 1500 2.372 -7.502

10 10 9.81 0.94 1500 4.067 -12.185

11 10 9.81 1.88 2000 4.730 -13.497

12 10 9.81 3.76 1000 3.884 -11.786

13 10 19.62 0.94 2000 2.503 -7.969

14 10 19.62 1.88 1000 2.411 -7.644

15 10 19.62 3.76 1500 2.217 -6.915

16 10 29.43 0.94 1000 1.770 -4.959

17 10 29.43 1.88 1500 1.852 -5.353

18 10 29.43 3.76 2000 1.944 -5.774

19 15 9.81 0.94 2000 2.742 -8.761

20 15 9.81 1.88 1000 2.192 -6.817

21 15 9.81 3.76 1500 2.559 -8.161

22 15 19.62 0.94 1000 1.646 -4.329

23 15 19.62 1.88 1500 1.830 -5.249

24 15 19.62 3.76 2000 2.059 -6.273

25 15 29.43 0.94 1500 1.709 -4.655

26 15 29.43 1.88 2000 1.831 -5.254

27 15 29.43 3.76 1000 1.464 -3.311

4.0

3.5

3.0

2.5

2.0

5 10 15 9.81 19.62 29.43 0.94 1.88 3.76 1000 1500 2000

M
ea

n 
of

 m
ea
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Main effects plot for means
data means

% of Zro2 (wt.%) Load (N) Disc velocity (m/s) Sliding distance (m)

Figure 2: Main effect plot for means of SWR.
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matrix composites reinforced with varying proportions (3, 6,
9, 12, and 15wt.%) of ZrO2 particles. They reported that the
WR decreases with an increase in the wt.% of ZrO2 content.

From the detailed literatures, we had observed that the
most research work has been studied on AA8011 with differ-
ent reinforcements such as B4C, Al2O3, SiC, TiC, TiB2,
Si3N4, and graphite, but none of them attempted for
AA8011 with ZrO2 as reinforcement via stir casting route.
Hence, the present work was aimed at analyzing the SWR
of ZrO2-filled AA8011 matrix composites developed
through stir casting route. An optimization technique such
as the Taguchi method and RSM has been applied to find
out the optimum conditions of factors on SWR of the fabri-
cated composites.

2. Materials and Methods

In the current study, the matrix constituent was chosen as
AA8011 (Al-Fe-Si alloy) received from Coimbatore Metal
Mart, Coimbatore, India. Recently, AA8011-containing Al-
Fe-Si alloy has emerging material in modern engineering
applications such as aerospace, automotive, and defense
industries where enhanced strength, hardness, and good wear
resistance materials are enormously required. Table 1 pro-
vided the weight fraction of chemical elements present in the
matrix alloy. Similarly, the reinforcement was used as zirconia
(ZrO2) particulates with a particle size of 10μm received from
LOBA Chemie, Mumbai, India. It has a density of 5.68 g/cm3,
hardness of 1350kg/mm2, Young’s modulus of 250GPa, and
thermal conductivity of 2.7W/m.K, respectively. The stir cast-
ing technique adopted the production of AA8011matrix com-
posites by adding different weight fractions (5wt.%, 10wt.%,
and 15wt.%) of ZrO2 particles. The layout of current investi-
gation is illustrated in Figure 1.

Primarily, the required amount of AA8011 rod was
stored into the crucible, and it was placed in the electric fur-
nace. The furnace temperature was maintained at 750°C, till
the entire alloy was melted. At the same time, the different
weight percentages such as 5wt.%, 10wt.%, and 15wt.% of

ZrO2 particles were preheated at 300°C [12] to promote
the dry condition and proper wettability with the molten
metal. After that, the ZrO2 particles were slowly fed into
the slurry of molten alloy. Meanwhile, the composite slurry
was stirred at a speed of 300 rpm about 10min [13]. Then,
the slurry was poured into the mould, and it was permitted
to solidify at normal air temperature. After solidification,
the composites were taken out from the mould, and the
required test specimens were prepared.

After getting the composite specimen, the wear test was
executed according to ASTM G-99 standard by TR-20
DUCOM pin-on-disk tribometer. The wear test pins’ size of
10mm× 10mm× 30mm was prepared by wire cut EDM.
During the wear test, the test pins were pushed on the EN-
31 steel counter disc with 60 HRC hardness. To achieve the
clean surface, the test specimen and the counter disc were
polished using fine emery sheet and also cleaned by the

–6

–7
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–10

–11

–12
5 10 15 9.81 19.62 29.43 0.94 1.88 3.76 1000 1500 2000
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Main effects plot for SN ratios
data means

% of Zro2 (wt.%) Load (N) Disc velocity (m/s) Sliding distance (m)

Signal -to-noise: smaller is better

Figure 3: Main effect plot for S/N ratios of SWR.

Table 4: Means table for SWR.

Level A B C D

1 3.521 3.980 2.665 2.630

2 2.820 2.364 2.815 2.699

3 2.004 1.999 2.864 3.015

Delta 1.517 1.981 0.199 0.386

Rank 2 1 4 3

Table 5: S/N ratios table for SWR.

Level A B C D

1 -10.413 -11.565 -7.999∗ -7.798∗

2 -8.454 -7.292 -8.323 -8.016

3 -5.868∗ -5.877∗ -8.412 -8.920

Delta 4.545 5.688 0.412 1.122

Rank 2 1 4 3
∗Optimum level.
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acetone solution. Usually, there are many control parameters
involved to conduct the wear test. Based on the earlier studies
[13], we have considered four parameters with three levels
such as wt.% of ZrO2 (A), load (B), disc velocity (C), and slid-
ing distance (D), respectively. Based on the parameters and its
levels (Table 2), Taguchi L27 orthogonal design was formu-
lated to perform the wear tests. After the tests, the SWR of
tested composite specimens is determined by using

SWR mm3/Nm
� �

= Δm/ρ
L ×D

, ð1Þ

where Δm is the mass loss of test pin (g), ρ is the density of the
fabricated composite (g/mm3), L is the load (N), and D is the
sliding distance (m). The estimated SWR for each experiment
is provided in Table 3.

3. Optimization Methodologies

3.1. Taguchi Method. The Taguchi method is a reliable statis-
tical approach which can be employed to find out the per-
missible range of parameter conditions with minimum
experimental trials performed. The intend of this method
is used to make high-quality product with minimum cost
[24]. For applying this method, suitable orthogonal array
design is formulated based on the quantity of input factors
and its levels concerned. Notably, three arithmetic S/N ratio
equations can be used to determine the response such as
smaller is better, nominal is best, and larger is better, respec-
tively [25]. Here, the objective of this study is to identify the

optimal control factors on SWR while dry sliding process of
AA8011-ZrO2 composites. To compute the S/N ratio for the
SWR, smaller the better arithmetic S/N ratio equation can be
used and it was provided in

S/Nratio = −10 log10 1/nð Þ〠
n

k=1
Yij

2, ð2Þ

where n is the no. of trials and Y ij is the response, where
i = 1, 2, 3⋯ ::n and j = 1, 2, 3⋯⋯:k. The calculated S/N
ratios for the SWR are given in Table 3.

3.2. Response SurfaceMethod. RSM is a powerful and advanced
mathematical tool. The main goal of this method is to deter-
mine the impact of independent factors on the dependent
responses clearly represented by theoretically developed model
[26]. In this study, we had employed to predict the SWR and
how it is dominated by the independent control factors includ-
ing wt.% ZrO2 (A), load (B), disc velocity (C), and sliding dis-
tance (D), respectively, by using the “design expert version 12”
software, to create an empirical model of SWR in terms of con-
trol parameters. To explicate the mathematical appropriate
relation between the input factors and SWR, the second-
order polynomial regression equation was proposed.

Y = βο + 〠
k

i=1
βiXi + 〠

k

i=1
βiiXi

2 + 〠
k

i<j
βijXiX j + ε: ð3Þ

Table 6: ANOVA table for SWR.

Source Adj SS Dof Adj MS F-value P value

Model 34.84 14 2.49 21.27 <0.0001
A-% of ZrO2 10.60 1 10.60 90.62 <0.0001
B-load 17.78 1 17.78 151.97 <0.0001
C-disc velocity 0.1784 1 0.1784 1.52 0.2405

D-sliding distance 0.6495 1 0.6495 5.55 0.0363

AB 2.68 1 2.68 22.94 0.0004

AC 0.2506 1 0.2506 2.14 0.1690

AD 0.0227 1 0.0227 0.1937 0.6677

BC 0.1555 1 0.1555 1.33 0.2714

BD 0.2591 1 0.2591 2.21 0.1625

CD 0.0012 1 0.0012 0.0099 0.9223

A2 0.0200 1 0.0200 0.1709 0.6866

B2 2.35 1 2.35 20.06 0.0008

C2 0.0409 1 0.0409 0.3496 0.5653

D2 0.0924 1 0.0924 0.7900 0.3916

Residual 1.40 12 0.1170

Cor total 36.25 26 R2 0.9613

Std. Dev. 0.3420 Adjusted R2 0.9161

Mean 2.78 Predicted R2 0.7769

C.V. % 12.30 Adeq precision 17.6566
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Here, βo is constant, βi is the linear terms, βii is the qua-
dratic terms, βij is the interaction terms, and Xi and Xj are
the levels of input parameters, respectively.

4. Results and Discussion

4.1. S/N Ratio Analysis. Figures 2 and 3 reveals the main
effect plots for mean and S/N ratio on the SWR with each
level of control parameters, namely, wt.% of ZrO2, load, disc
velocity, and sliding distance. In Figure 2, it is seen that the
SWR is gradually decreased with an increasing trend of ZrO2
content. The reason is that the inclusion of ceramic (ZrO2)
particulates improved the hardness of the fabricated com-
posites, which result in reduced the SWR. From Figure 3,
it can be proved that the higher S/N ratio is nearer to the
optimum conditions. Hence, the less SWR is produced at
the optimum level parameters A3B3C1D1, represented as
wt.% of ZrO2 at 15wt.%, load at 29.43N, disc velocity of
0.94m/s, and sliding distance at 1000m. Tables 4 and 5
depicted the response table for means and S/N ratio of
SWR. It was revealed that the order of impact parameters
on response is represented as rank 1, 2,…, etc. Normally,
the rank 1 is assigned as most significant parameter followed
by others. Based on Tables 4 and 5, it can be understood that
the load has been identified as rank 1 which is more
influencing parameter on SWR, subsequently by wt.% of
ZrO2, sliding distance, and disc velocity, respectively. The
SWR is directly proportional to the load applied, which is
obeyed by Archard’s law. Hence, the SWR increases with
increasing applied load due to more contact pressure
between the surfaces. The similar observations were previ-
ously reported [27].

4.2. Analysis of Variance (ANOVA). ANOVA is a collection
of statistical approach used to decide the noteworthy param-
eters on the responses under the group of process parame-
ters [28]. The purpose of the current investigation is to

identify the impact of control parameters including wt.%
ZrO2 (A), load (B), disc velocity (C), and sliding distance
(D) on SWR during dry sliding wear test. ANOVA result
of SWR is presented in Table 6. In order to find the notewor-
thy effect of parameters on SWR, the F-ratio and P value
(Table 6) are considered at 95% CI and 5% significant level.
The F-value of 21.27 indicates that the developed empirical
model is significant, as seen in Table 5. Similarly, the devel-
oped model terms are significant which ensured by the P
value (<0.0001). It has also been found that the terms A, B,
D, AB, and B2 are considered as the important (most domi-
nant) factors on the SWR. Usually, the R2 is used to deter-
mine the fitness of the empirical model. For current
analysis, R2 value is 0.9613 and adjusted R2 value is 0.9161
which shows the greater significance of the model. Hence,
there is also a well concurrence between the predicted and
the adjusted R2 value.
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The mathematical relations for the SWR in terms of
coded and actual factors are given in

SWR = +2:40 − 0:7745A − 1:00B + 0:0996C + 0:1917D
+ 0:4794AB − 0:1438AC + 0:0441AD − 0:1133BC
− 0:1489BD − 0:0098CD − 0:0577A2 + 0:6254B2

+ 0:0946C2 + 0:1241D2,
ð4Þ

SWR = +8:718 − 0:2789A − 0:3901B + 0:6798C
− 0:0006D + 0:0097AB + 0:0204AC
+ 0:000018AD − 0:008192BC − 0:000030BD
− 0:000014CD − 0:002309A2 + 0:006499B2

− 0:047575C2 + 4:964E−7D2:

ð5Þ

Figure 4 displays the predicted and actual values of SWR.
It clearly understood that the predicted values are reasonably
closer to the experimental values. Figure 5 shows the probabil-
ity vs. externally studentized residual plot of the SWR. It can
be ensured that the residuals are evenly located along a straight
line, which confirms that the developed model is fitted. The
externally studentized residual with experiment order is
shown in Figure 6. From the plot, the experiment number 7
provided the high residual value among the others.

4.3. Interaction Effect of Parameters on SWR. Figure 7 illus-
trates the 2D surface plots for SWR with related to the con-
trol parameters. The main purpose of surface plot is used to
reveal the interaction effect of parameters on the response.
Figures 7(a)–7(c) illustrate the interaction of reinforcement
on SWR of developed composites with respect to other
parameters like load (B), disc velocity (C), and sliding dis-
tance (D). It can be revealed that the SWR gradually
increases with increasing the weight.% of ZrO2 particles.

By considering the load (B), SWR is less for AA8011-15wt.
% of ZrO2 composite with maximum load condition. The
middle level of disc velocity (C) produces low SWR for
15wt.% of ZrO2 composite. By considering the sliding dis-
tance (D), the higher SWR is produced at higher levels of slid-
ing distance (2000m) with low weight.% of ZrO2 content.
Figures 7(d) and 7(e) show the interaction of load (B) with disc
velocity (C) and sliding distance (D) on SWR. SWR increases
with an increasing trend of disc velocity at low level of load
(9.81N). However, the low SWR of 2mm3 × 10−4/Nm is
obtained at 29.43N of load with the middle level of disc veloc-
ity. From Figure 7(e), it can be observed that the high SWR of
4mm3 × 10−4/Nm is produced at a maximum sliding distance
of 2000m with initial load of 9.81N. The effects of disc veloc-
ity (C) and sliding distance (D) on SWR is shown in Figure 7
(f). It can be clearly revealed that the SWR steadily increases
with an increase in the sliding distance at middle level of disc
velocity 1.88m/s. But, the less SWR 2:18mm3 × 10−4/Nm is
attained at 0.94m/s disc velocity and 1000m sliding distance,
respectively.

4.4. Worn Surface Morphology. The SEM morphology of the
worn-out surface of developed AA8011-ZrO2 composite
specimens tested at various conditions of control parameters
is illustrated in Figures 8(a) and 8(b). From the figure, the
presence of mechanisms in the worn surfaces was exactly
noticed.

Figure 8(a) depicts the worn-out surface of the initial test
conditions including 5wt.% of ZrO2-filled composite at a
load of 9.81N, disc velocity of 0.94m/s, and sliding distance
of 1000m, respectively. It shows the presence of deep
ploughing grooves, delamination, some pits, and macrocrack
on the worn-out surface. The asperities of the counter disc
generated deep ploughing grooves while sliding, resulting
in the formation of ridges. The dislodged particles existence
in some region due to the repetitive sliding action and also

(a) (b)

Figure 8: SEM images of the worn-out surface (a) at initial conditions and (b) at optimal conditions.
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some debris removed from the ridges. Due to the removal of
reinforcement (ZrO2) particles, some pits are formed in the
worn-out surface. This causes the abrasive mechanism
involved. The worn-out surface of the optimal test condi-
tions of 15wt.% of ZrO2-dispersed composite at a load of
29.43N, disc velocity of 0.94m/s, and sliding distance of
1000m is shown in Figure 8(b). It obviously revealed the
presence of the smooth surface as well as fine grooves on
the worn-out surface. The reason is behind that is that the
dispersion of higher amount of ZrO2 (15wt.%) particles
improves the surface hardness among the other composites,
thus will reduce the SWR. Due to higher load (29.43N) con-
ditions, the microcrack exists in a few regions on the surface.
However, the mechanical mixed layer (MML) is formed due
to transfer of materials between the counterpart and pin sur-
face which causes reduced the SWR.

5. Conclusions

This work investigated the effects of control parameters on
SWR of zirconia- (ZrO2-) filled AA8011 composites under
dry sliding conditions. The given observations were obtained
in this study:

(i) The various weight fractions (5, 10, and 15wt.%) of
ZrO2 particle were incorporated with AA8011
matrix composites through stir casting route. A
pin-on-disk machine was used to conduct the wear
tests under dry conditions

(ii) A Taguchi technique was applied to identify the
optimal control parameters on SWR of proposed
composites. Based on the main effect plot, the less
SWR is obtained at 15wt.% of ZrO2, 29.43N of
load, 0.94m/s of disc velocity, and 1000m of sliding
distance

(iii) RSM-based ANOVA result revealed that the load
has been considered as the more influencing param-
eter on SWR, followed by wt.% of ZrO2 content
with percentage contributions of 49% and 29.24%,
respectively

(iv) SWR drastically minimizes when there is an
increasing trend of ZrO2 particles within the matrix
alloy. The reason is behind that is that the inclu-
sions of ceramic content improved the hardness,
thus reducing the SWR of the developed composite

(v) The SEM micrograph of the worn-out surface
reveals the presence of deep grooves, plugs, and
cracks on the surface of the initial parametric condi-
tions. However, at optimal parametric conditions,
the fine grooves and smooth surface are formed
due to higher amount (15wt.%) of ZrO2 addition
that creates the MML layer, thus reducing the SWR

(vi) In the future, other optimization techniques such as
fuzzy logic and artificial neural network and
machine learning approaches can be used to predict
the SWR of the developed composites
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The present study focuses on optimization of operating parameters in wire electric discharge machining of AA2024 aluminium
alloy reinforced with lithium and silicon nitride particles. Aluminium composite was produced through the two-step stir
casting route with the combination of 2% lithium and 10% silicon nitride reinforcements. Experiments were performed using
the Taguchi design of experiments to optimize the selected input parameters such as pulse on time, pulse off time, current and
wire feed for the response parameter, material removal rate, and surface roughness. An ANOVA-based regression equation
with genetic algorithm was used to optimize the input variables. The gray relational grade was also performed to optimize
multiple performance characteristics. Taguchi-based optimization analysis results in wire feed as the domination factor for
material removal rate and surface roughness. Increased wire feed increases the material removal rate with good surface finish
as confirmed from gray relational grade analysis. Regression equation generated results with minimum error (<2%) proving
the accuracy of the investigation. A genetic algorithm-based study also confirms the analysis of Taguchi and gray relational
grade. The wire feed rate at 3m/min and pulse on time of 120 microseconds were found to be similar for material removal
rate and surface finish. Current at 50A increases the material removal rate and current at 30A results in good surface finish.

1. Introduction

Advanced composite materials with high strength, high hard-
ness, and light weight finds applications in defense, space craft,
and engineering industries [1]. Aluminium composites with
SiO2, SiC, B4C, and TiB2 reinforcements has shown remark-
able improvements in terms of microstructural, mechanical,

and thermal properties. Silica added composite reveals good
fluidity with lower stiffness values. Increased heat transfer
and wear resistance with better mechanical properties were
noticed for the addition of silicon with the aluminium matrix
[2, 3]. Machining of such composite materials is difficult in
conventional machines and need focus on nonconventional
techniques for good surface finish with accuracy. Wire
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electrical discharge machining (WEDM) has shown effective
machining methods for composite materials [1, 4]. This
machining needs input parameters which are classified as elec-
trical and nonelectrical. Themajor electrical inputs are current
(A), voltage (V), pulse on time (Ton), and pulse off time
(Toff). The wire material, wire size, wire feed rate, and dielec-
tric medium are used as nonelectrical input parameters. The
major output parameters for optimization are the material
removal rate (MRR) and surface roughness (Ra) [5, 6]. The
response surface methodology- (RSM-) based Box-Behnken
design was used to analyze the output response for surface
roughness of aluminium-reinforced silicon carbide (SiC) par-
ticles machining using WEDM [7]. Investigation on machin-
ing of SiC-reinforced aluminium alloy 2024 composite was
carried out and reports suggested that surface roughness is
increased for increased pulse on time, and MRR is increased
when increasing the pulse on time and peak current [8].
Machining of aluminium 7178 reinforced with 10wt% ZrB2
composite was made using the Taguchi-based gray rational
analysis (GRA) technique. The L16 orthogonal array was used
to optimize MRR and Ra with four parameters at four levels.
The result showed that the peak current and pulse on time
are the influencing parameters for higher MRR and better
[9]. The Box-Behnken design with RSM was used to analyze
the machining parameters where the increase in pulse on time
decreases the surface roughness [10]. In WEDM of Al 6063

with zirconium silicate reinforcement, analysis of variance
(ANOVA) concluded that the influencing parameters are peak
current and pulse on time [11]. Taguchi’s GRA was used to
optimize the MRR and surface finish. The results showed that
the combined effect of pulse on time, pulse off time, wire ten-
sion, and flush rate are essential for a good surface finish with
greater MRR [12, 13]. The Taguchi design of experiment
(DOE) technique was used to perform experimentation on
ballistic grade aluminium alloy using the RSM model [14].
Machining of Al 5083 alloy in WEDM concluded that pulse
off time and wire tension does not have any control over sur-
face roughness [15]. An adaptive neuro fuzzy system was used
to correlate the relationship between output and input param-
eters inWEDMof aluminium and SiC composites. The dielec-
tric medium was changed from liquid to gas. Brass wire with
oxygen medium was found to have higher cutting velocity
[16, 17].

Aluminium alloy 6061 reinforced with SiC was used to
optimize the MRR. It was reported that the increase in per-
centage volume of SiC particle decreases MRR by their study
considering L9 orthogonal array [18]. Considering Ra in the
WEDM process of Al6061 alloy reinforced with varied 5 to
10 percentage of boron carbide particle, increment in cur-
rent decreases the surface quality and higher gap voltage
increases the surface finish [19]. Machining of maraging
steel SS350 was optimized using Taguchi ANOVA-based
DOE. In that study, pulse on time, pulse off time, spark
gap voltage, and peak current was selected as input parame-
ters. The output parameter selected was MRR and surface
roughness. The results clearly indicated that increase in
pulse on time and peak current increases the MRR and Ra.
It was also observed that the peak current was the most
influencing parameter for both MRR and Ra [20]. It was

Figure 1: Prepared specimens for wire electrical discharge
machining.

Figure 2: Photograph of Electronica sprint cut CNC wire-cut
electrical discharge machine.

Table 1: Selected input parameters and its levels.

Factors Symbol Unit
Parameter levels

Level 1 Level 2 Level 3

Current I A 30 40 50

Wire feed Wf m/min 1 2 3

Pulse on time Ton μs 110 120 130

Table 2: Response values as per L9 design matrix.

Exp.no
Input parameters

Output
parameters

Standard
deviation

I Wf Ton MRR Ra MRR Ra
1 30 1 110 0.09 3.217 0.02 1.13

2 30 2 120 0.11 2.924 0.01 1.12

3 30 3 130 0.12 2.668 0.02 1.11

4 40 1 120 0.11 3.425 0.02 1.12

5 40 2 130 0.11 3.182 0.01 1.12

6 40 3 110 0.13 2.781 0.01 1.11

7 50 1 130 0.12 3.544 0.02 1.13

8 50 2 110 0.13 3.256 0.02 1.11

9 50 3 120 0.15 2.814 0.01 1.11
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concluded that MRR is influenced by the wire feed rate and
Ra is influenced by pulse on time for the selected input
response as pulse on time, pulse off time, and wire feed in
machining of SS304 [21]. The Taguchi L18 orthogonal array
design was applied for machining Al6061 alloy with the
pulse on time, pulse off time, feed rate, and wire tension as
input parameters. The output parameter selected for analysis

was surface roughness. Results concluded that surface
roughness is highly influenced by pulse on time [22]. The
Taguchi L9 array type DOE was used for WEDM of
AA6082-T6 alloy. Molybdenum was selected as the wire
material for the analysis of surface roughness. Results
revealed that pulse on time ranked first as the most influenc-
ing parameter for minimum surface roughness among pulse
off time and current [23]. The Box-Behnken design with the
L27 array model was used for machining Al 6061 composite
reinforced with graphite and SiC particles. Pulse on time,
pulse off time, current, and control speed were taken as
input parameters for analysis of cutting speed. From the
results, pulse off time was identified as a major influencing
parameter on cutting speed followed by the peak current
[24]. Pulse on time and current plays a major role towards
Ra and kerf width in machining of hybrid Al 7075 composite
reinforced with aluminium oxide and silicon carbide partic-
ulates using Taguchi GRA analysis [25]. RSM-based Taguchi
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Figure 3: Mean effect plot of (a) MRR for S/N ratio and (b) Ra for S/N ratio.

Table 3: Analysis of variance for MRR.

Source DF Adj SS Adj MS F value P value

Regression 3 0.002133 0.000711 22.86 0.002

Current 1 0.001067 0.001067 34.29 0.002

Wire feed 1 0.001067 0.001067 34.29 0.002

Pulse on time 1 0.000000 0.000000 0.00 1.000

Error 5 0.000156 0.000031

Total 8 0.002289
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DOE was found to be easy and accurate in the optimization
of MRR and Ra as output responses for pulse on time, pulse
off time, gap voltage, and peak current as input parameters
[26]. Aluminium hybrid composite with fly ash and boron
carbide using the Taguchi L9 orthogonal array on the
WEDM process was investigated. Four input parameters as
pulse on time, pulse off time, wire feed, and gap voltage with
three levels was used for the investigation. From the analysis,
it was found that gap voltage acts as a dominating parameter
towards MRR and pulse off time was significant factor in
analyzing Ra [27]. WEDM characteristics on Al 6063 and
SiC composites were investigated using the L9 orthogonal
array. Pulse on time, pulse off time, wire feed, and gap volt-
age were taken as input responses and MRR along with Ra as
the output response. The result showed that MRR and Ra are
highly influenced by pulse on time followed by the wire feed
rate [28]. Wire electrical discharge machining of Al/AlCoCr-
FeNiMo0.5 metal matrix composite produced by powder
metallurgical route indicates that the response parameter
MRR and Ra are highly influenced by pulse on time rather
than pulse off time and wire feed taken as the input param-
eter [29]. Increased wear rate was identified for agglomer-
ated silicon carbide and fly ash content within the
composite [30]. In electrical discharge machining of
aluminium-based metal matrix composite, both current
and pulse on time were found to be significant parameter
with voltage having no significance [31]. Corrosion studies
on Al 7005 alloy reinforced with industrial waste based fly
ash and glass fibre showed increased corrosion resistance
for composite containing fly ash particles [32]. In machining
Al6061/SiC(12%)/Gr(5%) composite using EDM, MRR was
found to be increased rapidly for increased current and pulse
duration. Copper electrode showed higher MRR compared
to brass electrode [33]. Studies on predicting the effect of
fly ash on concrete’s mechanical properties by the artificial
neural network indicated that the mechanical properties of
concrete was influenced with fly ash and SiO2 as reinforce-
ments [34]. From the available literature, it is understood
that there has been many results supported in the optimiza-
tion of machining parameters of aluminium MMC. In this
study, an aluminium composite with increased strength
and decreased density was aimed for defense, aerospace,
structural, and engineering applications. Thus, an attempt
was made to machine the aluminium alloy 2024 composite
reinforced with lithium (Li) and silicon nitride (Si3N4) using
WEDM. Taguchi DOE was applied for the optimization of

process parameters as it gives the entire study of parameters
with low number of experiments. The gray relational grade
(GRG) and genetic algorithm (GA) analysis were also con-
ducted and compared with the results of Taguchi
optimization.

2. Materials and Methods

2.1. Composite Fabrication. Aluminium alloy 2024 rein-
forced with Si3N4 and Li with weight percentage of alumin-
ium alloy matrix 88%, Li 2% of particle size 50μm, and
Si3N4 10% of particle size 70μm was fabricated through
the stir casting route. Direct chilled two-step stir casting
under argon atmosphere was selected for manufacturing of
composite due to its added advantage in terms of cost and
easy processing. Aluminium alloy 2024 was melted in the
furnace to a temperature of 760°C temperature. Si3N4 rein-
forcement was added to the melt and uniform mixing was
done by continuous stirring for 10min at 300 rpm. The melt
was then transformed to the crucible containing Li and stir-
red and then transformed to the mould surrounded by cool-
ing water in order to avoid defects in casting. Oxidation of
the melt with atmospheric air is controlled by surrounding
the melt with argon gas. Thus, a defect free casting was pre-
pared and machined to identify the optimized WEDM pro-
cess parameters. Figure 1 shows the photograph of prepared
specimens for wire electrical discharge machining process.

WEDM selected for machining the synthesized compos-
ite is best suited to machine hard and complex shapes at fas-
ter rate with good accuracy. The experiments were
performed on Electronica sprint cut CNC wire-cut EDM as
per the design matrix. Brass wire of 0.25mm diameter was
considered the wire material for machining the synthesized
composite. MRR is determined by taking the difference in
weight of the specimen before and after machining divided
by the time taken for the process to complete. Ra is measured
directly from the display of surface roughness tester. Three
trials of surface roughness values are taken, and the average
of the trials is taken as final surface roughness value. Figure 2
shows the photograph of Electronica sprint cut CNC wire-
cut EDM used for this study.

2.2. Design of Experiment. Taguchi-based DOE is the best
suited optimization technique in minimizing time and cost
of experiment with fewer experiments using an orthogonal
array design. MRR was calculated by taking the difference
between the weight of specimen before machining and after
machining with a 0.001 g accurate weighing balance. Perfor-
mance characteristics are found using the categories larger
the better for MRR and smaller the better for Ra. Analysis of
variance (ANOVA) is done to confirm the optimum values
of input parameters towards better MRR and Ra. The L9
orthogonal array design was selected with 3 factors at three
levels [9]. Table 1 shows the selected input parameters and
its levels.

2.3. Gray Relational Analysis. GRA is a tool used for opti-
mizing multiple characteristics with huge experimental runs.
This method gives a single best optimized response for

Table 4: Analysis of variance for Ra.

Source DF Adj SS Adj MS F value P value

Regression 3 0.727592 0.242531 60.05 0.000

Current 1 0.108004 0.108004 26.74 0.004

Wire feed 1 0.616321 0.616321 152.60 0.000

Pulse on time 1 0.003267 0.003267 0.81 0.410

Error 5 0.020195 0.004039

Total 8 0.747787
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multiple experimental runs. Here, larger the better is consid-
ered for calculating MRR and smaller the better is consid-
ered for calculating Ra.

Normalization of MRR and Ra to the range of 0 and 1 is
based on following equations:

Ni xð Þ = gi xð Þ −min gi xð Þ
max gi xð Þ −min gi xð Þ : ð1Þ

Equation (1) gives the gray relational generation for
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Figure 4: Relationship between observed value and predicted value for (a) MRR and (b) Ra.

Table 6: The gray relational grade for the selected response variables.

Exp. no
MRR Ra GRG

Normalized GRC Normalized GRC

1 0 0.333333 0.373288 0.443769 0.388551

2 0.333333 0.428571 0.707763 0.631124 0.529848

3 0.5 0.5 1 1 0.75

4 0.333333 0.428571 0.135845 0.366527 0.397549

5 0.333333 0.428571 0.413242 0.460084 0.444328

6 0.666667 0.6 0.871005 0.794918 0.697459

7 0.5 0.5 0 0.333333 0.416667

8 0.666667 0.6 0.328767 0.426901 0.51345

9 1 1 0.833333 0.75 0.875
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Figure 5: Gray relational grade values for response variable MRR
and Ra.

Table 7: Confirmation test results.

S.no
Input parameters

Output
parameters

Standard
deviation

I Wf Ton MRR Ra MRR Ra
1 50 3 120 0.15 2.810 0.01 1.11

2 30 3 120 0.12 2.620 0.01 1.11
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Figure 6: Continued.
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larger the better response.

Ni xð Þ = max gi xð Þ − gi xð Þ
max gi xð Þ −min gi xð Þ : ð2Þ

Equation (2) gives the gray relational generation for
smaller the better response, where NiðxÞ = Normalised
value of grey relational generation,
giiðxÞ = Value of particular attribute for xth response,
max giðxÞ = Largest value of giðxÞ for xth response, and min
giðxÞ = Smallest value of giðxÞ for xth response:

The gray relational coefficient calculated from normal-
ized values is shown in Equation (3) for the weighing factor
of 0.5. This shows how closer the variables are for different
sequences.

Δi xð Þ = Δmin + ξΔmax
Δ0i xð Þ + ξΔmax

: ð3Þ

where ΔoiðxÞ = jNoðxÞ −NiðxÞj, Δmax =Maximum value
of ΔoiðxÞ, and Δmin =Minimumvalue of ΔoiðxÞ.

The gray relation grade from the gray relational coeffi-
cient is calculated using Equation (4).

Ri =
1
n
〠
n

x=1
Δi xð Þ, ð4Þ

where n is the number of process response.
The set of input parameter levels corresponding to the high-

est value of the gray relational grade is considered the optimized
input parameters for both MRR and Ra. The sequence of opti-
mized levels of input parameters are ranked from highest value
to lowest value of the obtained grade relational grade.

2.4. Genetic Algorithm. GA is an optimization technique
used to solve lifetime problems with the fastest and easiest
method. It is also referred as a search-based techniques to
obtain optimal results of difficult problems. Research opti-
mization and machine learning finds these applications to
solve complex and difficult problems using natural selec-
tions. This process takes a set of input parameters and pro-
cesses it with required generations to deliver the best
optimal results using the fitness equation derived from the
regression equations. GA are randomized in nature to solve
problems having large search space with more number of
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Figure 6: Contour plot of (a) current with MRR and Ra, (b) wire feed with MRR and Ra, and (c) pulse on time with MRR and Ra.
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parameters. Discrete and continuous function optimization
with multiobjective problems can use this method to obtain
good solution with optimum results.

3. Results

The obtained values of MRR (grams per minute) and Ra
(microns) during experimentation are presented in Table 2.
Input parameters corresponding for higher value of MRR is
considered the optimum parameter for this study since the
performance characteristics taken is larger the better. Simi-

larly, the input parameters corresponding for lower value of
Ra is considered the optimum parameter for this study since
the performance characteristics taken is smaller the better.

4. Discussion

Response table for S/N ratio along with delta ranking
showed current and wire feed as the most influencing
parameter for MRR followed by pulse on time. While con-
sidering surface roughness, wire feed ranks as the most
influencing parameter followed by current and pulse on
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Figure 7: Best fitness value of (a) MRR and (b) Ra.
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time. From the delta rank, it is clearly understood that wire
feed and current are the factors to be considered for good
accuracy in machining of synthesized composite.

Mean effect plot for S/N ratio of MRR and Ra is indi-
cated in Figures 3(a) and 3(b). From Figure 3(a), current at
50A, wire feed at 3m/min, and 120μs pulse on time is iden-
tified as optimized values for better MRR as the performance
characteristics of signal to noise ratio is considered as larger
the better.

From Figure 3(b), current at 30A, wire feed at 3m/min,
and 120μs pulse on time is identified as optimized values for
better Ra as the performance characteristics of signal to noise
ratio is considered the smaller the better.

Tables 3 and 4 show the ANOVA table for MRR and Ra.
The most influencing factor is selected based on P value
closer to zero and F value greater than unity.

The results of ANOVA clearly indicate that wire feed
and current are closely associated towards MRR, whereas
wire feed influences highly for surface finish than all other
parameters. Therefore, ANOVA results shows wire feed is
the most influencing parameter towards MRR and Ra in
machining aluminium composite reinforced with Li and
Si3N4.

The response variation in percentage is mentioned as R2

in the model. A better model is selected for higher values of
R2. An adjusted R2 value displays the accurate model by add-
ing more predictors. The closer the values of R2 and adjusted
R2 indicate that the registered predictors are correct and
accurate. Predicted R2 indicates the response for new obser-
vation with assumptions. Lower values of predicted R2 com-
pared to R2 value indicates that the model is with
unimportant predictions. The model summary result indi-
cates response variation of 99.03% for MRR and 99.56%
for Ra. The adjusted R2 for MRR and Ra is 96.12% and
98.23% with predicted R2 value of MRR (80.34%) and Ra
(91.04%). Thus, the selected model best suits the experimen-
tation and can be further used for other predictions.

To predict the response values with the actual measured
values, regression equations are used. Table 5 shows the
regression equation for response variable MRR and Ra.
Figures 4(a) and 4(b) displays the correlation between
observed value and predicted value of MRR and Ra showing
a close relationship tracing the valley and peak of both
curves. The minimal error (<2%) proves the accuracy of
experiment conducted is accurate and is a generalized form
considering all factors.

The gray relational generation is the initial step in which
the normalization of values are made to have the output
values between zero and one. Table 6 displays the values of
GRG for the selected response variables.

Figure 5 represents the grey relational grade values for
different experimental runs of MRR and Ra. The highest
peak is found on 9th experimental run which represents
the optimal levels of input parameter for the selected
responses followed by experimental run 3 and 6. Therefore,
aluminium composite material with Si3N4 and Li are found
to have good machining characteristics at pulse on time of
120μs, wire feed of 3m/min, and current of 50A as the opti-

mized parameter for the selected response MRR and Ra.
Thus, the gray relational grade optimization and ANOVA
results represents the similar set of input parameters and
thus proving the accuracy of the investigation.

Confirmatory test conducted for the optimized input
parameters shows a close relationship with the obtained
experimental values using the Taguchi design matrix. The
values obtained in Table 7 confirm the accuracy of the inves-
tigation carried out.

Figure 6(a) shows the contour plot of input parameter
current for the responses MRR and Ra. Increase in current
increases MRR and decrease in current increases the values
of Ra. Higher MRR and lower Ra is noted for higher current
of 50A. Figure 6(b) displays the contour plot of input param-
eter wire feed for the responses MRR and Ra. Increased wire
feed rate increases MRR and lowers the value of Ra leading
to good surface finish. Wire feed of 3m/min shows good sur-
face finish with higher MRR. Figure 6(c) shows the contour
plot of input parameter pulse on time for the responses
MRR and Ra. Increased pulse on time showed lower MRR
with good surface finish. Higher MRR and lower Ra is seen
for the pulse on time ranging from 120 to 125μs. Thus, from
the contour plots of current, wire feed, and pulse ON time,
good surface finish with better MRR is noticed for a current
of 50A, wire feed rate of 3m/min, and pulse on time ranging
from 120μs to 125μs. Experimental results of ANOVA, GRG,
and contour plots results with the similar set of optimized
input parameters confirming the accuracy of studies made
on Al-Li-Si3N4 MMC.

GA-based trial runs were generated for the fitness func-
tion derived from the regression equation using MATLAB
R2014 software. The best fitness value for MRR and Ra were
identified as 0.14554 grams per minute and 2.6114 microns
generated for 300 iterations as shown in Figures 7(a) and
7(b). The values obtained are confirming the experimental
results of Taguchi and GRG analysis.

5. Conclusions

From the investigation of aluminium metal matrix compos-
ite reinforced with Li and Si3N4, the following conclusions
were derived:

(1) Aluminium metal matrix composite without defects
was fabricated using stir casting technique

(2) Machining parameters for the composite in WEDM
was optimized using Taguchi-based DOE using the
L9 orthogonal array

(3) Regression equation with gray relational grade and
GA was analyzed for the obtained experimental
values

(4) Wire feed was found to be the dominating parameter
followed by current and pulse on time for MRR and
Ra

(5) Higher MRR were identified for the wire feed at 3m/
min, current at 50A, and pulse on time of 120μs

10 Journal of Nanomaterials



(6) Good surface finish is obtained for wire feed at 3m/
min, current at 30A, and pulse on time of 120μs

(7) GA-based study also confirms the analysis of Tagu-
chi and gray relational grade. The regression model
shows identical values suggesting that the experi-
ment is with minimal error (<2%) in terms of
MRR and Ra

Thus, from the obtained conclusions, correlation of
Taguchi, gray relational grade, and GA analysis confirms
the accuracy of the experimental values obtained in this
investigation.
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Water nanofluids were examined in a horizontal helical coil tube with constant temperature limitations for Dean values between
1000 and 10,000 to determine the rate of thermal radiation transmission and pressure drop characteristics. When conducting the
tests, a variety of Al2O3 water nanofluid requirements were used, including varying mass flows, heat exchange rates for various
nanoparticle volume concentrations, and changes in coil-side drop in pressure versus coil-side Dean number. Since
nanoparticles have enhanced heat capacity, nanoparticles are developing as a transitional beginning of heat transfer fluids with
significant potential in thermal management applications. Many applications require nanofluids to be used as heat transfer
fluids; thus, scientists are concentrating their efforts on these fluids. The Reynolds values on the coil and shell were in the 1000
to 7000 range on either side of the wire. This paper discusses the impact of particle volume density on shell-side flow
temperatures, heat expulsion rate, and thermal conduction. The result shows that the average heat transfer rises by 13% and
17% when nanoparticle volume fraction percentage density is 0.1%, 0.2%, and 0.3 percent. The results demonstrate that
reducing the mass flow by an increase in particle volume density, pipe diameter, and coil radius improves heat exchanger
performance. The efficiency of the model is enhanced by increasing the diameter of the tube while simultaneously decreasing
the diameter of the coil.

1. Introduction

There is a significant difference in the thermal properties
between water nanofluid and their underneath fluid coun-
terparts. Heat transfer coefficients grow in conjunction with
nanofluid thermal conductivity. This enhanced heat transfer
velocity may be useful in resolving the primary problem of
constructing a compact heat exchanger [1]. Helically coiled
tubes are superior heat transfer apparatuses because of their
stiffness and better heat transfer efficiency than those of
sharp tube heat exchangers [2]. Shell and helical coil tubes,
which have a single heat exchanger canal, are prevalent.
There are two types of fluids in a cold/hot fluid system: flow-
ing out of the shell through the helical coil tube, one travels
towards the center, and another travels through the helix coil

tube. Additional heat transfer in helical tubes is more reliable
because of secondary flow. In the modern world, helically
coiled pipes for heat transfer have gained great attention
due to the numerous applications for which they may be
used. Food and dairy production plants as well as chemical
plants and natural gas processing facilities, as well as power
plants, all use them heavily [3, 4], as do a wide range of other
sectors as well. Another passive way to improve heat trans-
mission is to introduce nanoparticles into the base fluid to
generate nanofluid with high specific heat capacity than
the base fluid [5].

The use of nanofluid in heat transfer activities has
increased considerably in the last decade. For the most part,
these experiments called for the use of water as a basic fluid.
Nanofluids based on water show Newtonian behavior. The
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chemical and food industries all employ non-Newtonian
fluids, as do the healthcare and biopharmaceutical industries
as well as the polymer and oil industries. Methods for
improving performance can be classified as passive or active
[2, 3]. The active methodology makes use of surface vibra-
tion signals and fluid vibrations, whereas the passive
approach employs various inserts and pitch adjustments.
Active methods are harder to employ than passive ones
due to their complexity [4]. Pitch variation aids heat trans-
fer, but it also reduces shell-side heat transfer rate and causes
a considerable pressure decrease. In terms of improving heat
transfer without pressure decreases, we used Al2O3 nano-
fluids to increase the pressure loss heat transfer characteris-
tics [3, 5].

2. Objective

The coiled tube heat exchangers are recommended based on
the results of the analysis, and the paper’s major objective is
to improve heat transmission by utilizing nanofluids. To
determine how much nanofluid is being used, these relation-
ships are used. Then, that information is plotted against the
amount of nanofluid used to show the shell and tube heat
thermal resistance.

3. Literature Survey

Wang et al. [1] discussed how well a new helically tube test
device transfers heat and how much water it moves. The
helical tube shape of the coil was modified to increase its
thermal efficiency. A 20 percent increase in heat transfer
rates was reported when reversed loops were used as a
design change. In addition, the increase in heat transmission
and pressure drop was increased by reducing the reversed
loop’s size.

Ardekani et al. [2] examined the fluid flow and heat
transmission in a circular tube of water nanofluids with con-
stant heat limits. Different coil designs across a range of par-
ticle volume fractions and Reynolds numbers between 8,900
and 11,970 were examined to see how geometrical variables
influenced the results. The researchers discovered that using
nanofluids inside helical coils improved the heat transfer
coefficient more than using straight tubes [3]. They also pro-
vided two correlation experimental results that predicted the
Nusselt number and friction factor.

Job et al. [6] discussed that symmetrical wavy trapezoid
container, Al2O3-water, and SWCNT-water nanofluids were
shown to have unstable magnetohydrodynamics (MHD)
free convection flows. The study discovered that for
alumina-water nanofluids with low Hartmann numbers,
the rate of heat transmission decreased (Ha).

Rakhsha et al. [7] discussed their Nusselt number that
improved by around 21.53 percent, but their pressure
remained the same. CuO nanofluid flow within helical coils
with constant wall average temperature was studied compu-
tationally and empirically in steady-state turbulent forced
convection.

Ahire et.al [8] demonstrated that many heat transfer
activities benefit from the usage of nanofluid, and AL2O3 is

a nanoparticle that is combined with a base fluid to produce
nanofluids. For estimating the chemical and physical charac-
teristics, there is correlation that is accessible.

Sharma et al. [9] investigated the fluid flow characteris-
tics in straight tubes and helical coils with nanofluid. Both
ethylene glycol and propylene glycol/water (EG/W) nano-
fluids included 0–2.5 vol percent alumina nanoparticles and
were mixed in a 60 : 40 wt ratio. A higher friction factor
was reported for nanofluids in both straight and helical coil
tubes compared to base fluids.

Bhanvase et al. [10] systematically used a vertical heli-
cally coiled tube heat exchanger to comprehensively study
the rise in water-based PANI (polyaniline) nanofluid heat
transfer. PANI nonmaterial at 0.1 and 0.5 vol percent
increased the heat transfer by 10.52 and 69.62 percent, cor-
respondingly, according to the researchers’ findings.

4. Application of Nanofluids

A broad range of heat transfer uses, such as transportation,
cooling of electronics, energy storage, and mechanical appli-
cations have revealed that nanofluids have enhanced heat
transfer characteristics and increased energy efficiency than
conventional fluids. When it comes to the development of
next-generation technology for a wide range of technical
and medical applications, nanofluid is critical. The next
parts go through a few of these use cases [11].

4.1. Automobile Applications. Standard engine coolants and
oils can be improved by adding nanoparticles and nanotubes
to produce nanofluids, increasing their thermal conductivity,
and increasing heat exchange rates and fuel economy [12].
Use of these advances can reduce cooling system sizes or
remove heat from vehicular emission inside the same cool-
ing system, depending on your preference.

4.2. Solar Applications. As a consequence of the disparity in
timing between energy supply and demand, it was required
to build a storage system. With a concentration on effective
use and preservation of heat losses and solar energy, thermal
energy storage such as that found in solar thermal systems
and buildings has emerged as an essential element of energy
conservation [5, 12]. Due to a lack of power generation, solar
energy is becoming increasingly important in energy appli-
cations. Fossil fuel usage will be restricted in the future based
on perceived resource depletion concerns.

4.3. Friction Reduction. Minimizing wear and friction is a
major focus of tribological development. Proved challenging
may run more efficiently and reliably using improved fluids.
Because of their high load-bearing capacity, high resilience
to severe pressure, and friction-reducing properties, nano-
particles have recently attracted a lot of study attention
[13]. In contrast to water-based Al2O3 fluids, the cast iron
MQL grinding process included diamond nanofluids. A
thick and solid sludge layer develops on the surface during
nanofluid MQL grinding, which might improve grinding
efficiency, reducing grinding force, better surface roughness,
and burn protection of the workpiece due to the usage of
nanofluid technology [6]. MQL grinding has the potential
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to considerably lower the grinding temperature when com-
pared to dry grinding.

4.4. Electronics Cooling. Smaller computer chips and micro-
electronic elements have much higher power dissipation
than larger ones. It is necessary to have superior heat control
and cooling fluids with enhanced thermal transfer character-
istics to operate safely [11, 13]. Nanofluids have been pro-
posed as heat pipe working fluids for cooling applications
because of their low thermal conductivity.

4.5. Magnetic Sealing. Because it is less expensive and has
lower friction losses than mechanical seals, magnetic seals
are an excellent choice for ecological and dangerous gas seal-
ing in a range of industrial rotating equipment. There are
unique nanofluids such as ferromagnetic fluid (ferromag-
netic fluid). Magnetite and other tiny magnetic particles
are suspended in a stable colloidal solution (Fe3O4). Nano-
particle magnetite [6], which is a component of magnetic
nanofluids, may be made to have a different magnetic field
strength by changing the size and protective coatings. Mag-
netic nanofluids are dispersed in nonpolar and polar carrier
liquids to meet the dispersion requirements that responders
verified [7].

5. Material and Methods

5.1. Helical Coil Tube Specifications. A helically shaped tube
is seen in Figure 1. The inner diameter of the copper helical
coil tube is “2r,” and the coils have a helical shape to prevent
tangling. When you see the letters “d” and “D” in this pic-
ture, it means that you are looking at the inner tube diameter
and coil diameter, correspondingly [8]. Pitch is a term used
to describe the amount of time between two successive rota-
tions. The curvature ratio, represented by the symbol “d/D,”
is another critical parameter in helical coil tubes (HCT).

This relationship between Reynolds number and Dean
value is evident in helical coil tubes (HCTs). The Dean value
determines fluid flow in an HCT [14].

De = Re
ffiffiffiffiffi
r
Rc

r
: ð1Þ

There are three variables in this equation: the Reynolds
number (Re), the tube inner diameter (r), and the coil radius
(RC).

Re = 2rAτ

μ
ð2Þ

Average velocity is represented by “A” in this equation,
density is represented by τ, and viscosity is represented by
μ.

5.2. Proposed System. Figure 2 shows the experimental
setup’s flow map. The setup is comprised of two loops,
which are designated as shell area loop and helically coiled
region loop, respectively. Hot air is handled by the shell side
loop, while Al2O3/water nanofluid is handled by the coiled
tube loop [8, 14]. Aluminum insulating ropes, thermocou-
ples with LCDs, and condensers for cooling nanofluid are
all part of the experimental setup. The test area also
includes an air-duct heating chamber and a power meter
and rotameter [9].

5.3. Preparation of Nanofluid. Sustainable nanofluid may be
made using a variety of methods. In addition, utilizing a sta-
bilizing agent as well as a dispersing agent or an ultrasonic
vibrator is an option. Surface treatment is a popular method
among them because of its versatility, low cost, and benefits.
The nanofluids can only be stabilized for 45 minutes without
the use of appropriate chemicals [14]; however, surfactants
can significantly improve the stability of nanofluids. Sigma-
Aldrich chemicals provided the Al2O3 nanofluid (2mg/ml)
and nanoparticles with a diameter of 20-50 nm for the
experiment. It was necessary to add the necessary nanopar-
ticle volume proportion and the optimal quantity of the
associated surfactant to the measuring jar to distribute the
alumina nanoparticles in distilled water [9]. Acoustic pulses
were generated for 12 hours using a magnetic stirrer
(2000 rpm). This results in homogeneous dispersion and sta-
ble suspension. The “thermophysical” characteristics of the
generated nanofluids were computed using the following
models [12].

PT

2Re

Inner side

H

2Re

Figure 1: A schematic of the helical coil tube.
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5.3.1. Thermal Conductivity. We compared the KD2 Pro
thermal performance analyzer’s Al2O3-water nanofluid
resistivity results to two well-established formulae’s antici-
pated values. The most often used formula for predicting
the thermal conductivity of a solution is as follows [6, 12]:

heff =
hb + n − 1ð Þhg − n − 1ð Þ hg − hb

� �
φ

hb + n − 1ð Þhg + hg − hb
� �

φ
: ð3Þ

Here, the heat transfer performance is represented by
heff , and the shape factor n is represented by “n1/43ψ,” where
ψ “sphericity” is the radius of the curvature. It has values of 1
for spherical particles and 0.5 for cylindrical ones, depending
on the form [10]. The quantities hb and hg indicate the ther-
mal conductivity of particles and fluids, respectively.

5.3.2. Viscosity. It is accurate that the vast majority of the
mathematical correlations that have been utilized to predict
the viscosity of nanofluids have been derived from the well-
known Einstein model [15].

θng = θbg 1 + 2:5φð Þ, ð4Þ

where the viscosity of the solvent is represented by θbg, the
viscosity of the base fluid is denoted by θng, and φ denotes
the volume fraction of the solution.

5.3.3. Density. When considering nanofluid density, the vol-
ume fraction of solid (nanoparticles) to liquid in the pro-
cess is directly proportional. There is a direct correlation
between nanoparticle concentration in a fluid and its den-
sity, with the former being greater when there are more of
them present [7, 9]. Nanofluid density has been claimed to

be in line with the mixing theory proposed in the lack of
experimental data.

σnf = 1 − φð Þσbf + φσs, ð5Þ

where σnf represents the density of nanofluid, σbf denotes
the density of the base fluid, σs represents the density of
solid particles, and ϕ is the volume concentration.

5.3.4. Specific Heat. As the volume particle size of the nano-
fluid increases, the heat capacity of the nanofluid decreases
continuously [6, 13]. The relationship between them demon-
strates excellent correlation with the predictions made using
the thermodynamic equilibrium technique; however, the
simple mixing model fails to estimate the heat capacity of
nanofluid properly. Specific heat is determined in an exper-
iment by using the following formula:

Tpnf =
φρ TPð ÞP + 1 + φð ÞρTpf

ρnf
, ð6Þ

The density and specific heat of a particle are repre-
sented by ρðTPÞP, the density and specific heat of fluid are
represented by ρTpf , and Tpnf indicates the density and spe-
cific heat of a nanofluid [16].

To determine the critical Reynolds number in helical
coils,

Recr = 2300 1 + 8:6 r
Rc

� �0:45
" #

: ð7Þ

Coil diameter (r) and tube diameter (d) are also impor-
tant parameters to consider while determining this value
(Rc). The coil’s curvature ratio was 0.0552, resulting in a

Helical coil
heat 

exchanger

Heat exchanger for
cooling nanofluid Nanofluid tank Pump Control valve

Flowmeter for
cold fluid

Air heater

Control valveFlowmeter for
hot fluid

Hot air IN

Hot
air

OUT

Air IN

Nanofluid out Nanofluid IN

Figure 2: Block diagram of the experimental setup.
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critical Reynolds number of 7671 for the system. The Reyn-
olds numbers used in this paper span from 1837 to 6869.

5.4. Experimental Procedure. At different cold fluid flow
rates under turbulent circumstances, a test was carried out
in a tube heat exchanger with or without circular fins utiliz-
ing Reynolds numbers ranging from 1000 to 7000 and stable
hot air velocity of 5 meters/seconds [10, 15]. A helical coil in
the thermal storage tube bundle circulates cold distilled
water, which swaps heat with hot air from the heat
exchanger. The system takes 30-35 minutes to stabilize,
according to the results of the preliminary tests [17, 18].
Stream temperatures are monitored at the entrance and out-
let. To monitor the controlled flow of cold fluid, a rotameter
was installed at the test section’s inlet [19]. Circular fin
designs with and without fins, as well as flow rates varying
greatly, were also investigated. Al2O3 nanoparticles dis-
persed in distilled water were studied using the aforemen-

tioned technique in a coil in a shell heat exchanger with
and without circular fins at volume concentrations ranging
from 0.25 percent to 1 percent [12, 13].

To calculate the errors of dependent items, the following
equation is used:

δD = 〠
N

i=1

∂D
∂Yi

∂Yi

� �2
" #0:5

: ð8Þ

Yi and D are the independent and dependent variables,
respectively, in this correlation.

5.5. Data Validation. To validate the reliability of trials,
experts had to run accuracy tests with pure water first, then
with nanofluids [20]. We provide the equations for laminar
flows in helical coils with a constant heat flux as the begin-
ning condition [16].

Nu = 0:76 + 0:65
ffiffiffiffiffiffi
De

ph i
Pr0:175, ð9Þ

Nu = 0:7Re0:43Pr 1/6ð Þ d
D

� �0:07
: ð10Þ

De indicates Dean value and Pr indicates Prandtl values,
respectively, in the above equations. D is the diameter of the
coil, whereas d is the inner diameter [17, 18].

Theoretical pressure drop in helically coiled tubes may
be calculated with the help of the following formula:

ΔP = gc
1
d

� �
τU2

2

� �
: ð11Þ

The friction coefficient of the circular tube is represented
by gc in this equation and may be determined using the fol-
lowing correlation [21]:

gc
gs

= 0:47136De0:25: ð12Þ

Petukhov equation is used to calculate the friction coef-
ficient in a tube bank.

gs = 0:79 ln Reð Þ − 1:64ð Þ−2: ð13Þ

6. Results and Discussions

6.1. Performance Analysis of the Heat Exchanger. In real-
world applications, it is better to have a higher heat transfer
rate than to have a worse pressure drop, which necessitates
greater pumping power. This means that in coiled tube heat
exchangers, investigating and evaluating the opposing
impact of increased heat transmission and higher pressure
drop are essential. Equation ((14) is used to determine the
heat exchanger’s efficiency.

ε =
Oavg
Omax

: ð14Þ
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Equation ((15) is used to compute the heat exchanger’s
performance index, which measures how well it performs
in terms of pressure drop.

θ =
Oavg
ΔPcoil

: ð15Þ

Figure 3 demonstrates that when the heat transfer rate
increases, the efficiency rises with the mass nanoparticle
concentration. As the mass flow rate increases, the tempera-
ture differential between the inlet and exit narrows, reducing
efficiency. As tube and coil diameters increase, the heat
transfer field expands, resulting in improved efficiency.

Figure 4 shows that raising the particle volume concen-
tration increases the heat transfer rate. The reason for this
is due to the nanofluid’s thermophysical characteristics.
First, as the volume concentration of nanoparticles increases,
so does their thermal conductivity, increasing the rate at
which heat is transferred. Second, greater nanofluid viscosity

increases flow velocity for the same Reynolds number,
resulting in higher heat transfer rates.

Figure 5 shows the connection between both the Reyn-
olds number and the change in coil-side heat transfer rate.
Heat transmission coefficients grow in direct proportion to
the volume fraction of nanoparticles. As the Reynolds num-
ber rises, the heat exchanger’s instability causes its heat
transfer coefficients to rise as well.

For a given particle volume concentration and Dean
number, the pressure decrease may be shown in Figure 6.
Due to the increased viscosity that results from a rise in par-
ticle volume concentration, pressure drops increase as well.

The coefficient of heat transfer and the pressure drop are
two unrelated variables that are not linked by an equation.
There should be some criteria used to compare the different
heat transfer improvement techniques so that they can be
compared. To achieve this, the performance index, a PEC
(performance evaluation criterion), is used.

ƞ = hNF
hBF

� �
ΔPNF
ΔPBF

� �−1
: ð16Þ

Nanofluid and base fluid are denoted by the subscripts
“NF” and “BF,” respectively. When the performance index
exceeds unity, it appears that the heat transfer approach favors
heat transfer enhancement above pressure drop increase. For
nanofluids of various weight concentrations flowing in the
louvered channel, Figure 7 illustrates the changes in perfor-
mance index vs. Reynolds number. For all nanofluids except
for 0.2 and 0.3 percent wt nanofluids at the lowest Reynolds
number, the performance index is higher than 1.Additionally,
the performance index increases dramatically with the Reyn-
olds number, as can be seen in the graph below. Additionally,
when the weight percentage of nanoparticles increases, so does
the performance index. A maximum performance index of
3.967 is found at Reynolds number 7,200 for nanofluid with
0.10 percent weight concentration.
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7. Conclusion

An Al2O3/water nanofluid inside a helical coil tube was ana-
lyzed for convective heat transfer using fluid heat transfer in
this paper. As the number of particles grows, the nanofluid
temperature decreases, while the water temperature rises,
along with the amount of heat transferred. The results
revealed that when nanoparticle volume concentrations of
0.1 percent, 0.2 percent, and 0.3 percent are present, the
average heat transfer rate increases by 13% and 17%. It was
found that when nanoparticle volume concentration
increased, the thermal performance efficiencies on the coil,
shell, and overall improved. When the mass flow rate is the
same as water, the thermal transfer rate of nanofluids signif-
icantly increases, but the volume particle concentration rises
slightly. The results of the analysis revealed that decreasing
the mass flow rate while increasing the density of nanoparti-
cles, tube diameter, and coil diameter all resulted in better
performance. At Reynolds number 7,200, a nanofluid with
a weight concentration of 0.10% has a maximum perfor-
mance measure of 3.967.
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The goal of the present work is to fabricate selenium nanoparticles utilising Morinda citrifolia leaves extract via green approach.
UV-Vis spectroscopy, FT-IR, and TEM were used to characterise the green nanoparticles. The size of generated SeNPs inMorinda
citrifolia was anticipated to be 12-160 nm based on TEM images. The antioxidant activity of selenium NPs was discovered to be
66.7 to 83.7% of free radical inhibtion. When the concentration of nanoparticles rises, the viability of cancer cells decreases. It
shows that biosynthesized selenium nanoparticles have anticancer properties that depend on the concentration. The brine
shrimp lethality assay revealed that Morinda citrifolia mediated selenium nanoparticles have low cytotoxic effects.

1. Introduction

Nanotechnology addresses a progressive way for technolog-
ical advancement that includes the administration of mate-
rial at the nanometer scale (one billion times less than a
meter) [1]. Nanotechnology implies any innovation on the
nanoscale that has various applications in reality. Nanotech-
nology in a real sense incorporates the fabrication and utili-
zation of chemical, physical, and biological systems at scales
ranging from atoms to submicron measurements, and fur-
thermore the combination of these subsequent nanomateri-
als into larger systems [2, 3].

Selenium (Se) is a fundamental trace component present
in our body. Selenium is found in proteins as selenocysteine
(Sec), which is referred to as selenoproteins. The presence of
selenium in enzymes, which have a critical function in
shielding the organism from the effects of oxidative stress,

explains the element’s importance in human nutrition [4,
5]. The presence of oxidoreductase in selenoproteins regu-
lates redox equilibrium in the body. Because of the low tox-
icity of selenium nanoparticles (SeNPs), they have been
investigated for variety of oxidative pressure as well as
inflammatory diseases. Therefore, SeNPs pave a way to
transmit various medications to the site of action (Amit
[6]). The current study exposes the fabrication of SeNPs
using Morinda citrifolia extract.

Fabrication of nanoparticles via green approach using
medicianl plants extracts has recently gained popularity.
Phytochemicals, in particular, constitute the backbone of
plants, may readily produce nanoparticles with lower toxic-
ity. As the benefits of Morinda citrifolia L. and its products
become more widely known, researchers have begun to take
an interest in them [7]. M. citrifolia L., belongs to the family
Rubiaceae spread all over in tropical Asia and Polynesia. It
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appears to have been highly valued therapeutically in the
Tropical regions, and the plant is normally produced for
its root system, leaves, and organic matter. These plants
roots are an excellent source of anthraquinones, which are
typically found as aglycones and, to a lesser extent, as glyco-
sides. All components of the tree have been widely used
medicinal services for the relief of arthritic as well as other
pains, and for their healing properties [8].

2. Materials and Methods

2.1. Preparation of Extract. Morinda citrifolia leaves were
obtained from Thiruparuthikundaram, Kancheepuram.
The collected leaves were thoroughly washed under the tap
water. For seven days, the leaves were dried in the shade at
room temperature. The leaves of Morinda citrifolia sepa-

rately grounded using mixier grinder into fine powder.
1gm of powdered leaves of Morinda citrifolia was added to
100mL of distilled water and heated at a temperature of
60-70°C using a heating mantle. Finally, using Whatmann
No. 1 filter paper, the mixture was filtered and the extract
was stored for further use (Figure 1).

2.2. Synthesis of Selenium Nanoparticles. Sodium selenite
(Na2SeO3), 30mM dissolved in 50mL of distilled water. To
that, 50mL of Morinda citrifolia leaf extract was slowly
added. Then the reaction mixture was kept on a magnetic
stirrer at 650-700 rpm for 48-72 hours.

2.3. PURIFICATION AND CHARACTERIZATION of NPs
USING TEM &FT-IR. The collected NPs were kept for cen-
trifugation at 8000 rpm for 10min. The pellet obtained dried
at 70°C in hot air oven for 12 h. The dried pellet was grinded

Figure 1: Preparation of Morinda citrifolia plant extract.

Morinda
citrofolia

NPs

Figure 2: Green synthesis of selenium nanoparticles.
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using mortar and pestle and the powder was stored for fur-
ther use. The TEM and FT-IR analysis was carried out using
the powdered pellet.

2.4. Antioxidant Assay. The DPPH assay of free radical scav-
enging using Morinda citrifolia leaves extract mediated
SeNPs was carried out by the procedure reported in (Rajesh-
kumar et al. [9]). Various concentrations (10, 20, 30, 40 and
50μg/mL) ofMorinda citrifolia extract synthesized selenium
nanoparticles was added to 1mL of DPPH and 450μl of
TrisHCl buffer was added and kept in incubation for 30 mins.
The free radical scavenging was analysed by measuring
absorbance at 517nm. As a control, BHT was used. Ascorbic
acid was employed as a reference substance. The inhibition
percentage was determined from the following equation,

%inhibition = absorbance of control − absorbance of sample
absorbance of control x100

ð1Þ

2.5. Anticancer Activity

2.5.1. MTT Assay. MTT assay is called as (3-(4, 5-dimethyl
thiazol-2yl)-2, 5-diphenyl tetrazolium bromide. Mossman
proposed the MTT assay for the first time in 1982. MTT is
broken in live cells by mitochondrial dehydrogenase, result-
ing in the quantifiable purple product formazan. The quan-
tity of formazan generated is related to the number of live
cells and inversely related to the extent of cytotoxicity. The
wells should be washed twice or three times with MEM
(w/o) FCS. Add 200μL of MTT with a concentration of
5mg/mL, followed by incubation for 6-7 hrs. Following
incubation, DMSO (1ml) was added to the wells and stir
with a pipette for 45 seconds. If live cells contain formazan

crystals following the addition of solublizing reagent
(DMSO), the purple colour development occurs. The solu-
tion was tested using the UV-visible spectroscopy and the
optical density at 595nm measured using DMSO as control.
The percentage of cell viability was calculated using the
below equation.

Cell viability %ð Þ = MeanOD
Control OD x 100 ð2Þ

2.6. Cytotoxicity Activity. Weighing and dissolving 2 g of
iodine-free salt in 200mL of purified water. 10-12ml saline
water filled in 6 well ELISA plates. 10 nauplii were added
to the wells (5, 10,15, 20, 25μL & control). The nanoparticles
were then introduced at the desired concentration level and
incubated the plates for 24 h.
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Figure 3: UV-Visible spectra of biosynthesized SeNPs.
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Figure 4: Transmission electron microscopic image of SeNPs
synthesized using Morinda citrifolia.
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After incubation, the plates were counted for the pres-
ence of live nauplii and the number was estimated using
the following formula:

number of dead nauplii/number of dead nauplii
+ number of live nauplii × 100

ð3Þ

3. Results and Discussion

3.1. Visual Observation. The formation of metal nanoparti-
cles upon the addition the plant extract is accompanied by
the colour change of the solution. As depicted in Figure 2
the Morinda citrifolia mediated selenium nanoparticles
gradually changes its colour to light brown after 28 h and
pale brown colour after 31 h and finally brownish red colour
was obtained after 56 h.

3.2. UV-Visible Spectroscopy Analysis. The formation of
SeNPs by using Morinda citrifolia leaf extract was prelimi-
narily confirmed by UV-visible spectroscopy (Figure 3).
The readings were recorded at specific time intervals such
as 6, 12, 24, 48 and 72 h. SeNPs exhibited an absorption peak
at 390 nm in its UV spectrum.

3.3. Transmission Electron Microscope. The morphological
characteristics of biosynthesized SeNPs observed through
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Figure 5: Fourier Transform Infra-red spectrum of (a)Morinda citrifolia leaves extract (b)Morinda citrifolia leaves extract mediated SeNPs.

Table 1: Functional groups present in the reducing agent and nanoparticles.

Morinda citrifolia SeNPs
Functional group Peaks Types of vibration Functional group Peaks Types of vibration

Phenols and alcohols 3427.99 Hydrogen bonded O-H stretch Phenols and alcohols 3358.27 Hydrogen bonded O-H stretch

Amide group 1639.27 N-H bend Amines primary 1599.76 N-H bend

Nitro group 1319.09 N=O bend Nitro groups 1400.16 N=O bend

Nitro group 1384.67 N=O bend Ethers 1081.19 C-O stretch

Ethers 1102.06 C-O stretch Esters 787.27 C-O stretch
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Transmission Electron Microscopy (TEM). Figure 4. shows
the spherical morphology of SeNPs with the size ranges from
120-160 nm.

3.4. Ft-IR. Substance specific vibrations of the molecules led
to the specific signals obtained by the FT-IR spectroscopy.
Some of the absorption peaks at 3427.99 and 1639.27 cm-1

represents stretching Hydrogen bonded O-H phenols, alco-
hol and N-H bend amide functional groups which was
depicted in Figure 5(a) and Table 1. And peaks at 1319.09
and 1384.67 cm-1 indicates the N=O bend nitro group. The
peaks at 1102.06 cm-1 corresponds the stretching C-O ether
functional group.

As depicted in Figure 5(b), the FT-IR spectra of green
synthesized SeNPs showed peak at 3358.27 cm-1, which indi-
cated the presence of stretching Hydrogen bonded O-H phe-
nols and alcohol groups. The band at 1599.76 cm-1 indicated
N-H Bend primary amine functional group. The peaks
obtained at 1400.16 and 1081.19 cm-1 indicated the N=O bend
nitro group and C-O stretch ether functional groups. The
bands at 787.27 cm-1 indicates the C-O stretching of esters.

3.5. Antioxidant Activity. Antioxidants acts as a defense
mechanism to prevent the body from experiencing alleviat-
ing chronic diseases by reducing the cellular oxidative
damage caused by the free radicals [10]. The antioxidant
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activity of Morinda citrifolia mediated selenium nanoparti-
cles was analysed by adopting DPPH method. As shown in
Figure 6, the selenium nanoparticles showed significant free
radical inhibition higher at 50μL concentration in dose
dependent manner. At 10μL concentration the selenium
nanoparticles showed free radical inhibition around 66.7%
and 83.7% was obtained for 50μL concentration.

3.6. Anticancer Activity. Figure 7 shows the Screening of bio-
synthesized SeNPs results in potential anticancer activity
against HepG2. Different concentrations of selenium nano-
particles (5, 10, 20, 40, 80μL) was used in this study. The
cytotoxicity analysis of the SeNPs shown a concentration
dependent response and higher cytotoxicity increament
observed at higher concentration (80μL).

3.7. Cytotoxic Effect of Brine Shrimp Lethality Assay. The
cytotoxicity of green synthesized selenium nanoparticles
was tested by adopting brine shrimp lethality assay. At day
2, the percentage of live nauplii at lower concentration
(5μl and 10μl) was found to be 70% & 80%. As shown in
Figure 8, only 30% of nauplii was alive at higher concentra-
tion (25μL). Therefore, the cytotoxic results predicted low
toxicity of selenium nanoparticles.

4. Discussion

The microbial synthesis of SeNPs using non-pathogenic bac-
terium Zooglea ramigera obtained trigonal selenium nano-
rods [11]. In previous research work, broccoli mediated
selenium nanoparticles, FT-IR analysis showed peaks at
3235, 1595, 1407, and 1099 cm-1 indicates the presence of
O-H stretch, N-H bend, C-F stretch and C-O stretch of ali-
phatic ether, respectively. SeNPs (64 g/mL) exhibited com-
plete inhibitory action against Streptococcus agalactiae,
Escherichia fergusonii, and Pseudomonas aeruginosa and
could be used in replacement of antibiotics for treating cuta-
neous infections caused by bacteria [12]. Biosynthesis of
SeNPs syntheisized using Clausea dentata exhibited strong
larvicidal activity with increased concentration against the
fourth instar larvae stage of Culex quinquefasciatus, Aedes
Aegypti, and Anopheles stephensi [13]. SeNPs with doxorubi-
cin combination exhibited excellent anti-cancer effect and it
was found that SeNPs induced MCF-7cell death through
apoptosis [14]. The microbial synthesis of SeNPs by using
Bacillus species against Candida albicans and Aspergillus
fumigatus exhibited good antifungal activity (Mojtaba Shaki-
baie et al., 2015). SeNPS were biosynthesized using Azoarcus
sp. which transformed the selenite to Se and generated
spherical SeNPs. Dried Vitis vinifera (raisin) extract synthe-
sized uniformly shaped and biopolymer (lignin)-capped
selenium nanoballs [15]. The biogenic fabrication of SeNPs
via the flower extract of Bougainvillea spectabilis resulted in
stable hollow SeNPs with an avergae size of 24.24
± 2.95 nm [16]. The cytotoxic behaviour of SeNPs in combi-
nation with X-ray was demonstrated in treating lung cancer
cell lines. The participation of SeNPs in caspase-3 activation
and its downstream target showed that lung cancer cells
undergo apoptosis [17–22]).

5. Conclusion

Using the leaf extract of Morinda citrifolia, a simple
approach was explored to develop a green, eco-friendly
manner to synthesize SeNPs. The production of SeNPs was
validated by the brownish red color obtained after adding
sodium selenite to Morinda citrifolia leaf extract. UV-Vis
spectroscopy, FT-IR, and TEM were also used to confirm
the SeNPs, which were found to be 120-160nm in size in
Morinda citrifolia. In Morinda citrifolia, selenium NPs was
shown to have an antioxidant activity of 66.7 percent to
83.7 percent of free radicals. The viability of tumour cells
lowered, while increasing the concentration of nanoparticles.
It proves that selenium nanoparticles mediated Morinda
citrifolia have anticancer properties. In the brine shrimp
lethality assay, selenium nanoparticles produce less harmful
findings. The findings of this study imply that selenium
nanoparticles mediated by Morinda citrifolia can be
employed in biomedical applications in the future.
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Advancement of biologically driven experimental procedure for the generation of metal nanoparticles is a major aspect in the
domain of nanotechnology. Herein, we synthesized one pot silver nanoparticles (AgNPs) using Azadirachta indica (Neem
plant) via green synthesis method. The alkaloids and flavonoids in the plant extract served as capping and reducing agent to
develop silver nanoparticles. The characterization of synthesized AgNPs was performed using analytical techniques such as
UV-visible spectroscopy, FTIR, and SEM. The synthesized AgNPs were further impregnated onto a cotton cloth and the
antimicrobial studies were performed. The AgNPs embedded in cotton fabric were found to show zone of inhibition against
the fungi Candida albicans, gram-negative bacteria Escherichia coli, and gram-positive bacteria Staphylococcus aureus. This
experimental study suggests that the AgNPs impregnated on cotton cloth could have great potential for application in smart
nanobandages for wound dressing, medical textiles, sports clothing, etc.

1. Introduction

Nanotechnology is the interdisciplinary science which
involves chemistry, physics, biology, material sciences, and
the wide range of the engineering disciplines. Nanotechnol-
ogy is the science and engineering of devices and materials
on the scale of atoms or small groups of atoms having mate-
rial size ranged from 0.1 to 100nm [1]. These nanoscale
ranged groups of atom possess various characteristics such
as physical strength, magnetism, optical effects, chemical
reactivity, and electrical conductance because of its small

size. The change in all the parameters or properties is due
to two reasons. Firstly, very large surface area-to-volume
ratio, and secondly, quantum mechanics change at nanoscale
[2]. Nanotechnology has two approaches, i.e., top-down and
bottom-up approach. In top-down approach, the structural
size is diminished from larger to smaller, while in bottom-
up approach the individual molecules or atoms get changed
into nanostructures [3].

Metal nanoparticles such as silver, platinum, gold, and
palladium are utilized for many purposes in industry and
research. Amongst all these, AgNPs have been extensively
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used due to its unique physical and chemical features, which
consists of high electrical conductivity and thermal, optical,
antimicrobial, and biological properties [4]. Owing to its
unique properties, AgNPs are widely used in biomedical
applications such as wound dressings [5], antiseptic fabrics
[6], topical creams [7], and sprays [8]. AgNPs exhibit
biocidal effect against microorganisms through interruption
of the membrane followed by disruption of their enzymatic
activities [9].

AgNPs are synthesized through three methods, i.e.,
chemical, physical, and biological. Chemical and physical
methods have many disadvantages. Physical methods
involve high energy and cost, hence is mostly not preferred
method for synthesis [10, 11]. Chemical synthesis involves
hazardous chemical which are hazardous to environment
[12]. Preferred method for synthesis is by biological method
as it is simple, rapid, nontoxic, dependable, and has greener
approach [13]. Biological synthesis includes synthesis by
microorganisms [14], plant extracts [15], and agricultural
wastes [16]. Plant extracts contain biocompounds such as
phenolic compounds, alkaloids, terpenoids, sugars, enzymes,
and proteins which reduces metallic salts from positive oxi-
dation state to zero oxidation state [17]. When the AgNP
synthesis happens in the presence of plant extract, not only
the silver salts are reduced but also the plant extracts act as
capping agent [18]. The capping of AgNPs avoids the
nanoparticle agglomeration, reduces toxicity, and enhances
antimicrobial action.

In the current study, we have studied the use Azadir-
achta indica (neem) leaf extract for AgNP synthesis. Neem
belongs to the Meliaceae family and is found extensively in
India [19]. Azadirachta indica leaves are widely available in
the subcontinent and also have rapid growth. Neem leaves
contain polyphenolic flavonoids named β-sitosterol and
quercetin which are known for its antibacterial and antifun-
gal activities [20]. Neem leaves and its components were
reported to have anti-inflammatory, immunomodulatory,
antiulcer, anti-hyperglycemic, antioxidant, antimutagenic,
anticarcinogenic, antimalarial, antifungal, antibacterial,
and antiviral properties [21]. The neem leaves were further
selected as the reducing agent in the biological synthesis of
AgNPs because of its antimicrobial nature, and thus, we
tend to enhance its antimicrobial efficacy by developing
AgNPs. The neem leaf extract not only has the potential
to reduce the silver salts to AgNPs but also stabilizes
AgNPs [18].

Hence, in the current study, we examined the antibacte-
rial activity of AgNPs entrapped on greige cotton cloth
against gram-positive (S. aureus) and gram-negative bacteria
(E. coli). Additionally, antifungal activity was also checked
for C. albicans. The silver nanoparticles entrapped cloths
were washed for 25 times and each of the successive washed
clothes was checked for its antimicrobial activity. Formation
of AgNPs was detected using UV-Vis spectroscopy. The size
and morphology of AgNPs was confirmed by scanning elec-
tron microscopy (SEM) and transmission Electron Micros-
copy (TEM). Entrapment of AgNPs on cloth and size was
confirmed by SEM. Fourier-transform infrared spectroscopy
(FTIR) studies were performed for AgNPs entrapped cloth.

2. Materials and Methods

2.1. Materials. Silver Nitrate (AgNO3), Potato dextrose
agar (PDA), Potato dextrose broth (PDB), Nutrient broth
(NB), Agar Agar Type-1, and Itraconazole were procured
from HIMEDIA Pvt. Ltd., Mumbai, India. Ampicillin was
procured from Sigma-Aldrich. Ampicillin and Itracona-
zole were used as positive control for antibacterial and
antifungal studies, respectively. During the experiment,
double distilled water was used. The leaves of Azadir-
achta indica were collected from Bhatan village, Mumbai,
India. Culture of Staphylococcus aureus of strain 6538P
and Escherichia coli was used for antibacterial test. Can-
dida albicans was used for studying antifungal activity
of the cloth. Fabric cotton cloth was collected from a
local shop in Mumbai, India.

2.2. Extraction of Plant Extract. Azadirachta indica leaves
harvested locally were washed with tap water and rinsed
with double distilled water several times with a view to clear
out any dust or unwanted particles that might restrict adhe-
sion of Ag+ ions during the synthesis process. The washed
leaves were dried, accurately weighed, and finely cut for
the preparation of leaf extract. The mixture was then boiled
for 30 minutes in double distilled water to release intracellu-
lar material into the solution. Following it, the mixture was
cooled and filtered through Whatman filter paper. The
filtrate obtained was thus stored at 4°C and later used for
biosynthesis of silver nanoparticles.

2.3. Synthesis of Silver Nanoparticles Using Neem Plant
Extract. The filtered suspension obtained was further treated
with AgNO3 solution for AgNP synthesis. The entire process
was carried out on a magnetic stirrer at fixed RPM. The bior-
eduction of silver ions in the solution was observed at regu-
lar time interval by scanning the UV-Vis spectra at a range
from 200 to 900 nm. The synthesized AgNPs obtained were
further subjected to centrifugation and washing for removal
of unreacted Ag+ ions. Synthesized AgNPs were kept at 4°C
for further analysis.

2.4. Impregnation of Silver Nanoparticles on Cotton Cloth.
Cloth material was washed at room temperature (RT) with
double distilled water, dried, and cut to the dimension of
4 cm × 4 cm. The cut clothes were immersed in plant
extract for 2 h at RT and then dried. These plant extract
entrapped clothes were immersed in the AgNO3 solution
for 1 hour at RT and were removed and dried. The clothes
were further analyzed by means such as SEM, FTIR, and
antibacterial examinations.

2.5. Characterization of Silver Nanoparticles

2.5.1. UV-Vis Spectrophotometer. The progress of AgNP syn-
thesis was observed using UV-Visible spectrophotometer
(SHIMADZU UV-1800). The absorption spectrum was
recorded in the range of 200-900 nm.

2.5.2. Scanning Electron Microscopy. The surface morphol-
ogy of AgNPs was characterized by SEM which was per-
formed using VEGA3TESCAN. Different samples including
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plain cotton cloth, cotton cloth with Neem extract, and cotton
cloth impregnated with AgNPs before and after washing were
irradiated with an electron beam at 10 kV. Before analysis,
samples were gold coated through sputter deposition due to
the fact that gold has higher conductivity and does not inter-
fere with investigation of AgNPs.

2.5.3. FTIR. FTIR was used to recognize the biomolecules of
the Neem leaf extract which plays crucial role in capping,
reducing, and stabilizing the AgNPs. FTIR spectra were
obtained for the plain cloth, cloth impregnated AgNPs, cloth
impregnated AgNPs washed with water, cloth impregnated
AgNPs washed with mild detergent, and cloth impregnated
AgNPs washed with strong detergent by using BRUKER
spectrophotometer in the spectral range of 4000-400 cm-1

having a resolution of 4 cm -1. The fundamental component
of the universal attenuated total reflectance sample holder
was a ZnSe/diamond composite. The FTIR analysis was
studied to validate the presence of AgNPs before and after
washing steps.

2.6. Washing of Impregnated Silver Nanoparticle Clothes. To
confirm the leaching of the AgNPs from the impregnated
cotton cloth, they were further subjected to 25 cycles of
washing process with distilled water and detergents (strong
and mild detergent). Upon the first cycle of washing, clothes
were dried, ironed, and then again subjected to second cycle
of wash and this was repeated till 25 cycles. Later antibacte-
rial and antifungal activities were carried on AgNPs impreg-
nated cloth before and after washing steps.

2.7. Antimicrobial Assay

2.7.1. Antibacterial Activity of Entrapped Silver Nanoparticle
on Cloth. Antibacterial activity was performed against two
bacterial stains, i.e., gram-positive Staphylococcus aureus
and gram-negative Escherichia coli bacteria. Loop full of
both bacterial cultures was taken from stock culture and
inoculated for 24h in nutrient broth at 37°C. Spread plate
technique was used to streak the sterile nutrient agar plates
for both the fresh cultures. The impregnated AgNPs on cot-
ton cloth of dimension 4 cm × 4 cm were subjected to 25
cycles of distilled water wash and each of these cloth pieces
of 1 cm × 1 cm dimension was placed on the streaked nutri-
ent agar plates to check its antibacterial activity. Same proce-
dure was followed for mild detergent washed clothes and
strong detergent washed clothes. Later, the petri plates were
incubated at 37°C for 24h followed by observation of zone of
inhibition. Positive control used for both the cultures was
ampicillin which was entrapped on cotton cloth of dimen-
sion 1 cm × 1 cm.

2.7.2. Antifungal Activity of Entrapped Silver Nanoparticle on
Cloth. Antifungal activity was performed against Candida
albicans. Loop full of fungal culture was taken from stock
culture and inoculated for 48 h in potato dextrose broth at
37°C. Swabbing was performed on sterile potato dextrose
agar plates with the fresh culture. The impregnated AgNPs
on cotton cloth of dimension 4 cm × 4 cm were subjected
to 25 cycles of distilled water wash and each of these cloth

pieces of 1 cm × 1 cm dimension was placed on the streaked
nutrient agar plates to check its antifungal activity. Same
procedure was followed for mild detergent washed clothes
and strong detergent washed clothes. Later, the plates were
incubated at 37°C for 24 to 48h. The zone of inhibition
was also observed. Itraconazole discs were used as positive
control for antifungal studies.

3. Results and Discussion

3.1. To Analyze the Formation, Size, and Shape of AgNPs

3.1.1. UV-Vis Spectroscopy. For different aqueous AgNO3
concentrations, comparative studies were carried out to
examine the effect of different amounts of leaf biomass on
bioreduction rate of AgNPs. The quantity of leaf extract
showed a significant role in size dispersion of AgNPs. The
plant extract showed peak at 280nm but no peak was
observed between 400nm and 500nm. The reduction of
the silver ions into AgNPs in the presence of plant extract
can be observed through change in color. The leaf extract
solution color changed from yellowish green to brown and
became darkish brown gradually with time on addition of
Ag+ ions due to the surface plasmon resonance (SPR). Ag+

ions reduction occurred rapidly in the presence of neem leaf
extract and AgNP synthesis was completed in 1 h. The
change in the absorbance was noted down every 10 minutes
interval but there was no change in absorbance after 1 h
indicating no further formation of nanoparticles as observed
in Figure 1. The maximum absorption peak at 420nm was
observed in the UV-Vis spectrophotometer analysis indicat-
ing the formation of AgNPs. This broad SPR peak has been
well studied for AgNPs with the size ranged from 10 to
100 nm [18].

3.2. To Confirm Impregnation of AgNPs on the Cloth

3.2.1. FTIR Analysis. The FTIR spectra were measured for
the plain cloth and impregnated cloth with AgNPs
(Figure 2). The spectrum for plain cloth showed bands
at 3302.23 cm-1, 3257.11 cm-1, and 3336.32 cm-1 which cor-
responds to carboxylic O-H stretching, alcoholic O-H
stretching, and N-H stretching for secondary amine,
respectively. The band located at about 1103.43 cm-1 and
1023.74 cm-1 can be allocated to C-O-C or C-O functional
groups. The spectrum for impregnated cloth with AgNPs
showed broad intense band at 3335.10 cm-1 which can be
attributed to the N-H stretching frequency which arises
from the peptide linkages available in the proteins of the
neem leaf extract and 1635.65 cm-1 band for amide I
bonds for proteins (carbonyl C═O stretching). The amide
I bond in the spectrum might have originated from the
proteins available in the leaf extract which act as capping
ligands of the synthesized nanoparticles. These proteins
contained in leaf extract could be flavanones or terpenoids
which help in reducing and stabilizing the synthesized
AgNPs, whereas the band around 1600 cm-1 was not visible
in the spectrum of plain cloth.
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3.2.2. SEM Analysis. The surface morphology of plain cotton
cloth, cotton cloth impregnated with AgNPs, cotton cloth
impregnated with AgNPs (after 25 cycles of distilled water
wash), cotton cloth impregnated with AgNPs (after 25 cycles
of mild detergent wash), and cotton cloth impregnated with
AgNPs (after 25 cycles of strong detergent wash) was
analyzed using SEM. The micrograph obtained in Figure 3
clearly confirmed the presence of AgNPs from
Figures 3(b)–3(e), whereas no AgNPs were observed in
Figure 3(a). Thus, we clearly demonstrate the impregnation
of AgNPs on cotton cloth and adherence of AgNPs were still
observed even after 25th washing with water or detergent.
The antibacterial and antifungal results obtained clearly
justify the results.

3.3. Antibacterial Activity. The two strains of bacteria E.
coli (gram-negative) and S. aureus (gram-positive) are
most commonly associated with infected wounds which
were selected for antibacterial studies. Both the strains
were exposed to clothes impregnated with AgNPs before
and after 25 cycles of washes (mild and strong detergent)
to confirm its antibacterial property. The effect of synthe-
sized AgNPs on both gram-positive and gram-negative
bacteria could indicate possible mode of action. AgNPs
are known to display extensive range of antibacterial
effects via different biochemical pathways. The AgNPs
entrapped 1 cm × 1 cm cloth were immediately tested for
respective antimicrobial activities against gram-negative
(E. coli) (Figures 4(a) and 4(b)) and gram-positive (S.
aureus) (Figures 5(a) and 5(b)) bacterial strains showing
the respective zone of inhibition. Based on the zone of
inhibition produced, it can be confirmed that the AgNPs
demonstrated excellent antibacterial activity till 25 washes
against both S. aureus and E. coli. The high surface to

volume ratio and small size of nanoparticles produce a sig-
nificant bactericidal effect which permits the AgNPs to
penetrate the cell wall of the bacteria and trigger the cell
death [22, 23]. AgNPs when interact with the bacterial cell
membrane having proteins along with sulfur compounds,
the silver ion further attacks metabolic chain of bacteria
and DNA molecules further causing the cells get damaged
and died [24]. Thus, the results show that biologically
synthesized AgNPs when embedded on cloth have antibac-
terial activity against gram-positive and gram-negative
bacteria. Due to antimicrobial activity of AgNPs, coated
cloth can be used as a potential fabric material for front-
line health workers, sportspersons, military people, etc.

3.4. Antifungal Activity. The AgNPs entrapped 1 cm × 1 cm
cloth were similarly tested for antifungal activity against C.
albicans showing the respective zone of inhibition. The
AgNPs coated cloth showed excellent antifungal activity
even after washing the cloth with strong and mild detergent.
Based on inhibition zone produced, it can be assumed that
the synthesized AgNPs exhibited antifungal activity till 25
washes against C. albicans (Figures 6(a) and 6(b)) and
(Figures 7(a) and 7(b)). AgNPs might have got attached
and penetrate the cell membrane of the fungi by creating
pores or “pits” in the membrane causing the leakage of the
intracellular components out and it is also reported that
AgNPs get attached to the respiratory sequence causing inhi-
bition cell division and ultimately cell death [25, 26]. There-
fore, it is expected that the neem leaf extract synthesized
AgNPs coated fabric can be used in medical applications
such as uniform for health workers, undergarments, bedding
linen, and towels since it has antifungal activity against
harmful fungal pathogens.
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Figure 1: UV-Vis spectra of (a) neem leaf extract and (b) synthesized AgNPs.
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Figure 2: FTIR spectra for (a) plain cloth and (b) cloth impregnated with AgNPs.
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(a) (b)

(c) (d)

(e)

Figure 3: SEM image of (a) cotton cloth with plant extract only (top left). (b-e) AgNPs embedded onto the fibers of the cotton cloth.
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Figure 4: Continued.
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25th Wash

(b)

Figure 4: Antibacterial activity of AgNPs against E. coli species after 25 washes (a) mild detergent and (b) strong detergent.
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25th Wash
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Figure 5: Continued.
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25th Wash

(b)

Figure 5: Antibacterial activity of AgNPs against S. aureus species after 25 washes (a) mild detergent and (b) strong detergent.
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Figure 6: Continued.
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25th Wash

(b)

Figure 6: Antifungal activity of AgNPs against C. albicans after 25 washes of mild detergent (a) 48 h and (b) 72 h.
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Figure 7: Continued.
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4. Conclusion

The biological synthesis of AgNPs from Azadirachta indica
leaf extract was successful. AgNPs produced a characteristic
peak at in the range of 400–500 nm due to its SPR seen in
UV-Vis spectrophotometer. The TEM and SEM analyses
showed that the AgNPs produced were spherical and in
the range of 20 nm-100 nm with a capping material around
it. The FTIR spectra showed a significant peak of amide I
bonds which confirms the presence of capping ligand which
are the proteins available in neem leaf extract around the
synthesized nanoparticles. AgNPs showed antibacterial
activity against both gram-positive (S. aureus) bacteria and
gram-negative (E. coli) and also antifungal activity against
C. albicans. Thus, we can conclude that the cotton cloth with
impregnated AgNPs has numerous medical applications
where infections can easily occur like smart-bandages, bed
sheets in hospitals, lab coats, and sanitary napkins.
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Magnesium alloy is the light weight material compared to aluminium alloy, and it possesses high strength; these alloys are used to
manufacturing of vehicle parts. Magnesium alloy has extreme mechanical and thermal properties, and it is applied to aerospace
applications. This study planned to improve the tribological and corrosion resistance of AZ61 magnesium alloy with
reinforcement of boron carbide (B4C) and zirconium dioxide (ZrO2). Magnesium alloy hybrid composites are fabricated
through stir casting process. Tribological and corrosion performance are analyzed through Taguchi L27 Orthogonal Array. In
the tribological analysis, four parameters are involved such as % of reinforcement (4%, 8%, and 12%), disc speed (1m/s, 2m/s,
and 3m/s), normal load (30N, 40N, and 50N), and sliding distance (1300m, 1500m, and 1700m). Similarly, in salt spry
corrosion analysis, four parameters are influenced used such as % of reinforcement (4%, 8%, and 12%), pH (7, 8, and 9),
temperature (30°C, 35°C, and 40°C), and hanging time (30 hrs, 40 hrs, and 50 hrs). From this analysis, percentage of
reinforcement is highly influenced in wear test, and in corrosion test, temperature is extremely influenced.

1. Introduction

Normally, the composite materials are offered excellent
mechanical properties and thermal properties. In composite
preparation, the matrix material and reinforced particle
selections are highly toughest one due to obtain of the
desired properties [1]. Naturally, the pure magnesium is
the light weight material compared to aluminum; it has
33% lighter in similar manner 75% lighter than steel material

[2]. Magnesium possesses low density, and particular prop-
erties are lifting the consuming level of magnesium. For
recent trends, the magnesium and its alloys are used in the
high end applications. Magnesium is having some good
quality characters, namely, excellent manufacturability, easy
to fusion, and higher machinability [3–5]. All these points
are considered to selection of materials with omitting of alu-
minium and such other materials. In machinability point of
view, the magnesium has 50% higher than aluminium and

Hindawi
Journal of Nanomaterials
Volume 2022, Article ID 6012518, 12 pages
https://doi.org/10.1155/2022/6012518

https://orcid.org/0000-0002-6544-3852
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/6012518


possesses more energy [6–8]. In automobile sectors, magne-
sium is one of the substitute materials for aluminium for
making of steering shaft, pistons, and brake components
[9]. In major consideration in the engine design, the magne-
sium reduces the weight of the engine compared to cast iron
[10–12]. It is a suitable one for replacing of cast iron engine
and improving the vehicle mileage as well as reducing the
fuel consumption. In the magnesium material, the wear
occurrence takes place in moderate range but addition of
reinforced particles is influenced to reduce the wear rate of
the magnesium [13–15]. Hybrid composites generally pos-
sess high wear resistance as well as corrosion resistance even
influencing of high performance parameters [16]. Taguchi
optimization is one of the statistical tools to improve the
mechanical properties, increasing the corrosion resistance,
reduced the wear rate by the way of parameter optimization
[17–20]. The main objective of this experimental work is
focusing on to prepare the magnesium hybrid composites
with influencing of boron carbide and zirconium oxide-
reinforced particles. Further study of wear and corrosion
rate of the fabricated composites is conducted through
Taguchi tool.

2. Materials and Methods

In this experimental investigation, 2 kg of AZ61 magnesium
alloy is purchased from the Andavan Arul Alloys, Chennai.
Reinforced particles of boron carbide and zirconium dioxide
are procured from Ashoka Marketing Agencies, Chennai, by
each 500 g. Stir casting methodology is considered for this
investigation to make a high strength magnesium alloy
hybrid composites [21]. Bottom pouring stir casting equip-
ment is used for this experimental work. Agitation process
is controlled by electric motor in the stir casting process.

3. Experimental Work

Stir casting process is one of the economical ways to produce
the hybrid composites within a short period. Initially, the
reinforced particles are preheated in the crucible; different
weight percentages (4%, 8%, and 12%) of boron carbide
and zirconium oxide are preheated at 450°C for 5 hours in
the crucible [22]. The preheating process remove the impu-
rities present in the reinforced particles. Pure magnesium
alloy is heated by applying of 800°C in the bottom pouring
furnace; further, the preheated reinforce particles are mixed
to the pure magnesium alloy. Mixing of preheated reinforced
particles and the pure magnesium alloy are mixed well by
using stirring action, the stirring process is controlled by
electric controller in the motor [23]. Stirring speed is main-
tained as 400 rpm with 1 hour. After stirring action, the mol-
ten material is pouring into the die and allowed to cool;
further, the cooled material is separated from the die. The
required dimensions of wear and corrosion samples are
sliced out from the casted magnesium hybrid composites.

3.1. Wear Test. Wear analysis is conducted through
DUCOM model dry sliding wear test apparatus as shown
in Figure 1. Specimens are prepared as per the ASTM G99

standard under the dimensions of 12mm diameter and
30mm length. Initially, the disc and specimens are cleaned
well by using, and then, each sample is weighted initially
with the help of digital balance [24]. EN 32 steel disc with
65 HRC is used for conducting of dry sliding wear test; dif-
ferent process parameters are involved to conduct the wear
test such as % of reinforcement, disc speed, normal load,
and siding distance.

Figure 1: Dry sliding wear test apparatus.

(a)

(b)

Figure 2: (a) Image of wear test specimens. (b) Image of salt spray
test specimens.
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The sample is placed vertically against to rotating disc;
time taken to conduct wear test per sample is 20min.
Finally, after conducting the wear test, the samples are
weighted to calculate the mass loss. Figure 2(a) illustrates
the 27 numbers of wear test specimens.

3.2. Salt Spray Test. Salt spray test is one of the faster
methods to analyze the corrosion resistance of the materials.
In this work, initially, the samples are prepared as per the
ASM standard ax (ASTM B117) with the dimensions of
30mm diameter and 10mm thickness. Samples are cleaned
well and weighted; the initial weights are noted carefully

for evaluating the difference of mass loss and also find the
corrosion rate. Figure 2(b) shows the salt spray test speci-
mens; initially, the specimens are loaded in the salt spray
chamber such as all the specimens are hung in the chamber
[25]. The salt spray model is CARELAB with the dimensions
of 650mm × 450mm × 4010mm. After loading the samples,
the chamber cabin door is closed; using an atomizer, the 5%
of NaCl solution is continually sprayed on the specimen’s
surfaces [26]. The salt spray is achieved by using of pump
circulation with constant flow rate. After reaching the spec-
ified time period, the specimens are taken out from the
chamber and cleaned well with using of running water;

Table 1: Wear test process parameters and their levels.

S. no. Parameters Level 1 Level 2 Level 3

1 % of reinforcement 4 8 12

2 Disc speed (m/s) 1 2 3

3 Normal load (N) 20 30 40

4 Sliding distance (m) 1300 1500 1700

Table 2: Response table for means (wear rate).

Exp. runs % of reinforcement Disc speed (m/s) Normal load (N) Sliding distance (m) Wear rate (mm3/m)

1 4 1 20 1300 0.0038

2 4 1 20 1300 0.046

3 4 1 20 1300 0.0034

4 4 2 30 1500 0.0341

5 4 2 30 1500 0.0117

6 4 2 30 1500 0.034

7 4 3 40 1700 0.0062

8 4 3 40 1700 0.027

9 4 3 40 1700 0.0071

10 8 1 30 1700 0.0023

11 8 1 30 1700 0.051

12 8 1 30 1700 0.0086

13 8 2 40 1300 0.0073

14 8 2 40 1300 0.0128

15 8 2 40 1300 0.0148

16 8 3 20 1500 0.0039

17 8 3 20 1500 0.0048

18 8 3 20 1500 0.0156

19 12 1 40 1500 0.0028

20 12 1 40 1500 0.0126

21 12 1 40 1500 0.0018

22 12 2 20 1700 0.0107

23 12 2 20 1700 0.0061

24 12 2 20 1700 0.0037

25 12 3 30 1300 0.0027

26 12 3 30 1300 0.0147

27 12 3 30 1300 0.0025
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further, the specimens are dried. All specimens are weighed
and calculate the difference of mass loss [27].

Table 1 presented the wear test parameters and their
levels; in wear test, four parameters such as % of reinforce-
ment, disc speed, normal load, and sliding distance were
selected. All four parameters have three levels ton satisfying
L27 OA. The wear rate is obtained with

Wearrate WIð Þ = W1 −W2
Time × Density

: ð1Þ

4. Results and Discussion

4.1. Wear Analysis. Influencing of four parameters and three
levels was extremely influenced to estimate the wear rate of
specimens. Table 2 presented the wear input parameters
and the response of wear rate. From this wear test analysis,
the minimum wear rate was recorded as 0.0018mm3/m.
The minimum wear rates attained by the influence of
parameters were 12% of reinforcement, 1m/s of disc speed,
40N of normal load, and 1500m of sliding distance. On
the contrary, the maximum wear rate was occurred as
0.051mm3/m by influencing of 8% of reinforcement, 1m/s
of disc speed, 30N of normal load, and 1700m of sliding
distance.

Table 2 and Table 3 presented the response tables of
wear rate; these tables presented the higher influence param-
eter in priority order. Higher priority was illustrated by the
delta and rank order; the percentage of reinforcement was
higher priority in the wear test. Normal load was the second
priority, disc speed was the third priority, and sliding dis-
tance was fourth priority. Optimal parameters of the wear
rate was found as 12% of reinforcement, 3m/s of disc speed,
40N of normal load, and 1500m of sliding distance.

Figures 3 and 4 represented the main effects plot for
means and S/N ratios of the wear rate; increasing of rein-
forcement percentage decreases the wear rate. Maximum
reinforcement 12% offered minimum wear rate; further
increasing of disc speed also reduces the wear rate. Maxi-
mum level 3m/s of disc speed offered minimum wear rate.
Influencing of normal load such as 20N to 30N wear rates
was increased; further, 30N to 40N of normal load, the wear
rate was decreased. Finally, the 40N of normal load recorded
minimum wear rate. Consideration of sliding distance,
1500m of sliding distance offered minimum wear rate; fur-
ther increasing of 1500m and 1700m of sliding distance,
the wear rate was increased. Figure 5 highlights the residual
plot for the wear rate.

Normal probability plot represents that all the points
were lying on the mean line; it tell about the selected

Table 3: Response table for signal to noise ratios (wear rate); smaller is better.

Level % of reinforcement Disc speed (m/s) Normal load (N) Sliding distance (m)

1 0.019267 0.014726 0.010683 0.012052

2 0.013246 0.015028 0.018009 0.013282

3 0.006473 0.009233 0.010294 0.013652

Delta 0.012794 0.005795 0.007715 0.001601

Rank 1 3 2 4
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Figure 3: Main effects plot for mean (wear rate).
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parameters, and the levels are good one. In versus fits plot,
all the points were distributed uniformly, and within the
limits, similar trends were observed in the versus order plot.
All these points demonstrate that chosen model is appropri-
ate one. In histogram plot, all the rectangles were skewed in
normal position. Figure 6 demonstrates the parallel set plot
for wear rate; Figure 6(a) shows the correlation between %
of reinforcement and disc speed. From this parameter con-
nection, the minimum wear rate was recorded by 12% of
reinforcement and 1m/s of disc speed.

Figure 6(b) illustrates the relations between disc speed
and normal load. In this analysis, 1m/s of disc speed and

40N of normal load produced minimum wear rate.
Figure 6(c) presents the connection between normal load
and sliding distance. Minimum wear rate was registered
by 40N of normal load and 1500m sliding distance.
Figure 6(d) shows the minimum wear rate by 20N of nor-
mal load and 12% of reinforcement.

4.2. Corrosion Analysis. Table 4 illustrates the corrosion
input parameters and the response of corrosion rate. From
this corrosion test analysis, the minimum corrosion rate
was registered as 0.112mm/year. The minimum corrosion
rates obtained by the influence of parameters were 8% of

1
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reinforcement, 7 pH value, 35°C of temperature, and 50hrs
of hanging time.

Table 5 and Table 6 presented the response tables of cor-
rosion rate; these tables illustrated the higher influence
parameter in priority order. Based on the delta and rank
values, the higher priority was decided; from this analysis,
chamber temperature was a higher priority in the corrosion
test. Further, the parameters were followed by pH value,
hanging time, and percentage of reinforcement. Optimal
parameters of the corrosion rate was recorded as 8% of rein-
forcement, 8 pH value, 35°C of temperature, and 50 hrs of
hanging time.

Figures 7 and 8 illustrated the main effects plot for
means and S/N ratios of the corrosion rate; increasing of
reinforcement percentage decreases the corrosion rate. Min-
imum corrosion rate was obtained by 8% of reinforcement;
similarly, increasing of pH value the corrosion rate was
decreased. Minimum corrosion rate was recorded by
influencing of 8 pH value. Increasing of temperature from
30°C to 35°C decreases the corrosion rate, 35°C of tempera-
ture offered minimum corrosion rate. Higher hanging hours
such as 50 hours recoded minimum corrosion rate.

Figure 9 presented the residual plots for corrosion rate;
this figure comprises the four plots in a single plot. From

Sliding distance (m) Wear rate (mm3/m)Normal load (N)

0.0038
0.046

0.0034
0.0341
0.0117
0.034

0.0062
0.027

0.0071
0.0023
0.051

0.0086
0.0073
0.0128
0.0148
0.0039
0.0048
0.0156
0.0028
0.0126
0.0018
0.0107
0.0061
0.0037
0.0027
0.0147
0.0025

20

30

40

1300

1500

1700

(c)

% of reinforcementNormal load (N) Wear rate (mm3/m)

0.0038
0.046

0.0034
0.0341
0.0117
0.034

0.0062
0.027

0.0071
0.0023
0.051

0.0086
0.0073
0.0128
0.0148
0.0039
0.0048
0.0156
0.0028
0.0126
0.0018
0.0107
0.0061
0.0037
0.0027
0.0147
0.0025

20

30

40

4

8

12

(d)

Figure 6: Parallel set plot: (a) % of reinforcement vs. disc speed; (b) disc speed vs. normal load; (c) normal load vs. sliding distance; (d)
normal load vs. % of reinforcement.
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Table 4: Summary of corrosion test process parameters and corrosion rate.

Exp. runs % of reinforcement pH Temperature (°C) Hanging time (hrs) Corrosion rate ×10-3 (mm/year)

1 4 7 30 30 0.135

2 4 7 30 30 0.178

3 4 7 30 30 0.142

4 4 8 35 40 0.131

5 4 8 35 40 0.118

6 4 8 35 40 0.127

7 4 9 40 50 0.153

8 4 9 40 50 0.149

9 4 9 40 50 0.176

10 8 7 35 50 0.112

11 8 7 35 50 0.119

12 8 7 35 50 0.125

13 8 8 40 30 0.134

14 8 8 40 30 0.142

15 8 8 40 30 0.155

16 8 9 30 40 0.193

17 8 9 30 40 0.143

18 8 9 30 40 0.161

19 12 7 40 40 0.152

20 12 7 40 40 0.149

21 12 7 40 40 0.172

22 12 8 30 50 0.134

23 12 8 30 50 0.121

24 12 8 30 50 0.182

25 12 9 35 30 0.139

26 12 9 35 30 0.127

27 12 9 35 30 0.116

Table 5: Response table for means (corrosion rate).

Level % of reinforcement pH Temperature (°C) Hanging time (hrs)

1 0.1454 0.1427 0.1543 0.1409

2 0.1427 0.1382 0.1238 0.1496

3 0.1436 0.1508 0.1536 0.1412

Delta 0.0028 0.0126 0.0306 0.0087

Rank 4 2 1 3

Table 6: Response table for signal to noise ratios (corrosion rate); smaller is better.

Level % of reinforcement pH Temperature (°C) Hanging time (hrs)

1 16.76 16.95 16.15 17.01

2 16.96 17.15 18.14 16.54

3 16.83 16.45 16.26 17.01

Delta 0.20 0.70 1.98 0.47

Rank 4 2 1 3
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all the four plots, the data points were distributed uniformly
and within the limits; hence, the selected parameters and
model were suitable one. In the normal probability plot, all
the data points touch the mean line; it was denoted that
the model was accurate one.

Figure 10 illustrates the contour plot for corrosion rate;
Figure 10(a) represents the correlation between % of rein-
forcement and pH value. In both of these parameters’ corre-
lation, the minimum corrosion rate was recorded by 8% of
reinforcement and 8 pH value. Figure 10(b) presented the
pH value and temperature relations; for that, these parame-
ters offered a minimum corrosion rate by 8 pH value and
35°C of temperature. Figure 10(c) presented the correlation
between temperature and hanging time; both were offered

a minimum corrosion rate such as 35°C of temperature
and 50 hours of hanging time. Figure 10(c) demonstrates
the connection between hanging time and % of reinforce-
ment; 50 hours of hanging and 8% of reinforcement offered
minimum corrosion rate.

Normally, the magnesium alloy material was light weight
material; adding of reinforcement particles improves the
wear properties. In stir casting process, the reinforced parti-
cles, namely, boron carbide (B4C) and zirconium dioxide
(ZrO2), were highly melted and blended into the magnesium
alloy. The uniform blending increases the mechanical prop-
erties of the magnesium composites; the enhanced strength
reduces the wear rate of the composite and also reduces
the corrosion. The hybrid reinforced particles make superior
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strength and offered excellent corrosion resistant to the
composite material; it was evidently showed in the numeri-
cal analysis.

5. Conclusion

In this experimental investigation, magnesium alloy hybrid
composites were prepared through stir casting process with
reinforcement of boron carbide and zirconium oxide. Using
of Taguchi analysis, the optimal parameters of the wear and
corrosion test were evaluated successfully; finally, the mini-
mum wear rate and corrosion rate were obtained, and the
results were described as follows:

(i) From the wear test analysis, the minimum wear rate
was recorded as 0.0018mm3/m due to homogeneous
mixture of the reinforced particles into the magne-
sium alloy composites. Higher percentage of rein-
forced particles improved the wear properties. In
contrary, the lower percentage of reinforced particles
is not influenced in the wear behavior of the com-
posites; hence, the maximum wear rate was obtained
in the wear test as 0.051mm3/m. Optimal of the
wear rate was recorded as 12% of reinforcement,
3m/s of disc speed, 40N of normal load, and
1500m of sliding distance

(ii) In the salt spray corrosion test analysis, minimum cor-
rosion rate was recorded as 0.112mm/year owing to
uniform distribution of reinforced particles into the
magnesium alloy composites. From the corrosion rate
analysis, the optimal parameters were registered as
12% of reinforcement, 3m/s of disc speed, 40N of
normal load, and 1500m of sliding distance. Percent-
age of reinforcement was highly influenced in the wear
analysis, and the chamber temperature was extremely
influenced in the salt spray corrosion analysis.
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Carbon nanodots are a recently discovered sort of carbon nanoparticles, demonstrating excellent fluorescence and physical-
chemical properties that make them appealing for diagnostics and chemotherapeutics, including biosensing, bioimaging, and
nanocarriers for drug delivery ground-breaking therapeutic agents in photothermal and photodynamic therapy. This critical
review strongly focuses on the varied sorts of processes involved in the synthesis of carbon nanodots alongside the benefits and
shortcomings. Furthermore, the multiple applications of carbon nanodots are established and used to develop potential
theranostic nanoarchitectures. This review paper analyses with a discussion focusing on the discovery, synthesis processes, and
diverse biomedical applications.

1. Introduction

Carbon quantum dots (CQDs), also known as carbon nano-
dots, are a class of carbon nanoparticles. Carbon nanodots
were discovered by Xu et al. [1] accidentally while attempt-
ing to purify single-walled carbon nanotubes (SWCNT).
Carbon nanodots are less than 10nm in size, and since their
discovery, extensive research has been conducted on their
unique properties, such as fluorescence, making it an excep-
tional discovery [2].

The process of synthesis of carbon nanodots, its analyti-
cal applications in oxygen reduction, plant cell imaging, and

more have been studied throughout the years. The fluores-
cent properties of carbon nanodots make them essential
for studying several chemical and biological processes, as
previously mentioned [3]. Reviewing the existing literature
and the research conducted on this particular domain would
enable researchers to focus on the gaps in the literature and
evaluate further research carried out in this context.

2. Carbon Nanodot Discovery and Structure

Xu et al. [1] had been engaged in purifying single-walled car-
bon nanotubes when they accidentally discovered these
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particles. Synthetic methods have been implemented in their
extraction and discovery. In this context, it needs to be stated
that the carbon nanodots exhibit various structures respon-
sible for the demonstration of multiple properties of the par-
ticles [4]. According to Roy et al. [5], the carbon nanodots
are usually quasispherical or spherical shaped, generally
from 4nm to 8nm in diameter, produced from natural soot,
with lattice spacing almost equal to graphite. Additionally,
carbon dots developed from natural ingredients such as glyc-
erine and coffee exhibited crystalline and monodisperse
structures [3, 6]. The presence of particular functional
groups on the carbon dots can be determined through XPS
analysis or FTIR spectroscopy. Additionally, carbon dots
have been noted to be more stable as compared to nanodots
of metals such as Ag and Au [7].

3. Synthesis Processes of Carbon Nanodots

Carbon nanodots can be broadly classified into two catego-
ries for the purpose of synthesis, namely, top-down
approaches and bottom-up approaches.

3.1. Top-Down Approaches. Arc-discharge method: this
method provides approximately 1.6% quantum yield (QY)
of carbon nanodots from the crude material oxidizing pro-
cess. The oxidation was carried out by using HNO3
(3.3N); then, the oxidized crude carbon nanodots were
extracted with alkaline solution (pH8.4), and purification
was done by conducting gel electrophoresis. This particular
process was used by Roy et al. [5] during the discovery of
carbon nanodots and is considered cost-effective. However,
adequate growth conditions are necessary for this method
to ensure success (Figure 1) [8]. An electrical discharge
around two graphite electrodes bathed in octane was used
to make luminous carbon nanodots in a single-step method
[9]. The arc-discharge method was also used by Andhika
et al. [10] in the toluene environment for the production of
carbon nanoparticles. Direct current arc-discharge plasma
was used to make SnO2/carbon nanotube nanonests
(SnO2/CNT NNs) composites in one step [11].

Electrochemical method: the QY of the nanodots pro-
duced through this method is usually around 2.8%–.2%.
The size of the carbon nanodots can be maintained by keep-
ing 20–180mAcm2 as the range of the current density [12].
Therefore, caution is to be exercised for maintaining a par-
ticular size of carbon dots. The easy single-step electrochem-
ical production of CQDs with diameters ranging from 1.2 to
3.8 nm was synthesized that shows size-dependent photolu-
minescence (pl) and outstanding upconversion lumines-
cence capabilities [13].

Laser ablation: the use of Nd:YAG laser at a frequency of
10Hz and 1064nm may yield carbon dots from graphite
powder. According to Hsu and Chang [14], the use of citric
acid is also noted to enhance hydrophilic properties in
CQDs. This is supported by Zhu et al. [15], where soy milk
is used to synthesize carbon dots. Nguyen et al. [16] reported
the synthesis of ultrasmall CQDs by double-pulse femtosec-
ond laser ablation. CQDs, also prepared by a pulsed laser
ablation method with no posttreatments, have been devel-

oped by Yang et al. [17]. Laser pyrolysis of two typical vola-
tile chemical precursors, toluene and pyridine, yielded
monodisperse carbon nanodots with controllable pl [18].

3.2. Bottom-Up Approaches. Hydrothermal and aqueous-
based methods: several methods established for the synthesis
of carbon nanodots can be attributed to various natural sub-
stances. For instance, this method implements ground coffee
or green tea, as carbon nanodots can be synthesized from
organic compounds [12]. Aslan and Eskalen used a single-
step hydrothermal approach to make water-soluble carbon
nanodots from tangerine juice [19]. Under blue light illumi-
nation, fluorescent nitrogen-doped CQDs generated using a
single-pot hydrothermal process using multiple isomers, dis-
playing exceptionally intense fluorescence [20], while Chen
et al. [21] synthesized spherical CQDs ranging 3-7 nm from
the plant material and agriculture waste.

Microwave-assisted methods: synthesis of carbon nano-
dots has also been found to be effective using PEG200 saccha-
rides, such as sucrose, by developing an aqueous transparent
solution of the same to extract carbon nanodots. There are
three prime examples of modified carbon nanodots synthe-
sized with the help of microwave-assisted method, namely,
N, S-carbon nanodots (N,S-doped carbon quantum dots,
N, S-CND), N-carbon nanodots-1 (N-CNDs-1), and N-
carbon nanoddots-2 (N-CNDs-2). N-CNDs-1 and N-
CNDs-1 are strongly agglomerated and highly hydrophilic,
respectively. Thiol and carboxylic groups are present on N,
S-CND [22]. These particles are useful in studying lung
and pulmonary diseases in humans.

Carbon nanodots with 30nm dimensions synthesized by
an efficient route by using coffee grounds to the precursor
followed the microwave-assisted hydrothermal method
where the 10 g spent coffee grounds were soaked in dilute
H2SO4 solution (50mL of 0.01 g/mL) heating in the micro-
wave for two hours. The precursor was oxidized in HNO3
(10%, 20mL), then sonicated for 0.5 h at 45°C, and then kept
on magnetic stirring for 0.5 h at 90°C. The reaction mixture
was then cooled down then diluted by cold water to obtain
light-yellow carbon nanodot powder [6].

Thermal routes: carbon soot has been primarily consid-
ered as the fundamental substance for the production of car-
bon nanodots. Treatment with an oxidant, namely, HNO3
and H2O2/AcOH, results in the formation of carbon nano-
dots [23]. However, the QY values are quite low, ranging
between 0.8% and 1.9%.

The stages primarily carried out to synthesize carbon
nanodots are dehydration, polymerization, carbonisation,
and finally, passivation, as depicted in Figure 2. The use of
various compounds has been noted in the synthesis of C-
dots. For instance, APTMS or (3-Aminopropyl) trimethoxy-
silane and glycine, along with other substances like urea,
sucrose, and alanine, have been a crucial precursor for the
synthesis of carbon nanodots [24]. As formerly stated, there
are broadly two major processes involved in synthesizing
carbon dots: the bottom-up approach and the top-down
approach. As previously discussed, the significant advan-
tages of using carbon dots include low toxicity, the property
of being chemically inert, outstanding biocompatibility,
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good water solubility, and multiphoton excitation, as well as
excellent pl properties. Additionally, the physicochemical,
electronic, optical, and electrochemical properties of carbon
nanodots have been noted to be unique features and
environment-friendly. Electrochemical properties were used
to observe the energy gap of the carbon nanodots and
Hückel level calculations of the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO).

There are certain limitations identified for each of the
approaches. For instance, it has been evident that synthesis
steps are monotonous and occur at extremely high tempera-
tures, utilizing toxic or harmful substances such as alkali or
acids [25]. Hence, it becomes evident that Karfa et al. [25]
contradict the existing idea or concept that C-dot synthesis
is inexpensive. Apart from the statement that carbon dot
synthesis has high costs, Karfa et al. [25] state that special
equipment and nonpolar organic solvents are used in the
process.

4. Properties of Carbon Nanodots

Modification is a process that is integrated into the overall
mechanism of the formation of carbon nanodots. As noted
previously, though carbon nanodots have a profound impact
in biosensing or bioimaging, carbon dots face extreme com-
petition in terms of their applications [26]. In this context, it
must be noted that a high QY must be achieved to compete
with other similar compounds effectively. Though there have
been instances for producing carbon nanodots with a quan-
tum yield of ~80%, most of the carbon nanodots synthesized
through various methods have exhibited QY, less than 10%.
To improve the quantum yield for the synthesized nanodots,
surface passivation and other doping methods are imple-
mented for modifying the same. Figure 3 illustrated the
water-soluble carbon nanodot of the size range 20 to
50 nm [26].

Another significant property illustrated by the carbon
nanodots is the reduced levels of cytotoxicity compared to
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other carbon nanoparticles. The enhanced stability, biocom-
patibility, and hydrophilicity have been considered to con-
tribute to the lower levels of cytotoxicity in carbon
nanodots. Carbon nanodots continue to draw attention in
biomedical applications, though their therapeutic efficacy
becomes conceded due to rapid clearance from the human
body. However, rapid clearance of carbon nanodots is
advantageous in terms of cytocompatibility, but it is a signif-
icant restraint for their prolonged utilization as imaging and
therapeutic agents, and this clearance depends on the surface
charge on carbon nanodots [27–29]. Goryacheva et al. [30]
state that they are cheap to produce and demonstrate bright
light emissions, demonstrating the potential to completely
replace the inorganic quantum dots for their applications
in photocatalysis, solar cells, and more. Other physicochem-
ical properties include absorption, variant morphology, sur-
face properties, pl, and stability as a compound.

The property of pl of carbon nanodots has been used for
several applications in biosensing and bioimaging [31].
According to Nguyen et al. [32], certain surface functional
groups in carbon nanodots are responsible for the exhibition
of this particular property. C-dots were utilized as agents for
multicolor labelling to detect bacteria Staphylococcus aureus
and Escherichia coli [19]. Hence, the pl property is increased
as the conditions mentioned above serve as an excitation
energy trap [33]. The impact of an extreme environment
containing hydrogen peroxide, a potent oxidizing agent,
has been tested, where the Zn-CDs manifested steady fluo-
rescence and high stability against highly oxidizing H2O2
[33].

In addition, Himaja et al. [34] mention that synthesizing
highly fluorescent carbon nanodots from kitchen waste is a
thriving green process. Furthermore, the color of light emis-
sions has been noted to be primarily yellow. Contradictory
evidence illustrates that the carbon nanodots produced
exhibited green and blue color emissions when synthesized
with the help of controllable flame reactors, which are essen-
tially fuel-rich [35]. Laser ablation has been regarded as a
potentially effective procedure for synthesizing carbon nano-
dots, mainly when produced in ionic fluids [36]. Further-
more, it has been evident with the help of bioimaging that

agglomeration behavior is strongly demonstrated by the par-
ticles, N-CND-1 or N, S-CND. Agglomeration property
could be due to successful construction and doping with
nitrogen/sulfur and nitrogen. Positively charged N-CNDs-
1, bearing amide groups at the surface, displayed a highly
amorphous profile [37].

In order to further illustrate the impact of exposure to
the modified carbon nanodots, a 3D human lung had been
exposed to these particles over a period of 24 hours. With
the help of the pseudo-air-liquid interface, by maintaining
a concentration of 100μg/mL, alveolar epithelial cells, pri-
marily the A549 cell line as well as the two primary immune
cells, namely, dendritic cells and macrophages, were exposed
to the carbon nanodots [37]. Utilizing the property of pl,
researchers were able to identify that after 1 hour, approxi-
mately 80% of the N, S-CND and N-carbon dots-1 were left
on the apical surface of the lungs [22]. It has been previously
mentioned that the properties of the surface functional
groups play a critical role in studying the overall behavior
exhibited by carbon nanodots. In this case, amide groups
and amino acids have been noted to be present on the sur-
face of the nanodots, which enhanced the uptake properties
of the N-carbon dots, as compared to the ones, which bore
carboxylic acid groups, as the surface functional groups [22].

5. Applications of Carbon Nanodots

5.1. Imaging Applications. To date, many specific and novel
methods have been discovered to identified bacterial species
for instant and precise microorganism detection. CQDs have
been innovative for imaging numerous microorganisms
[38]. The carbon dots had tunable pl that empowered the
identification of Escherichia coli through multicolor imaging
after three hours of incubation with the carbon dots and the
imaging-based attachment of the carbon dots to the surface
of the bacterial cell [39]. Yu et al. [40] synthesized N-
doped carbon dots by creating a combination of curcumin
and polyethyleneimine hydrothermally. The synthesized
carbon dots were kept incubated for three hours that have
been utilized for the multicolor imaging of Staphylococcus
aureus and E. coli [41].

20 nm

(a)

50 nm

(b)

Figure 3: (a, b) TEM images of carbon nanodots (reproduced from Tripathi et al. 2017).
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Furthermore, the tested carbon dots no longer display
antibacterial activity against the tested bacteria, permitting
the identification and labelling of live bacteria. Baig and
Chen [33] produced carbon dots from the white portion of
the egg that was suitable for multicolor pl identification of
S. aureus and E. coli, despite the fact that these carbon dots
were fabricated at a much higher QY i.e., 45%, and used for
identification and labeling bacteria upon 10 minutes of incu-
bation, allowing them to be viable and lower quantity of car-
bon dots used for faster labeling of microorganisms. In
another study, N, S-codoped carbon dots have been pro-
duced using a microwave irradiated method and a combina-
tion of thiourea and tris-acetate-ethylenediamine. The QY of
the produced carbon dots was higher, making them feasible
for multicolor labelling of microorganisms. Multicolor label-
ling demonstrates against four microorganism species,
including E.coli, Pseudomonas aeruginosa, S. aureus, and
Klebsiella pneumoniae. The bacterial species can efficiently
be identified as endocytosis of the carbon dots has to be
observed, except pneumonia bacteria which have no longer
exhibited fluorescence after incubation. The equal condi-
tions due to the catabolic pathway expresses for fragrant
compounds could devastate the carbon dots [33]. Wang
et al. [42] utilized a urea, sodium citrate, and thiourea to
produce carbon dots with a QY of 37% that emitted blue
fluorescence and, therefore, enable the utilization of labelling
of Xanthomonas axonopodis with incubation of three hours
which exhibits blue fluorescence under UV light; here,
microorganism was found alive, and no distraction in shape
and morphology observed [42].

Aside from microorganism cells, the potential of carbon
dots for imaging purposes has conjointly been explored in
other cells. Applications of carbon dots are overemphasized
and exploited for imaging of cells of mammals. Most of the
manufactured carbon dots accomplish the needs for a com-
posite that could be used as an imaging agent. They showed
a stable fluorescent signal and did not show adverse effects
on cells’ physiology [43]. Many reports on imaging revolve
around cell imaging that is incredibly giant and not prudent
or sensible to include all individual findings. Several proper-
ties of manufactured carbon dots created from citrus sinen-
sis, apple seeds, and citrus limon, were observed when they
were utilised to label A549, MDA-MB-231, HeLa, and
HEK-293 cells for imaging purposes. Carbon dots are also
synthesized from human fingernails that exhibit various pl
properties [44].

The carbon dots produced with oil of vitriol from micro-
wave irradiation exhibit an associated degree emission at
380nm, whereas those produced from pyrolysis showed a
dual emission at 450nm and 380. Besides the different pl
features, these carbon dots produce the 42.8% QY with
microwave treatment and 81.4% QY from pyrolysis that effi-
ciently utilizes four different cell lines [45]. Furthermore,
carbon dots produced from pyrolysis after forty-eight hours
of incubation will promote HEK-293 cell proliferation by up
to 18hrs. These findings were thus vital that could be uti-
lized for additional advanced clinical applications [41].

Du et al. [46] synthesized carbon dots from the hydro-
thermal treatment of glycine and glucose that effectively

label MTEC1 and Sh-y5y cells in which the carbon dots
localized within the membrane and protoplasm, while the
nucleus pl was not strong. Pal et al. [47] produced polyethy-
leneimine carbon dots from the hydrothermal method of
polyethyleneimine and curcumin used for microorganism
labelling. These carbon dots were also utilized for labelling
of NIH 3T3, A549, and HCT-15 cells and exhibited multi-
colored pl. Though differences in the pl intensity were
recorded in all tested cells. Cancer cells HCT-15 and A549
showed high pl as compared to fibroblasts NIH3T3 cells
due to the higher rate and uptake by cancer cells [48]. Car-
bon dots formed by irradiated microwave method by using
a mixture of acid and ethylenediamine exhibited
excitation-dependent red pl that was helpful for labelling of
animal tissue cells, retinal, lens, and CHO cells to exhibit
multicolored pl [49].

Furthermore, the red pl was significantly helpful as cells
became ready to emit pl once excited at 635nm. This way,
the fluorescence was reduced, resulting in the quantitative
ratio of signal to background which was amplified. Carbon
dots produced by the irradiated microwave method by using
aspirin–hydrazine were used to imaging HeLa, RAW246.7,
KB, and BMSC cells. Notably, the carbon dots will enter
the cell organelle and label it with the cytoplasmic space [50].

In another study, carbon dots made from histidine and
cotton were ready to enter the organelle of AD-293 cells
used to label organelle of A193 cells, respectively [51]. In this
regard, it needs to be mentioned that there are several wide-
spread applications of carbon nanodots, and most of the
applications can be attributed to its property of pl.

Bioimaging is one of the significant applications of car-
bon dots, which can be attributed to its fluorescent property.
Carbon dots have been noted to emit lights of varying wave-
lengths in their excited state. Kim et al. [52] mention that
dual-color emitting carbon dots have been used in gaining
optogenetic control of ion channels and multicolor bioima-
ging. According to Mishra et al. [53], targeted drug delivery
is another option being considered for medical purposes of
carbon nanodots. Despite the potential applications of car-
bon nanodots in advanced medicine, Atchudan et al. [54]
mention that carbon dots can be synthesized conveniently
from Malus floribunda, commonly known as Japanese crab
or purple chokeberry, illustrating and supporting the former
views of driving carbon dots from natural sources [5].

5.2. Biosensing Applications. The detection of various bio-
logical and chemical compounds can be performed with
the help of carbon nanodots. In addition, Bui and Park
[55] further mention the use of carbon nanodots in the
screening of cholesterol as a part of biosensing. It has been
formerly discussed that the detection of carbon nanodots
in the human lung has been measured owing to their fluo-
rescence property [56]. The biosensor mentioned above
comprises primarily of haemoglobin complex and C-dot
components, respectively.

Another critical application of carbon dots in biosensing
is the detection of gene mutation [57]. Additionally, Yu et al.
[58] mention that Saccharomyces or yeast may aid in the
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production of carbon nanodots, which has been noted to be
effective in detecting vitamin B12 and pH. Hong et al. [59]
further illustrate that multimodal carbon dots act as effective
biosensors. Moreover, it has been stated that the use of car-
bon dots may influence and even enhance the provision of
therapeutic functionalities and trigger the development of
theranostic materials (Figure 4) [59].

5.3. Antibacterial Potential. Carbon nanodot’s bactericidal
potential is due to oxidative stress persuaded by reactive
oxygen species produced by carbon nanodots that act as a
signalling particle inside the cells in response to the patho-
gen. Oxidative stress progresses when the reactive oxygen
species production surpasses the usual defense of antioxi-
dant in bacterium that induces oxidative injury to biomole-
cules such as nucleotides, lipids, and proteins resulting in
damage to the cell wall and bacterial death. Heteroatoms
present in functionalized carbon dots improve the produc-
tion of reactive oxygen species due to free-electron integra-
tion in carbon dots [60–63]. The life of reactive oxygen
species is usually short that depends upon the type of reac-
tive oxygen species. For instance, hydrogen peroxide has
an elongated life of about 1ms compared to other reactive
oxygen species, while other types of reactive oxygen species
have a short life that measures in microsecond range [64].
As a consequence, reactive oxygen species can diffuse over
very short distances to several 100 nm allowing diffusion
around the lipid bilayer, which is required for the generation
of reactive oxygen species in the close locality of its target to
show effective bactericidal potential. Nitrogen atoms in car-
bon dots produce groups, which are positively charged
results in augmenting the electrostatic interaction to cell sur-
face, which are negatively charged resulting in reactive oxy-
gen species production which leads to target pathogens and
exhibits antibacterial effects [62].

Positively charged carbon dots are synthesized from
spermidine or quaternary ammonium salts. These carbon
dots firmly adhere to proteins, porins, and peptidoglycan
of the bacterial cell wall resulting in inhibition of cell wall
synthesis of Gram-positive and Gram-negative bacteria,
indicating their enhanced antibacterial activity [65–67]. Car-
bon dots entered into the bacteria interior result in oxidative
damage to biomolecules, including DNA content which
leads to damaging the cell wall [61].

Additionally, synergistic utilization of carbon dots with
antibiotics or photosensitizers shows better efficacy; for
instance, photoactivated carbon dots combined with photo-
sensitizers like toluidine blue and methylene blue achieve
higher reactive oxygen species generation than photosensi-
tizers or carbon dots alone under the illumination of visible
light, thus resulting in enhanced killing of bacteria [68, 69].

Carbon is usually nontoxic and showed no apparent side
effects and toxicity in treating infected wounds in rats and
pneumonia in tested mice [70, 71]. A biosafety evaluation
of photoluminescent carbon dots produced by nitric acid
oxidation found no acute toxicity, genotoxicity, or abnor-
malities or lesions in the organs of mice [72]. No cytotoxicity
of cadmium-selenide quantum dots was observed, which
was improved by a coating of polyethylene glycol [73].

5.4. Cancer Diagnosis. The higher sensitivity, including spa-
tial and temporal resolution of fluorescence imaging, makes
carbon dots the most auspicious agent in cell sensing, target-
ing, and imaging [74]. For instance, Song et al. [75] pro-
duced carbon dots coupled with folic acid to distinguish
folate receptor-positive from folate receptor-negative cells
that were utilized to identify and label and analyse HeLa
and NIH-3T3 cells. Lee et al. [75] synthesized carbon dots
coupled with maleimide-terminated TTA1 aptamer
expressed highly in C6 rat glioma cell line and HeLa cell line
and not expressed in normal healthy CHO Chinese hamster
ovary cell line cells. The incubation of the carbon dots con-
jugated with maleimide-terminated TTA1 aptamer exhibits
a strong fluorescence and selectively along with cancer cells
and is only very less absorbed in normal cells. Zhang et al.
[76] synthesized carbon dots coupled with folic acid that
were able to selectively recognise cancer cells in a combina-
tion of PC12 and HepG2 by showing a bright green lumines-
cence after incubation of 2 hours. In another study, Li et al.
[74] revealed a new tumor therapy that depends on autoph-
agy by combining the folic acid and biocompatible N-doped
carbon dots that possess a broad range of high ability of tar-
geted including 26 kinds of tumor cell and distress the
metabolism which results in autophagy. Bhunia et al. [77]
synthesized functionalized fluorescent carbon dots with
folate or TAT peptide and incubated them with folate
receptor-positive cancerous cells and folate receptor-
negative normal cells that enhanced cell labelling and
uptake.

5.5. Cancer Therapy. Photodynamic therapy is of utmost
promising and noninvasive cancer therapeutic approaches
with fewer side effects that could be utilized unaided or
in amalgamation with ionizing radiation, surgery, and che-
motherapy and can be utilized to abolish cancerous cells,
which are undetected [78]. Photodynamic therapy
employed photosensitizing drugs as these are inactive
pharmacologically till a specific wavelength of light irradi-
ates that generates reactive oxygen species resulting in
induced cell death and necrosis [78–81]. For instance,
photosensitizing drugs such as porphyrin and phthalocya-
nine and their derivatives have potential in cancer imaging
and therapeutic approved for medical applications [82,
83]. Their utilization is limited due to cutaneous photo-
sensitivity enhancement, water solubility reduction, low
photostability, and selectivity [84]. For this cause, many
other approaches have been examined. For instance,
Huang et al. [85] revealed an innovative theranostic
method that depends on chlorin e6-conjugated carbon
dots which exhibit good solubility, stability, low cytotoxic-
ity, enhanced photosensitizer fluorescence detection, good
biocompatibility, and outstanding photodynamic efficacy
as compared to utilization of Ce6 alone. Furthermore, in
another study, in vitro or in vivo utilization of a carbon
dot-chlorine e6-hyaluronate coupled, which is transdermal,
was successfully utilized for the photodynamic therapy in
skin cancer that showed significant photodynamic outcomes
on cancer cells as compared to Cdot-Ce6 and Ce6 alone [86].
Li et al. [87] synthesized porphyrin-containing carbon dots
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utilized in the effective photodynamic therapy in hepatoma
treatment and showed good photostability, cellular uptake,
biocompatibility, and potent cytotoxicity which leads to sup-
press the tumor.

Recently, carbon dots have also been utilized as photo-
sensitizing chemicals as they possess substantial tempera-
ture variations upon irradiation. Sun et al. [88] revealed
red emissive carbon dots and utilized them quickly and
efficiently that convert laser energy into heat resulting in
reduction of the viability of MCF-7 cells. Geng et al. [89]
synthesized near-infrared absorbing nitrogen and oxygen
codoped carbon dots that generate high efficiency under
laser irradiation results in attaining 100% of ablation of
tumor tissue without any harm or side effects. Zheng
et al. [90] produced near-infrared fluorescent hydrophobic
cyanine dye and polyethylene glycol-doped carbon dots
that exhibit superior uptake and accumulation in tumors
with high photothermal conversion efficiency. Ge et al.
[91] synthesized carbon dots using polythiophene benzoic
acid that shows photodynamic and photothermal effects
under laser irradiation of 635 nm. Lan et al. [92] synthe-
sized S, Se-codoped carbon dots by utilizing polythiophene
and diphenyl diselenide that utilized new multifunctional
phototheranostic reagents. Wang et al. [23] synthesized
near-infrared-emissive boron and nitrogen-doped carbon
dots to induce higher penetration into tissue that exhibits
a photothermal therapeutic effect and kills cancer cells
entirely to suppress tumor growth in vivo.

5.6. Other Applications

5.6.1. Solar Cells. Margraf et al. [93] mention that carbon
nanodots can be actively used in mesoscopic solar cells as
sensitizers, since these particles are environment-friendly
and relatively inexpensive. Furthermore, Chatzimitakos

and Stalikas [94] state that carbon nanodots can be easily
produced or generated from the most common natural
resources, making their availability abundant and produc-
tion cost cheaper. This can be further substantiated by Mar-
inovic et al. [95], who mention that carbon nanodots have
been noted to have the highest recorded solar PCE or solar
power conversion efficiency, attributing to approximately
0.36%. L-arginine carbon dots had been used for this pur-
pose as sensitizers. On the contrary, the use of lobster shells
in hydrothermal carbonisation resulted in the generation of
PCE of 0.22%. Loading CQDs into perovskite precursor
solution results in a superior hybrid Cs0.15FA0.85PbI3 thin
film. The productivity of the associated ITO/PTAA/
Cs0.15FA0.85PbI3/PC61BM/BCP/Ag inverted planar perov-
skite solar cells increased from 17.36 percent to 20.06 per-
cent [96]. Wang et al. [97] reported that to enhance the
productivity of the associated perovskite solar cells, CQDs
were added to the CsPbI2Br photoactive layer. Upon incor-
porating CQNDs in an ideal amount, it is discovered that
the trap density may be significantly reduced and crystallin-
ity can be improved. Riaz and Park [98] used freeze-dried
urea and CQD precursors to make nitrogen-rich CQDs that
were implanted in CN nanotubes. The CN nanotubes that
had been synthesized were utilized as efficient light
harvesters.

5.6.2. Photocatalysis. Liu et al. [99] have stated that carbon
nanodots act as efficient catalysts for oxidation as well as
reduction reactions. Furthermore, the surface modifications
have been found to play a critical role in the same. On the
other hand, it has been mentioned previously that Margraf
et al. [93] mention the use of carbon dots in mesoscopic
solar cells, mostly carried out with the bottom-up microwave
approach, deploying resources such as urea, citric acid, and
formic acid. However, despite expecting PCE of 0.24%, it

Application
of carbon
nanodots

Solar cell Photocatalysis

Biosensing

Bioimaging

Figure 4: Applications of carbon nanodots.
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has been evident from research and experimentation that the
PCE deteriorates, and the lower performance rates can be
attributed to photovoltage decay [93].

Other key applications of carbon nanodots include the
detection of luminescence or fluorescence of hydrazine
hydrate and such compounds [100]. Furthermore, Sai et al.
[101] mention that carbon nanodots may effectively utilize
UV light by acting as light conversion material. In this
regard, it needs to be mentioned that the fundamental
advantages or benefits of using carbon nanodots are the
environment-friendly nature and the easy generation pro-
cess from various natural sources, making it relatively inex-
pensive compared to other types of carbon nanoparticles
[102, 103]. In addition to that, it has been established that
carbon dots are quite effective in biosensing as they are rel-
atively sensitive and efficient, rapid, and selective in their
mode of action [104, 105].

Graphene quantum dots have the potential to be utilized
as surfactants in miniemulsion polymerization for various
vinyl monomers, which were employed for hybrid nano-
composite synthesis [106]. The Ag/CQDs microspheres dis-
played excellent catalytic activity [107]. Carbon dot-
stabilized Pickering emulsions were effectively used to load
hydrophobic and hydrophilic pharmaceuticals into poly-lac-
tide-co-glycolide (PLGA) drug delivery systems [108]. Car-
boxylated graphene quantum dots were used as effective
surfactants in miniemulsion polymerization employed of
novel hybrid nanocomposite synthesis [109].

The coaxial electrosprayed nanoparticles and carbon dot
composites showed a fluorescence “on–off” behavior due to
the volume phase transition of the poly(N-isopropylacryla-
mide) shell. These composite in Pickering emulsions exhibits
the motions of coaxial electrosprayed NPs in response to
changes in temperature [110]. Fluorescent carbon nanodots
derived from mandarin peel can be used to detect micromo-
lar amounts of hydrazine hydrate solution with exceptional
sensitivity [100].

6. Conclusion

Carbon dots have shown a promising future, especially in
biomedical applications that exhibit alternatives to tradi-
tional quantum dots based on heavy metal. This review
stated various methods of synthesizing carbon dots and
their recent applications as diagnosis and therapy. Primar-
ily, we studied physical and chemical properties, including
optical and stability, then biological properties including
cytotoxicity, internalization at the cellular level, biocom-
patibility, and distribution that could be exploited in vari-
ous biomedical applications such as antibacterial,
diagnosis, and therapy bioimaging including in vitro and
in vivo studies on functionalized carbon dots that show
impressive results in reference to their cytotoxicity, photo-
stability, biocompatibility, and anticancer effects. All these
applications represent that carbon dots could be a promis-
ing method for biomedical applications, cancer diagnosis,
and cancer therapy and have potential medical uses in
the near future.
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Titanium dioxide (TiO2) nanoparticles with the application of pharmaceutical shrub extract are a hopeful unconventional to the
old chemical technique. The investigation is intended to synthesis TiO2 NPs in biological approach from homegrown plant
Kusaayee Lippia adoensis leaf extraction which is widespread therapeutic plant and sophisticated in home parks of Ethiopia, in
Oromia region in Dambi Dollo town. The bioprepared TiO2 nanoparticles written off as by using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and infrared visible spectrum (UV-Vis) as well as photoluminescence (PL). In addition,
this investigation is assessed the antibacterial activities of the prepared TiO2 nanoparticles in illogicality of medical plus
standard anxieties Escherichia coli, Klebsiellae preumonia, Staphylococcus aureus, and Enterococcus faecalis through the disc
dispersal technique. Furthermore of this work, TiO2 nanoparticles prepared using Lippia adoensis leaf extraction revealed
hopeful result in contradiction of in cooperation Gram-positive (G+) and Gram-Negative (G-) bacterial anxieties by means of
extreme reserve area of 14 nm and 12 nm, respectively, using uncalcinated system of the prepared TiO2 nanoparticles.

1. Introduction

Nanotechnologies have been getting in consideration in the
development of today’s technology because there is a large
surface to volume compared to their masses which balances
a peculiar nature of ratio that paradigms themselves as more
appropriate contestants in application concerned with per-
formances. The new behavior of nanoparticles is broadly
organized for different applications in medicals, cosmetics,
biomedical device, ecofriendly remediation, optoelectronics,
photo catalysis, energy sources, agroindustry, automobiles,
packing, and information technology (IT) [1].

Amongst the existing huge amount of particle metallic
oxides, nanoparticles deliberated to more hopeful with their
different characteristics, in the deposition process of nano-
particles, using poisonous chemicals for discount and as
covering agents indications to numerous side-effects and
poisonousness. As a consequence, the deposition of metal-
oxide nanoparticles via plant leaf extractions has reputation.
The biological method is ecofriendly and contains developed
rejoinder rate associated with conservative chemicals. Shrub
extracts involve numerous active biomolecules that assist in
the decrease and permanence of nanoparticles [2]. Titanium
dioxide (TiO2) is ahead attention by investigators in the
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latest past due to its exclusive characteristics and plentiful uses
[3]. Grounded on the preceding literature reports, titanium
dioxide nanoparticles have equipped from different plant
extracts such as Azadirachta indica [4], Passiflora caeruleaa
[5], aloe vera [6], Vitex trifolia [7] Trifolium pretense [8], Bau-
chinia tomentosa [9], Cinnamomums verum [10], Camellia
sinensise [11], Artocarpuss gomezianus [12], Duranta erecta
[13], and Moringa oleifera [14, 15], and their antimicrobial
happenings were stated.

In current work, Lippia adoensis (Kusaayee) leaf extracts
deliberated for the preparation of nanoparticles is the head to
ever report on the shrub being operated for green deposition
of nanoparticles. Lippia classes are widespread therapeutic plant
to Ethiopia, Oromia region, in Dambi Dollo Town. The leaves
of Lippia adoensis are used in Ethiopia conventional medicine
for treatment of numerous skin illnesses containing eczema as
well as superficial fungus infection [16]. Moreover, the antibac-
terial activity outline of Lippia adoensis in contradiction of bac-
terial anxieties was studied, and the end outcome shows that
Gram-positive (G+) bacteria (staphylococcus aureus) were
revealed to bemore vulnerable than Gram-negative (G+) bacte-
ria (E coli, salmonella, typhi, and P. aeruginosa) [17]. Conse-
quently, this work intended to see the sights the use of Lippia
adoensis leaf extraction as a covering and dropping agent for
photosynthesis of titanium nanoparticles uses in addition to
its numerous cultural applications and estimate the antibacterial
activities of the equipped TiO2 NPs in contradiction of
pathogenic organisms using the agar disc diffusion technique.
Likewise, this work gives an initiation for supplementary inves-
tigations on numerous of Ethiopian’s homegrown florae for
nanomaterial production used in numerous applications.

2. Resources and Methodologies

Assemblage in addition grounding of shrub substantial, calm
new leaves of Lippia adoensis “Kusaayee” was systematically
washed by deionized water to eliminate powders’ constituent
part and dehydrated kept in sun to eradicate the remaining
wetness. Dehydrated leaves were grinded into gunpowder
and filtered by using 140 micrometer (μm) size filters. An
aqueous extracts of samples organized by sweltering 10 grams
of well grinded leaves within 150 milliliters of deionized water
at 90°C for 120min while moving using a magnetized stirrer at
900 rpm. The extraction was then air-conditioned at room
temperature (37°C) and clarified using Whatman No. 1 filter
paper and stored in refrigerator adjusted temperature of 5°C
for further applications [18]. Figure 1 depicts the (Lippia
adoensis) Kusaayee plant originally taken from Dambi Dollo
Town, Kellem Wollega, Oromia region, Ethiopia.

2.1. Synthesization of Titanium Dioxide Nanoparticles from
Leaf of Lippia adoensis (Kusaayee). Biosynthesis of titanium
oxide TiO2 nanoparticles. 1 : 1 (50 milliliter Lippia adoensis
extracts and 50milliliters of 0.2 Molar titanium isopropoxide),
6 : 4 (60 milliliter Lippia adoensis leaf extraction and 40 milli-
liters of 0.2 molar titanium acetate), and 18 : 2 (70 milliliters
Lippia adoensis leaf extract and 10 milliliters of 0.2 molarity
titanium isopropoxide) ratios were added with 60 milliliters,
50 milliliters, and 20 milliliters of 0.3 molar NaOH, corre-

spondingly. Green synthesis procedures of titanium oxide
(TiO2) nanoparticle deposition from leaf extract are shown
in Figure 2.

Ongoing four of mixtures were then stirred constantly for
1hr using magnetic stirrer at 600 rpm that bring about in yellow
color precipitous establishment. Then, the solution filtered by
glass filter and pounded frequently in doubled distilled water
shadowed in ethanol in order to eliminate the layers and oven
dehydrated at 200°C for 90 minutes. The gained dried light
yellow colored powders were pounded by mortar and pestle.
Finally, after leading thermal constancy of the bioprepared nano-
particles, the pounded yellow powders were heated at 500°C for
2hr and fine crushed prepared for further analysis [19].

Crystal-like structure and average crystal magnitude of the
synthesized TiO2 nanoparticles were analyzed using an X–ray
diffractometer (XRD, 700, Shimadzu Co.) well-appointed with
a Cu goal for producing a cuKα radiation with λ = 1:54056 Å.
X-ray diffraction spectra were recognized from 10° to 80° with
2θ using CuKα radiation organized at 40kV and 30mA. The
crystal sizes of the prepared samples are calculated by
Scherer’s equation

D = 0:94λ
β cos θ: , ð1Þ

where D is the crystallite size (nm), K = 0:9 is the Scherrer
constant, λ = 0:15406 nm is the wave length of the X-ray
sources, β = FWHM is the radians, and θ = peak position is
the radians.

In order to examine superficial morphology with config-
uration, bioprepared TiO2 nanoparticles were analyzed by
field emanation scanning electron microscopy (SEM). More-
over, to characterization the shape, particle size (D), and
crystallinity at quickening voltage 200 kV, the fascination
spectral of bioprepared TiO2 nanoparticles were docu-
mented by using UV–V is spectroscopy prepared with diffu-
sive reflectance affection for precipitate samples in between a
wave length scan of 200 and 800 nanometer. The optical
characteristics of bioprepared TiO2 nanoparticles were also
analyzed using photoluminescence spectrophotometer.

Figure 1: (Lippia adoensis) Kusaayee plant originally taken from
Dambi Dollo Town, Kellem Wollega, Oromia region, Ethiopia.
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3. Outcomes and Discussions

Figure 3 indicates the characteristics of X-ray diffraction
configuration of TiO2 nanoparticles prepared using titanium
isopropoxide and Lippia adoensis leaf extraction using using
titanium isopropoxide and Lippia adoensis (Kusaayee) leaf
extraction of different concentration varied as 10ml, 15ml,
20ml, and 25ml. The construction of bioprepared TiO2
nanoparticles was also definite in X-ray diffraction extents.
The deflection peaks performed at 2θ which is agreed with
the beforehand reported [20, 21]. All the diffraction peaks
were appropriately allocated, and their appearance peaks
for pure TiO2 were perceived in the X-ray diffraction config-
urations checking the realization of TiO2 nanoparticles pre-
pared by using Lippia adoensis (Kusaayee) leaf extraction
titanium dioxide. Then, X-ray diffraction analysis revealed
all the deflection peaks fitting with hexagonal wurtzite struc-
tures of titanium dioxide nanoparticles [22, 23].

The average crystalline size of the bioprepared TiO2 nano-
particles was calculated from the three important peaks using
Debye Scherer’s formula, as discussed in Table 1. The observed
average crystalline size of bioprepared TiO2 nanoparticles has
declined when the concentration of the Lippia adoensis
(Kusaayee) leaf extraction TiO2 nanoparticles increased. This
is because of the larger amount of the Lippia adoensis
(Kusaayee) leaf extraction TiO2 nanoparticles used during the
deposition procedures shows effectively covering and constancy
the equipped nanoparticles and delayed from combination.
Table 1 explains that the average crystalline size of TiO2 nano-
particles prepared at 25ml and 20ml is less than that of 10ml
and 15ml. This may be because of the high concentrations of
biomolecules from Lippia adoensis (Kusaayee) leaf extract
TiO2 nanoparticles that endure in the nanoparticles that could
extremely steady the nanoparticles by covering and delays more
crystal development. The crystal size was calculated from using
XRD data, and the average crystal size was 46.63nm.

As the constraints volume increases, the particle size
deceases from 92.59 to 15.9. These results are explained in
Table 1 below.

3.1. Scanning Electron Microscopy. Surface morphology of
prepared nanoparticle was analyzed by scanning electron
microscope (SEM) characterization. Superficial morphology
of prepared TiO2 nanoparticles was explained by using scan-
ning electron microscope (SEM), and results are reputed as

Figure 4. Figure 4(a) shows the scanning electron micro-
scope (SEM) micrograph of TiO2 nanoparticles deposited
at concentration 10ml capacity of reactants. An observed
image shows hexagonal wurtzite in which the particles are
occurred to be dense composed in small pieces of particle
growth, because of the existence of lower concentration that
stabilizes the nanoparticles [24]. In another ways, as the con-
centration of precursor increased, the phases observed were
increasingly in grain.

Figures 4(a) and 4(b) show predominantly spherical in
shaped even through nanoparticle shape structures were
observed. The scanning electron microscopy image of nano-
particles prepared from at higher concentration (d) 25ml, in
which the amount of precursor concentration is much greater
than the amount of the other samples looks like nanorod and
shaving shapes in accumulated forms. This accumulation may
be occurred because of polarization as well as electrostatic
attraction of titanium dioxide nanoparticles [22]. As the con-
centration of the solution increases, the particle size increases;
this result is agreed with X-ray diffraction analysis result;
again, this revealed that they theoretically and experimentally
agreed with the previously reported [23].

3.2. Optical Behavior Analysis. The optical behavior of pre-
pared nanoparticles from Lippia adoensis (Kusaayee) leaf
extraction was analyzed by using both UV-Vis and photolu-
minescence spectrum. UV-Vis spectrum of titanium dioxide
nanoparticles prepared from Lippia adoensis (Kusaayee) leaf
extracts of varied in titanium isopropoxide concentration is
depicted in Figure 5.

3.3. Photoluminescence Spectral Analysis. The existence of
different concentrations of precursors in Lippia adoensis
(Kusaayee) reduces titanium ions in the mixtures to tita-
nium dioxide. Leaf extraction acts as sinking agents but also
comforting agents as glowing. These results were established
by using ultra violet visible spectral characterization in the
variety of 200 to 750 nanometers. The continuum at 300
nanometers is specifically identical to TiO2 nanoparticles.
The absorbance peak is gained between 200 and 800 nano-
meters of wavelength [24]. Graph (a) shows more peak cap-
tivation in the green to lower concentrations of precursor
solution. The graph in (d) shows the smaller absorption
peak. In sample (b), three absorption peaks were observed.
Sophisticated fascination peak specifies that sample (a) was

Figure 2: Green synthesis procedures of titanium oxide (TiO2) nanoparticle deposition from leaf extract.
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initially taken for consideration, and the other three show the
increment in peaks as concentration increased. Sample (a)
shows more absorbance; because of lower meditation, the
sample was considered for supplementary analysis. To explain
optical behaviors of prepared TiO2 nanoparticles, photolumi-
nescence was applied. Wavelength ranges 300nm-700 nano-
meters at different concentration, shown in Figure 6.

Photoluminescence (PL) spectral emissions of the prepared
were appeared.MaximumPL hardness is mostly because of self
surrounded exciton recombination, prepared particle size
known as defect centers. Photoluminescence intensity declines
instantaneously with precursor concentration. In contrast, the
photoluminescence strength for wavelengths of greater concen-
trations has greater wavelength. The prepared nanoparticles at
25ml and 20ml have smaller wave length than nanoparticles
deposited at 10ml and 15ml. The recognized anatase and ruc-
tile patterns are mainly accountable for this action. The anatase
pattern of TiO2 nanoparticle is given to the minor group spec-
trum perceived from wavelength of 600 nanometer, Figure 4,
while the peaks 500-550 nanometers are recognized to the
rutile pattern of TiO2 nanoparticles; this result is agreed with

the previously reported. Themaximum peak gained shows that
the prepared nanoparticles at higher concentration have good
quality [25–27].

3.4. The Application of TiO2 Nanoparticles for Antibacterial
Activities. The antibacterial activities of TiO2 nanoparticles on
Gram-positive (G+) (Staphylococcus aureus and Enterococci
faecali) and Gram-Negative (G-) (Escherichia coli and Klebsi-
ella pneumonia) bacteria were examined by discus diffusion
technique according to steps previously stated [28]. A bacterio-
logical anxiety was developed aerobically in nutrient soup for
20hr at room temperature so that the characteristics of bacte-
rial interruptions were attained to 2:35 x 108 CFU/ml by con-
trasting with the 0.6 Mc-Farland standards. Bacterial agar
media were preserved on nutrient Muller Hinton agar at room
temperature, the antibiotics vancomycin and car penicillin
were applied on positive control, and dimethyl sulfoxide in
credit was used as the negativity control [29]. The antibacterial
activity of TiO2 nanoparticles in (a) Escherichia coli, (b) Klebsi-
ella pneumonia, (c) Staphylococcus aureus, and (d) Enterococ-
cus faecalis at various concentrations is illustrated in Figure 7.
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Figure 3: XRD patterns of titanium dioxide nanoparticles prepared using titanium isopropoxide and Lippia adoensis (Kusaayee) leaf
extracts of different concentration (a) 10ml, (b) 15ml, (c) 20ml ,and 25ml.

Table 1: Crystal parameters obtained from XRD data.

Sample Concentration (ml) 2 thetta (degree) FWHM (radian) D (nm)

1 10 27.56302 0.08834 92.59424

2 15 45.50703 0.18653 46.18404

3 20 53.83391 0.27959 31.86635

4 25 74.17485 0.00636 15.9
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Figure 4: Scanning electron microscope (SEM) micrographs of titanium dioxide nanoparticles prepared with Lippia adoensis (Kusaayee)
leaf extracts of different titanium isopropoxide concentrations as (a) 10ml, (b) 15ml, (c) 20ml, and (d) 25ml.
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Figure 5: UV-Vis spectrum of titanium dioxide nanoparticles prepared from Lippia adoensis (Kusaayee) leaf extracts of varied in titanium
isopropoxide concentration as (a) 10ml, (b) 15ml, (c) 20ml, and (d) 25ml.
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Figure 6: Photoluminescence (PL) spectrum of titanium dioxide nanoparticles prepared from Lippia adoensis (Kusaayee) leaf extracts of
different isopropoxide concentrations (a) 10ml, (b) 15ml, (c) 20ml, and (d) 25ml.
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Figure 7: The antibacterial activity of TiO2 nanoparticles in (a) Escherichia coli, (b) Klebsiella pneumonia, (c) Staphylococcus aureus, and (d)
Enterococcus faecalis at various concentrations.
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The dishes were rotated upside down as well as hatched at
room temperature for 20hr in incubator. The dish was
stunned moderately to permit similar intercourse of bacteria
cells and culture. 80 milliliter dish that housed 2 discs and tita-
nium dioxide nanoparticles lacking unnecessary overlying of
areas was used. Bacterial culture disc was separated into three
segments: antibiotic disc, TiO2 nanoparticles prepared, and
both antibiotic disc and TiO2 nanoparticles. Then, 150mg of
TiO2 nanoparticles was melted in 200μL of (DMSO) flush
to get 2 : 8 and 2 : 16 watering factors. From each influences,
200μL of each concentration soaked with disc (8 diameter
disc) remained kept on a dish and incubated at room temper-
ature for 20hr. Antibacterial events were then calculated with
computing diameter (mm) of inhibition area everywhere of
the disc in contradiction of trial bacteria with a caliper.

4. Conclusion

The study TiO2 of nanoparticles was effectively prepared from
using leaf extracts of Lippia adoensis (Kusaayee) taken from
Oromia region, Western Wollega, Kellem, Dambi Dollo town,
Ethiopia. The application nanoparticles from leaf extracts of
Lippia adoensis (Kusaayee) are a hopeful substitute to the
conservative chemical technique. The bioprepared TiO2 nano-
particles considered using X ray diffraction (XRD), scanning
electron microscopy (SEM), ultraviolet visible spectrum (UV-
Vis), and photoluminescence (PL). Additionally, this study con-
sidered the antibacterial activities of the prepared TiO2 nano-
particles with contradiction of scientific as well as customary
anxieties of Escherichia coli, Klebsiella preumoniae, Staphylo-
coccus aureus, and Enterococcus faecalis by the disc diffusion
technique. Finally TiO2 nanoparticles prepared using Lippia
adoensis (Kusaayee) leaf extraction showed hopeful result in
contradiction of Gram-positive (G+) and Gram-negative (G-)
bacterial strains with an extreme inhibition area of 14mm and
12mm, correspondingly using constant amount of prepared
TiO2 nanoparticles.
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Rising demand for food production and an intensified usage of hazardous substances on the farmland are the driving force behind
the emergence of green nanotechnology. Eco-friendly nanomaterials synthesised using plant sources and microorganisms are
expected to catalyse a revolution in the agricultural sector by introducing nano-enabled smart sensors for metals along with
organic toxins, supplying micronutrients; balancing the plant hormones, soil quality, and moisture content; stimulating plant
growth; and minimising the usage of toxic chemicals by nanofertilizers and nanopesticides. As no single nanocompound has
proved to be completely sustainable, this review discusses a wide variety of sustainable routes to implement nanomaterials to
increase productivity, protect, and monitor crops through innovative nano-aided agricultural practices. Nevertheless, as the
progress of research and commercialization in this area is still marginal, an understanding of complex dynamic behaviour,
careful evaluation with targeted delivery of these compounds in the environment, and strong governmental regulatory norms
are necessary to realize the effectiveness of green nanotechnology for sustainable agriculture. This article outlines some major
advancements in recent years related to the implementation of eco-friendly nanomaterials in the agricultural sector. A
systematic and comprehensive approach to adopting green nanotechnology would certainly promote a sustainable movement
resulting in a beneficial economic and ecological impact.

1. Introduction

The most prevalent problem associated with the agricultural
sector worldwide is the management of available natural
resources in a sustainable manner. Despite numerous drastic
technological innovations and huge capital investments
which have successfully increased food production, the pre-
vailing farming practices have a profound negative impact
on ecological systems creating an imbalance in the natural
cycle. Some of the ills such as depletion of soil productivity
[1], soil salinization [2], soil moisture [3], soil organic matter
[4], reduction of genetic diversity [5], creation of pesticide-
resistant pathogens [6], and seeping of pesticides and fertil-
izers into groundwater [7] are increasingly being observed

as barriers to sustainability. Many countries have attempted
to increase the gross value of production through shifting
towards perennial crops and expansion of usage of land. In
view of these factors, a set of technologies acting as an engine
of growth is becoming crucial to face the food production
challenge without harming the environment.

“Green nanotechnology” often refers to the synthesis of
nanomaterials by reducing or eliminating the use of harmful
chemicals and harsh reaction conditions. The utilization of
plants and microorganisms to generate nanomaterials has
gained popularity owing to their genetic diversity and variety
of plant constituents such as phenols and alkaloids that help
metal ions to be reduced to the nanodimension through a
concerted step. The shift of agricultural science towards the
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use of nanomaterials has revolutionized food production [8]
through eco-friendly means of managing natural resources
and has opened up new avenues in agriculture. Often
referred to as “green nano agro science,” this area of study
has a great potential to implement the strong foundations
of green chemistry and engineering into real practice of agri-
culture in an eco-friendly, simplified, cost-effective, scalable,
and biocompatible route. This article focuses on some nota-
ble trends, such as the use of microorganisms and plant
extracts in the development of green nanomaterials, which
are globally renowned applications for pesticides. Herbi-
cides, improving soil quality, soil moisture content, and
detection of toxic metals and organic moieties for sustain-
able agricultural production systems, possess the compe-
tency of escalating the agro-output that has continued to
be an unprecedented challenge for years.

2. Microbial Synthesis

Synthesis and application of biological nanomaterial, using
microorganisms, offer a highly scalable, biocompatible route.
Originating from biological sources, these eco-friendly
microfactories offer a wide variety of bioremediative applica-
tions. Several approaches are available for microbial biosyn-
thetic engineering among which bacterial synthesis, fungi,
and yeast-assisted routes are the prominent ones as repre-
sented in Figure 1. Additionally, microorganisms have an
edge over plant sources for nanosynthesis, as nanomaterials
prepared using plant extract have a tendency to become
polydispersed [9] caused by phytochemicals whose propor-
tions vary with seasons. The shape, surface characteristics,
bioavailability, homogeneity of size, and quality of NPs pro-
duced by microorganisms may, however, differ considerably
from those generated by other methods.

2.1. Bacteria. Bacterial synthesis of nanoparticles has become
highly popular due to the ability of bacterial cells to multiply
vigorously under various pH, temperatures, and high con-
centrations of metals. The protein in the bacterial cell mem-
brane functions as either ATPase or as chemo-osmotic or
proton antitransporters facilitating the extracellular or
intracellular production of nanoparticles. The benefits of
probiotic microorganisms have been realized through the
negative electrokinetic potential enabling the attraction of
cations that often serve as the initial point of the biosynthesis
process [10]. The mechanistic understanding of the process
has led to many valuable metal nanoparticles such as colloi-
dal silver nanoparticles using Lactobacillus [11, 12], gold
nanoparticles using Lactobacillus kimchicus DCY51T [13,
14], and cadmium sulfide with the aid of poly(hydroxybuty-
rate) [15]. The environmental compatibility shown by these
bacterial strains has shown a great promise and has inspired
numerous researchers worldwide to explore other microor-
ganisms for increasing crop production.

2.2. Fungi. The major distinction among bacteria and fungi is
that fungi consist of larger proportions of proteins, which
enable higher productivity of nanoparticles. Additionally, the
use of fungi allows large-scale synthesis and well-defined mor-

phology, because of the intracellular enzymes that trigger
both intracellular and extracellular synthesis. Intracellular
synthesis starts with the adhering of heavy metals to the fun-
gal cell wall using proteins that act as enzymes that produce
electrostatic interactions that are responsible for the move-
ment of electrons leading to the reduction of metal ions.
Recent developments in this regard include fungi that act
as reducing and capping agents in the synthesis of gold
[16], silver [17], and SnO2/Pd [18] nanoparticles.

2.3. Yeast. Largely explored recently, these unicellular micro-
organisms with a wide variety of 1500 species assist the
synthesis of nanoparticles with innumerable advantages.
Despite the limitation of severe pathogenicity towards
humans, fungal species are used to produce nanomaterials
on a large scale using different incubating conditions, such
as precursor resolutions and response time. The extracellular
biosynthesis of AgNPsK and AgNPsU [19] with the aid of
yeast strains of Pichia kudriavzeviiHA-NY2 and Saccharo-
myces uvarumHA-NY3, quantum dots of CdSe using
tryptone-enriched media [20], and nano-AgCl [21] using
commercial yeast extract are some of the classic examples.
A nanomaterial with high stability can be achieved through
an optimization of the inherited, genetic, and enzymatic
properties of the chosen yeast and its cell growth.

3. Phytosynthesis

Plant mediation for synthesis is often termed “phytocataly-
sis” and is applied worldwide to the synthesis of nanomateri-
als. Vegetal constituents such as polyphenolic compounds,
nitrogen-containing alkaloids, water-soluble diversified tan-
nic acids, iridoids, highly nutritious secoiridoids, benzopyr-
one derivatives called coumarins, and isoprenoids together
form a complex catalytic system exerting its action through
chemical reduction or electrochemical reduction processes
to produce nanomaterials. Nano-Ag particles [22] generated
using extract of leaves fromAlstonia macrophylla were found
to be highly effective in transforming 4-nitrophenol to
4-aminophenol and p-nitroaniline to p-phenylenediamine.
Bello et al. [23] also reported a similar reduction in
4-nitrophenol [23].

Although researched rarely, the gold nanoparticles find
usefulness in catalysing the reduction of 4-nitrophenol

Microbial synthesis of nanparticles
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Figure 1: Microbial bioproduction approaches to green
nanomaterials.
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[24]. A comparatively widely used Pd nano [25] and popu-
larly studied Fe nano [26] produced through plant extract
used to degrade environmentally harmful dyes prove the
unparalleled catalytic activity of plant extracts. The use of
transition metals has been endorsed with Cu nanoparticles
produced by the extract of Plantago asiatica [27] in a short
time of 30–60min. These particles within the range of 7-
35 nm successfully completed cyanation of aldehydes with
over 85% yield. Besides these metals, bimetallic nanoparti-
cles have also been described such as Ag/Au [28] nanoparti-
cles produced using seed extract from Silybum marianum
which plays the role of a reducing and stabilizing agent.
Ag/FeNP disks [29] with dimensions 5–40 nm were pro-
duced by palm date fruit extract which could degrade bro-
mothymol blue dye via a Ag/FeNP/H2O2 catalytic system.

Numerous mono- and bimetallic nanoparticles are stud-
ied and reported with a focus on synthetic methodologies,
characterisation, and novel applications, among which a
few are listed in Table 1.

4. Why Green Nanotechnology for Agriculture?

With the increasing dependency on insecticides and pesti-
cides and the concurrent awareness of exposure to these che-
micals at small levels impacting the environment, there is a
burning need for agrotechnology to shift towards greener
technological systems to be implemented on farms. Imple-
mentation of nanotechnology in agriculture after rendering
remarkable contributions is now a proven solution to move
towards sustainability. However, many processes involved
in the synthesis of nanosynthesis and application involve
high temperatures [30], pressures [31], acidification [32],
and toxic metals [33].

Hence, the last two decades have witnessed a tremen-
dous change over in the approach to nanosynthesis from
traditional methods to plant-based protocols due to many
advantages such as sustainable pathway, diversified plant
metabolites, advanced extraction and separation strategies,
development of exhaustive phytoconstituent database, and
instrumental aid extended by high-performance liquid
chromatography-mass spectrometry, high-performance
liquid chromatography-nuclear magnetic resonance, high-
performance liquid chromatography-mass spectrometry,

and centrifugal partition chromatography. Highly efficient
extraction methods such as chemogenomics, metabolo-
mics, coupled with ultrasound, enzymes, hydrodistillation,
and supercritical fluid extraction have led to the prepara-
tion of customized extracts that were not feasible with tra-
ditional methods [34]. On the other hand, nanotechnology
can be used in conjunction with these advancements to
successfully achieve a sustainable agricultural system, and
a large emphasis is therefore laid on plant-based nanotech-
nology formulations which have a great potential to solve
major problems of farming.

5. Agro Applications of Bio-
Based Nanomaterials

A group of agricultural practices, often referred to as farm-
ing, represents an open system with an easy exchange of
energy and matter. With abundant public funding and con-
siderable momentum, the agricultural sector has been con-
sidered an umbrella for nation development for decades.
However, with the fast development of technology, the inter-
vention of agrochemical agents and the lack of control over
the input of toxic chemicals have become unavoidable.

With the advent and development of nanomaterials, pre-
cision farming has gained high popularity and is viewed as a
remedial measure to many problems in farming. Combating
insecticide resistance, soil moisture balancing, nanoparticle-
mediated gene or DNA transfer in plants, food processing,
increasing shelf life, treating agricultural waste, reducing
spraying of pesticides, plant breeding, and food packing are
some of the areas where nanomaterials are expected to play
a vital role. The possibility of generating these nanomaterials
by a greener route has added an impetus to transforming
farming practices. When these agents are produced using
eco-friendly and green methods, they would help the agri-
cultural community avoid harmful chemicals and thereby
help evolve a healthy environment.

5.1. Fertilizers. The primary function of fertilizers is to main-
tain a balance in the mineral content to raise the yield. The
excessive use of these mineral fertilizers may cause serious
problems for soil fertility. Nanofertilizer formulations syn-
thesised by green methods are found to supply a balanced

Table 1: Examples of plant-based nanoparticles, morphology, and applications.

Prepared
nanometal

Extracted from plant Size Shape Application Ref

Silver Alstonia macrophylla 70 nm Spherical Reduction of 4-nitrophenol and p-nitroaniline [22]

Silver Guiera senegalensis 50 nm Spherical [23]

Gold Artemisia dracunculus 91 nm Hexagonal and triangular Reduce 4-nitrophenol [24]

Palladium Chitosan-tannin 6.01 nm Spherical Degradation of Congo red [25]

Iron
Lagerstroemia

speciosa
50–

100 nm
Spherical Degradation of methylene blue [26]

Copper Plantago asiatica 7–35 nm Spherical Cyanation of aldehydes [27]

Ag/Au Silybum marianum 40 nm Spherical Reduction of 4-nitrophenol [28]

Ag/Fe Palm date fruit extract 5–40 nm Disks Degradation of bromothymol blue [29]
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supply of essential minerals with minimum intervention and
also impart pest protection efficiency. Various categories of
nanomaterials widely used to design fertilizers, as depicted
in Figure 2, are recently reviewed by Guo et al. [35] with a
comprehensive evaluation of their importance and limita-
tion in agricultural practices.

Among the various important metals, zinc is one of the
main micronutrients widely studied as leaching of Zn is pos-
ing a serious threat to crop yield since the past two decades.
ZnO nanoparticles [36] at three different concentrations of
40, 80, and 120 ppm on wheat farms in the harvest stage have
benefited the height of the plant and the weight of the seed,
which was much higher than that obtained using traditional
chemical zinc in the form of zinc nitrate. Alternatively, such
physiological and morphological changes can also be affected
by copper oxide loaded onto chitosan/alginate nanoparticles
[37]. This leads to a spherically shaped 300nm shell which
encapsulates CuO and slowly releases Cu which is very essen-
tial for seedling growth. The polymeric-like shell has good
adhesive properties and hence forms a protective layer
against the loss of nutrients, preventing premature degrada-
tion. The germination evaluation results on Fortunella mar-
garita Swingle seeds showed a clear synergic effect on
epigean and hypogean parts. The Zn and Cu [38] nanoparti-
cles in combination effectively influenced the morphological
parameters that intensely affected the biochemical traits of
the basil plant and exerted antioxidant activity. The nanopar-
ticles of Zn and Cu which originated from the basil extract
are said to be formed by reducing agents such as vitamin C,
sucrose, flavonoids, or oxalic acid. The study promotes the
quantity and quality of basil with the dual benefit of reducing
fertilizer consumption and toxicity.

While plants are constantly challenged by fluctuating
environmental metal ion concentrations and researchers
worldwide are striving to strike upon the right proportion
of the N-P-K ratio, the quantities of some major metals such
as Ca, Mg, and S are highly crucial. A promising strategy for
optimal nutrient management has recently been reported
through K- and N-doped amorphous calcium phosphate
[39]. Nitrogen incorporated through urea and nitrate by
modulating reaction conditions facilitates a slow release
owing to the two different chemical forms. The chemical state
of the metal plays a vital role as it decides the absorption
kinetics that determines the ease with which the roots absorb
it. Therefore, a suitable platform that can supply the metal in
an appropriate oxidation state becomes highly important.
The nano-sized surface layers of zeolites have the property
of slowly releasing metals which are used to deliver Fe3+ ions
through the zeolite/Fe2O3 nanocomposite [40], which has
potential for commercialization. A slow consistent release
of Fe nanoparticles was confirmed, though the specific effi-
ciency towards various crops needs to be determined.

5.2. Nanopesticides. The use of nanopesticides synthesised by
a green route is a well-recognised area. Pesticides in the nano
form are becoming a prominent part of agriculture due to
their ability to solve many problems pertaining to pesticide
toxicity. Nanopesticides can contain either the effective
ingredient in nanosize or the ingredient being doped with

the nanomaterial, which improves the dispersibility, biologi-
cal compatibility, performance, shelf life, functionality, and
agricultural cost of pesticides and hence is considered to be
a better alternative to the traditional pesticides. Nisha Raj
et al. [41] have recently reviewed and elaborated on the var-
ious aspects of nanoagrochemicals such as nanoencapsula-
tion, methodologies involved in the synthesis, enhancement
of productivity in agriculture, influence on horticulture, and
contribution to crop conservation. One of the promising
applications of this technology is the regulated and con-
trolled release of pesticide chemicals which greatly reduce
waste pollution.

Graphene oxide is intelligently used as a nanocarrier for
revolutionizing the application of pyrethroid pesticide [42]
against spider mite which is a phytophagous mite pest. The
newly designed GO–pesticide nanocomposite is found to
exhibit a good loading capacity and has an excellent release
behaviour both indoor and field. A uniform dispersion and
effective adsorption on the cuticle of spider mites and bean
plant leaves demonstrate its efficiency and prospects for
practical applications.

Similar satisfactory results are also observed against
microbial pests Acidovorax oryzae along with Rhizoctonia
solani [43] for enhanced rice production by chitosan-
magnesium nanocomposite and a simple chitosan nanocom-
posite against Spodoptera litura [44] in the larval phase. The
former nanocombination, a native Bacillus sp. strain RNT3,
was utilized to prepare spherically shaped nanocomposite in
the range 29 to 60nm which could destroy the cellular organ-
elles of the pathogen. Such biologically synthesised nanocom-
posites not only contribute significantly to pest management
but also can serve as a platform for degradation and removal
of pests after the intended use. An example of this kind of phe-
nomenon is reported on degrading acephate pesticide using
MCM-41/Co3O4 nanocomposite [45] prepared from rice husk
silica gel and peach leaves. The composite generates interme-
diates that are susceptible to visible light and highly sensitive
to photocatalytic activity. Apart from these, synthesis of silver
nanocomposites [46] using the extracts of bioactive red sea-
weeds has proved to possess nanopesticidal potential. Synthe-
sis involves reduction of Ag+ to Ag0 using red seaweeds G.
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Figure 2: Different types of nanostructured materials in practical
agricultural practice.

4 Journal of Nanomaterials



corticata, G. edulis,H. musciformis, and S. hypnoides indicated
by a clear change in color across 410nm and 430nm. One of
the prominent contributions to the green nanopesticides is
the synthesis of ZrO nanoparticles against twig blight disease
caused by the most deadly fungal pathogen of the past decade
Pestalotiopsis versicolor [47] in bayberry plant. Optimal activ-
ity of the nanooxide at 20μgmL−1 was observed in inhibiting
twig blight on the leaf of these plants. A remarkable innova-
tion in this area is the development of pesticide-loaded mag-
netic nanocarriers such as high porosity diatomite/Fe3O4
and subsequent coating with chitosan, which enables pH-
responsive regulated release pesticide [48] that can be collected
by application of an external magnetic field as indicated in
Figure 3. This technique offers a high collection ratio without
harming the soil quality whose efficiency can be measured by a
magnetometer. These pesticide release systems attempt to
reinforce the efficacy, impact, and sustainability of nanotech-
nology as a substitute for toxic chemicals in agriculture.

5.3. Soil Quality and Water Retention. The depletion of soil
fertility on farmlands across the world is an issue that must
be addressed with serious attention to meet the needs of the
growing world population and social changes. In this
regard, nanotechnology, through its unique material prop-
erties, has the potential to improve soil quality or mitigate
nutrient imbalance by providing or carrying macro- and
micronutrients. The large surface area, high adsorption
capacity, and porous surface enable them to be controlled
by release and act as efficient vehicles by encapsulation to
carry the nutrients.

One of the serious concerns is the cadmium uptake by
plants triggered by the large content of Cd2+ salts. Several
cases have been reported in which the large specific surface
area of nanomaterials helps in determining the uptake of
cadmium [49]. The effect exerted on the nutritional quality
includes absorption where Cd (II) is converted into an
exchangeable form that can be assimilated by the seedlings
or by a chemical transformation that increases the tolerance
to cadmium ions by a regulated metabolic pathway. A study
through an electrokinetic model [50] reveals Cd migration
that shows a high Cd2+ adsorption efficiency up to
434.78mg/g beyond pH4. In addition, other metals such as
bivalent lead and copper [51] along with monovalent potas-
sium and sodium showed an active response. Such nanore-
mediation is also observed to reduce soil toxicity towards

other metal pollutants [52] using graphene oxide validated
by the Spanish official methodology, and few similar exam-
ples are listed in Table 2.

The techniques discussed so far can also be extended to
soils contaminated with more than one metal ion. Hybrid
bionanocomposites incorporating filamentous fungi [61]
have been popularly used recently in the immobilization of
Cd and Pb with Aspergillus niger found to be more efficient
than Penicillium chrysogenum. Both heavy metals were
found to be independently one to four times that of
nanohydroxyapatites.

Moreover, the uptake of metals is closely related to mois-
ture in the soil [62], and hence, the moisture content is con-
sidered to be a crucial parameter in most irrigational regimes
[63]. The integration of nanomaterials into conventional
agricultural practices can improve water-absorbing and
retention properties. A huge stride in this direction is the
development of low-cost superabsorbent nanocomposite
that can be used to encapsulate conventional fertilizers [64]
so that slow release is ensured as recommended by the Com-
mittee for European Normalization. A consistent release
under varying pH and different concentrations of saline
solutions proves its agricultural applications and water
retention capability. A similar functionality is exhibited by
xanthan gum-cl-poly (acrylic acid)/AgNPs hydrogel nano-
composite [65]. The embedded nanosilver particles which
are characterised by several analytical techniques enable
the composite towards water retention over sixty days. Also,
it is observed that the composite releases KCl in a kinetically
controlled manner with 5:458 × 10−6m2/h and 1:453 × 10−7
m2/h being the initial and final rate of diffusion coefficient,
respectively. These biopolymer-based hydrogel composites
have a dual advantage of soil conditioning and biodegrad-
ability. The novel application of this technology is reflected
in the development of carboxymethylcellulose along with
hydroxyethylcellulose bridged with citric acid [66] and
galactomannan fenugreek cross-linked by borax [67] where
the water retention time can be extended up to 2 to 11.5 days
at a temperature of 20°C with 60% humidity. The soil mixed
with the galactomannan-borax fenugreek galactomannan-
borax (FGB) increased the swelling index of sandy soil which
is an indication of the increase in the water retention time as
shown in Figure 4.

Despite the excellent efficiency exhibited by these water
holding materials, unification with clay composites and

(a) (b) (c)

Figure 3: (a) Model diagram of magnetic collection of nanoparticles from soil; pH-responsively controlled-release pesticide suspension [48].
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machine installations would intensify water retention
through adoption of green nanomaterials.

5.4. Nanosensors. Biological entities have eased the under-
standing of nanoparticle-biomolecule interactions by induc-
ing positive responses in soils and plants. As conventional
sensors adopt tissue-destructive techniques and pose limita-
tions on precise measurements, most sensing systems per-
taining to agriculture now resort to green nanosensors that
can efficiently translate chemical reactions into quantified
voltages. Often, these nanosensors apart from holding sensi-
tive signalling molecules on their surface also possess anti-
microbial [68, 69] and antifungal [70] action.

Various novel receptors are designed to detect traces of
heavy elements such as Hg2+, Pb2+, and Cr6+ that recirculate
in the food chain causing degenerative toxicity. Chitosan, a
naturally available polycationic linear long-duration poly-
saccharide originating from chitin, is interestingly widely
used in the area of nanosensors. The first-ever chitosan
capped gold nanoparticles act as a Hg (II) sensor [71] when
tested on agricultural soil which works on plug and play
mode and is found to be compliant with the “gold standard.”
Similarly, ryegrass, which aids the one-step synthesis of car-
bon dots [72], was found to be useful for chelating heavy
metals. Regarding chitosan-based nanocomposites, its asso-
ciation with the surface plasmon resonance phenomenon
makes it popular in building a detector for glyphosate [73]
and is considered a prominent herbicide highly polar and
water-soluble. Chitosan is composited with zinc oxide or
graphene oxide and coated onto the Au chip using the spin
coating technique as represented in Figure 5.

The sensor is widely used as a thin film probe for the on-
field detection of glyphosate in natural soil and waters. The
technique used resembles another sensor for glyphosate
made of a chitosan composite [74] with reduced graphene
oxide and carbon nanotubes with a double wall along with
Fe3O4 with an octahedral configuration. The composite is
screen printed on gold electrodes forming an electroactive
surface area 1.7 times larger than the bare electrode. The
method analysed for river water samples utilised for agricul-
ture holds a great promise as an efficient sensing platform.

The report has inspired another chitosan composite
with carbon nanofiber with nanocopper as the supporting
matrix used to fabricate an electrochemical sensor for car-

bendazim [75], which is of great environmental interest.
The biocompatible chitosan functionalized platform of Cu-
containing carbon nanofiber has a high degree of selectivity,
a low detection limit, and a wide range of sensitivity 0.8–
277.0μM. The detection process is validated using real
soil-washed water samples from farmlands using linear
sweep voltammetry.

Several natural polymeric compounds are being explored
as a nanocompound sensing platform because they are
biodegradable and readily eliminated. Lignin, which is a
widely found phenolic polymer, is used to stabilize silver
nanoparticles which possess colorimetric sensing properties
[76], with respect to arsenic, iron, and lead in nanomolar
concentrations. A solution of 100 to 10mM showed a red
shift, and a solution of 1μM to 1nM showed a blue shift
due to metal reduction by nanosilver particles. Colorimetric

Tap
water

(b) (a)

(e)(d)

(c)

Tap water
+FGB

Figure 4: (a) Saturation of sandy soil with tap water; (b) sandy soil;
(c) saturation of sandy soil with tap water along with fenugreek
galactomannan-borax hydrogel; (d) untreated sandy soil with low
porosity; (e) fenugreek galactomannan-borax hydrogel-treated
sandy soil with enhanced porosity [67].

Table 2: Examples of soil remediation using nano-based material.

Nanomaterial Dosage of nanomaterial Contaminant in soil Ref

Polyvinylpyrrolidone stabilized nano-zero-valent iron 0.01 g Trichloroethylene [53]

Nano-Fe/Cu 10 g per layer Nitrate ions [54]

Multiwalled carbon nanotubes 1, 2.5, 5 wt% Cr(VI) [55]

Modified carbon black nanoparticle 1% w/w Petroleum [56]

Single-walled carbon nanotubes 0.058, 0.145, 0.29wt% DDT [57]

Goethite nanospheres 0.5, 2, 5, 10 wt% As [58]

Nano-Fe3O4@C-COOH 0.6, 1.3, 2.0, 2.6, 3.3, 4.0 wt% Pb [59]

Magnetite nanoparticles 1% w/w As [60]

Chitosan ZnO/GO

Surface plasmon
resonance sensor

Composite

GlassGlass

CrosslinkingSpin coating

Chitosan
Au film Au film

Figure 5: Scheme for the fabrication of surface plasmon resonance
sensor.
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detection is extended to detect a broad-spectrum pesticide
(O,O-diethyl-O-α-oximinophenyl cyanophosphorothioate)
[77]. The contribution of this sensor is remarkable as the
pesticide is popularly sold under the name “Phoxim” whose
residues are posing a threat to human health. The authors
used Lycii Fructus, a berry fruit, as a precursor to synthesise
the carbon dots functionalized with amino, hydroxyl, and
carboxyl groups that can hold silver nanoparticles. The
nanosilver particles synthesised indicate the presence of pes-
ticides by aggregation, which displays a color change from
yellow to red. The silver particles for colorimetric aggrega-
tion properties are used not only to detect pesticides but also
for pharmaceutical antibiotics used in treating infections. An
excellent successful exploration is to incorporate silver nano-
particles conjugated to green synthesised gentamicin [78].
The gentamicin sensor is a significant step in the prevention
of gentamicin-resistant bacteriocoenosis as it shows high
sensitivity in the range of 1–100μM, along with detection
and quantification in the range of 0.29μM and 1μM.

These new sensors, which are adding to the list of exist-
ing systems as listed in Table 3, require no sophisticated
instruments and mark the beginning of a new age with nat-
urally derived, environmentally friendly green nanomonitor-
ing systems.

5.5. Limitations and Future Challenges. Although nanotech-
nology holds many promises in agricultural technology,
these compounds, being extremely small and highly soluble
and possessing high reactivity because of their large surface
area, may also have long-term effects leading to combined
toxicity. Additionally, these compounds may trigger altered
gene expression leading to nanogenetic manipulation with
a severe change in color, growth, reduced pollen, and yield.
Treating the root tips of Allium cepa with nanooxides is
reported to cause cellular deformation through chromo-
somal aberration. Among simple oxides such as Al2O3,
TiO2, and ZnO, abnormal anaphase accompanied by sticky
metaphase was exhibited by TiO2 [89] in the concentration
range 0.1, 10, and 100mg/L. The severity of aberration is
found to be maximum for TiO2 and fairly lower in the case
of Al2O3 and ZnO.

A similar comparative study between CuO-NPs and
Al2O3-NPs of 18nm along with 21 nm, respectively, is
exploring the extent of the internalization and translocation
in tomato plants [90]. The binding studies with TmDNA by
fluorescence quenching revealed a higher activity of CuO
nanoparticles compared to Al2O3 nanoparticles.

There is also a possibility of these nanocompounds
entering the food chain. Some studies such as on soyabean
[91] where chemical damage is caused, rice suspension cells
[92] treated with multiwalled carbon nanotubes initiating a
self-defence response, and magnetic nanoparticles causing
brown spots on leaves of maize plantlets [93] due to genetic
deformation [94] also predict the interaction of nanocom-
pounds with plants leading to an imbalance in the uptake
of nutrients. The study of in vitro oxidative damage caused
by Ni nanoparticles, which triggers an antioxidant response,
affecting the growth of Lycium barbarum L [95], has been
shown to be highly damaging compared to its bulk counter-
part NiSO4.

These studies highlight the need for a deeper under-
standing of the vascular system of the plant with guided
administration to the targeted sites. The site-specific nano-
transfer potential could help to optimize the physiological
and biochemical usage of these compounds to maintain a
balance in plant hormones and nucleic acids in the localized
areas of plant tissues. The effect of nanoparticles on biolog-
ical pathways and the associated mechanistic factors hence
deserve a risk assessment procedure at the genomic or bio-
chemical level.

6. Conclusions

The application of nanotechnology at the global level has
made many agricultural procedures faster, cheaper, and
more accurate. Green nanotechnology with its eco-friendly
means of generating functionalized nanoparticles has a great
potential to dispense pesticides and fertilizers in a controlled
manner, thereby avoiding collateral damage. This area of
research has many novel solutions to offer in the area of
plant growth of development and could also permit rapid
advances in agricultural reproductive science. However,

Table 3: Comparison of analytical methods of green nano-based sensors in agriculture.

Nanomaterial in sensor Sensing methodology Sensing target Limit of detection Ref

Thiol–gold Colorimetric Listeria monocytogenes 0.015 and 0.013 ngmL−1 [79]

Fluorescent–SiO2 Fluorescence Brucella spp 50 μL [80]

Bis-aniline–cross-linked Au Surface plasmon resonance Neomycin 2:00 ± 0:21 pM [81]

Hyperbranched polyethyleneimine
scaffolds–AgNPs

Fluorescence quenching Nitrite 100 nM [82]

FDH–single-walled carbon nanotube
paste electrode

Electrochemical detection D-Fructose 1 μM [83]

DLS–superparamagnetic beads–AuNPs Dynamic light scattering Aflatoxin 37.7 ng L−1 [84]

AuNPs Immunodipstick Vitamin B12 1mgmL−1 [85]

MIP/sol–gel/MWNTs–CS/GCE Electrochemical detection Quinoxaline-2-carboxylic acid 4:4 × 10−7 mol L−1 [86]

OVA–hapten conjugate and AuNPs Lateral flow immunoassay Sulfathiazole 15 ng g−1 [87]

XOD/CHIT/Fe-NPs@Au/PGE Electrochemical detection Xanthine 0.1 μM [88]
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effective commercialization of green nanotechnology still
requires a thorough understanding of these moieties with
biotic or abiotic components and the possibility of bioaccu-
mulation. The problems associated with safety issues, public
perception, scalability, and regulating processing costs are
the recognised future challenges in bringing green nanotech-
nology from R&D laboratories to industrial production. It is
high time for the governments and nongovernmental orga-
nisations across the world to come together to form com-
mon regulations and norms to strictly monitor the
commercialization and bulk usage of green nanocompounds
in the agricultural sector.
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The current paper makes obvious the elimination of chromium(VI) ion, from wastewater via adsorption technique with activated
carbon generated from Manilkara zapota tree (MZTWAC). Preliminarily MZTWAC has undergone characterization studies
which uncovered the suitability of MZTWAC to expel chromium(VI) from aqueous solution. Batch adsorption
experimentation was premeditated with the competence of central composite design (CCD) and it was executed. Response
surface methodology (RSM) was the key optimization software to appraise the adsorptive chattels of MZTWAC engaged in
removing chromium(VI) ion in aqueous solution which explored the interactions flanked between four expounding variables
explicitly initial concentration of chromium(VI) ion, pH of the solution, MZTWAC dose and time of exposure, and contact
time. The response variable that was concentrated in the study was adsorption capacity. It was deduced a polynomial in
quadratic equation was documented amid the adsorption capacity and variables influencing the adsorption with R2 = 0:9792
which was projected as the best suit for the adsorption process. ANOVA that is expanded as analysis of variance judged the
connotation of adsorption process variables. 0.2 g of MZTWAC dosage has removed 87.629% chromium(VI) from aqueous
solution. The enhancement of adsorption process reclined on the attainment of maximum adsorption capacity which further
depends on the optimization of variables under consideration. This criterion was accomplished by the desirability function
optimizing the process variables.

1. Introduction

Rapid increase in population and modern innovative tech-
nology and its progression guide environment towards the
polluted scenario reported during the history of the last
few decades [1]. Natural resources are extensively used
and exploited nowadays abruptly deteriorating the atmo-

sphere and thereby the lives on the earth in turn. The
metals like chromium, copper, lead, and arsenic are natu-
rally occurring objects whose usage increases randomly in
many industrial operations. These metals are universally
accepted as heavy metals which hold a 5 g/cm3 specific
density more than that of water. Though these metals
are inherent to the functioning of the physiological
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activities for the humans, its addition more than that
required adversely distresses the surroundings and liveli-
hood of the organisms [2]. Ejection of effluents domesti-
cally and industrially has provoked in superior altitudes
of heavy metal attentiveness in resources of water [3].
Amid different metal ions, chromium(VI) is the most fre-
quently used and present in the surroundings and very
perilous to the ecosystem. Exposure to chromium(VI)
and health hazards go hand in hand with each other.
Health issues like abdominal cancer [4, 5] and skin prob-
lems are inferred due to exposure towards chromium(VI)
[6, 7]. The chromium(VI) concentration necessity is to
be below 0.1mg/L [8, 9] which is prescribed according
to USEPA (U.S. Environment Protection Agency) Bureau
of Indian Standards (BIS) that is highlighted in El-
Bestawy et al. in the year 2013 and by Sharma in the year
2009. Environmental pollution is indebted to chromium
mainly manifested in many industries that manufacture
leather products, manufacturing electronic devices, and
industries that engage in operations making inherent use
of metals [10, 11]. Every researcher is inquisitive in their
research to exclude the toxic metal from wastewater by
customary treatment practices such as precipitation of che-
micals [12, 13], coagulation, ion exchange [14], adsorption
[15, 16], solvent extraction [17], foam flotation, and elec-
trodialysis [18]. Conversely, adsorption process is the pro-
ficient, cost-effective, and green technique distinctively in
removing heavy metal ions from wastewater. Many adsor-
bents were utilized so far in extracting chromium from the
polluted water. One among them is groundnut shell pow-
der reported in the year 2019 by Jonas et al. Commercial
activated carbon is in usage worldwide for the deletion
of heavy metals from the effluent expelled from industries.
Since the expenditure of its use is in elevated side,
researchers are striving to uncover economical sources
for preparing the adsorbents. As a consequence, the main
extent of the current paper is meant at uncovering a novel
adsorbent. Manilkara zapota tree [19] which is commonly
known as sapodilla, a fruit-producing tree which is pro-
fusely grown in Indian nation, may possibly be employed
as an alternating adsorbent. Existing study gave attention
to synthesis of derivative, an activated carbon fromManilkara
zapota tree wood treated with citric acid [19] to treat chro-
mium(VI) ion-polluted water batch adsorption mode. Wood
pieces of Manilkara zapota tree wood [19, 20] were gathered.
Optimum conditions for process variables, for instance, initial
concentration of chromium(VI), pH, contact time of the
experiment, and MZTWAC (adsorbent) dosage, were tested
through a rotatable central composite design under response
surface methodology with support of software version 7,
namely, Design Expert.

2. Materials and Methods

Activated carbon was prepared from Manilkara zapota tree
wood. The process remained encrypted in the authors’ orig-
inal article [20]. To get to know the presence of functional
groups that favour chromium(VI) ion adsorption and to
have an idea on the surface morphology, Fourier transform

infrared spectroscopy (FTIR) and scanning electron micros-
copy (SEM) analysis were performed.

2.1. Experimentation. Optimize the process variables of the
least experiments by employing the response surface meth-
odology (RSM) technique. The main intent here is in the
direction of upgrading the response on which the chosen
process variables have much impact. It too computes the
association amid the chosen inputs and the response. A set
of advanced design of experiment (DoE) techniques is said
to be a response surface design that helps to understand bet-
ter and to optimize the response. The design procedure [21]
for RSM follows four stages as listed below.

(i) Experimental design for satisfactory and trustworthy
extent of the response by central composite design

(ii) Emergence of the second-order mathematical
response model by means of the best fit

(iii) Establishing the optimal solution for investigational
variables producing a maximum response

(iv) Two- and three-dimensional (3D) charts are used to
represent the collaborative impacts of process
factors

The requisite experimental figures are reliant on the
elected design in central composite design [22, 23]. CCD
gives ample facts and figures as a multilevel factorial which
entails considerably littler experiments more than a com-
plete factorial that are satisfactory to pronounce the majority
of steady-state course responses. The factors (variables)
investigated were initial concentration, pH, MZTWAC
(adsorbent), and interaction time, with adsorption capacity
as response. The objective of this current study is to see how
the factors interact, and a four-factor second-order polyno-
mial equation was employed in the determination of those sta-
tistics. Batch adsorption process is affianced in adsorbing
chromium(VI) ion from wastewater. As a result, the process
design is more solidified. Table 1 lists the variables and inves-
tigational values utilized in the rotatable CCD.

As a result, the design of the process has become more
defined. In a summary, the variables and experimental set-
tings utilized in the rotatable central composite design are
listed in Table 1 (CCD).

2.2. Batch Adsorption Studies. To build up a 1000mg/L con-
centration of chromium(VI) stock solution, dissolve 2.89 g of
K2Cr2O7 in 1 L of distilled water [24, 25]. Dilution with dis-
tilled water is used to create any remaining solutions. Batch
adsorption mode experiments were carried out for the
specified time duration at a constant rpm using a shaker
(manufactured by Remi). Batch adsorption investigations
were conducted with chains of conical flasks containing
100mL chromium(VI) solution. At ambient conditions, the
reaction of concentration, pH, adsorbent dosage, and
contact time were investigated, culminating in filtration
using Whatman filter paper no. 41 [16], and filtrate was
stacked to determine the equilibrium concentration of chro-
mium(VI) with the support of a UV/Vis spectrophotometer.
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The proportion of chromium(VI) removed was calculated
using the equation below [26].

%removal of chromium VIð Þ ion by adsorption = C0 − Ctð Þ
C0

× 100,

ð1Þ

where C0 denotes the initial chromium(VI) content in mg/L
and Ct denotes the chromium(VI) equilibrium concentration
in milligrams per litre. The following equation [23, 27] was
utilized to compute adsorption capacity of the adsorbent:

qe =
C0 − Ctð ÞW

V
, ð2Þ

where qe represents the quantity of chromium(VI) adsorbed
in mg/g, V denotes the solution volume represents in L, and
W denotes the adsorbent weight in grams.

3. Results and Discussion

3.1. Properties of MZTWAC. The SEM exhibited in Figure 1
MZTWAC reveals the availability of irregular and porous
surface that facilitates the adsorption process to take place
[20]. From Figure 2 [19], it is visible that MZTWAC pos-
sessed broad peaks, -OH stretching from hydroxyl to pheno-
lic groups [28–30], C-H stretching of aliphatic acids, C-O
stretching of alcohols [28, 29], and C-O stretching of carbox-
ylic acid [7] and alcohols.

3.2. Experimental Design and Model Development

3.2.1. Mathematical Model Development and Design of
Experiments. The mathematical-statistical quadratic model
was assessed by analysis of variance (ANOVA). Critical
parameters taken into account have been experimented for
their optimized values in adsorption which were figured
using the models that may fit and the same were validated.
The current experimental work hired fourteen experiment
A, B, C, D, AB, AC, AD, BC, BD, CD, A2, B2, C2, and D2,
where A is the beginning concentration, B is the pH, C is
the adsorbent dosage, and D is the contact period. At this
point, the Design Expert has a variety of modeling options
for fitting the response, including linear, two-factor interac-
tion (2FI), quadratic, and cubic polynomials, and the evalu-
ation was done to confirm the best model fit based on the R2

value obtained from sequential model sum of squares.
Table 2 is in charge of compiling a model evaluation sum-
mary. The programme selected the optimal model for the
research project. When compared to other models, the

quadratic model was suggested, while the cubic model was
aliased; thus, it must not be used.

3.3. Validation of Quadratic Model. Multiple regression
analysis was applied to figure out the coefficients of qua-
dratic model that was intended to fit the results. The note-
worthy connotation of autonomous process parameters
was studied with 29 batch experiments. From Table 3, the
model’s F value of 1292.46 entailed that the model is

Table 1: Chosen process variables.

Variable Unit Low value High value

Initial chromium(IV) ion concentration (A) mg/L 40 60

pH (B) Not applicable 4 6

Adsorbent dose (C) g 0.2 0.4

Contact time (D) min 60 80

20 µm EHT=5.00 kV
WD=11.0 mm

Signal A= SE1
Mag = 1.65 KX

Figure 1: SEM image of MZTWAC (source: [19]).
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significant. There is only 0.01% chance that an F value is
large, and this could occur due to noise. Values of
“Prob > F” less than 0.0500 indicate the model terms are sig-
nificant. Here, A, B, C, D, AB, AC, AD, BD, CD, A2, B2, and
C2 are significant model terms. The rest of the source term
values, which are larger than 0.1000 signpost, are not note-
worthy and are deliberated as eliminating terms. The
“lack-of-fit F value” entails the lack of fit is not significant.

In addition, the ANOVA in Table 4 is supplemented by a
variety of indications provided by the Design Expert. Low
experimental variance is shown by the standard deviation
of 0.247295. The 0.9955 “Pred. R2” and the 0.9984 “Adj. R2

” have an excellent correlation, with a difference of less than
0.2. The tolerable precision of 163.9238 indicates that the
signal is viable. The signal-to-noise ratio is measured by
“Adeq. precision,” and a number greater than 4 is preferable.
In summary, the R2 statistics are excellent since they are near
to 1, implying that the regression model offers a substantial
connection amid the observed and anticipated values. As a
result, this model may be utilized to traverse the design.

The second-order polynomial equation is derived based
on RSM results. Equation (3) shows how a particular com-

ponent and the interaction between the four independent
process parameters impacted the adsorption process [22].

Adsorption Capacity Y =
12:200
+2:895 ∗A

−0:598 ∗B

−5:219 ∗C

+0:630 ∗D

0:241 ∗A ∗ B

−0:752 ∗A ∗ C

+0:621 ∗A ∗D

−0:490 ∗B ∗D

−0:417 ∗C ∗D

+0:282 ∗A2

−0:199 ∗B2

+2:709 ∗C2:

ð3Þ

Table 2: Summary data for various models.

Source Std. dev. R2 Adj. R2 Pred. R2 PRESS Results

Linear 2.69 0.836784 0.805696 0.732741 248.4826

2FI 3.01 0.853407 0.755678 0.574057 396.0193

Quadratic 0.26 0.999211 0.998206 0.991994 7.44358 Suggested

Cubic 0.16 0.999856 0.999281 Aliased

Table 3: ANOVA table.

Source SS df MS F value p valueProb > F Inference

Model 928.97 12 77.41 1292.46 <0.0001 Significant

A 104.38 1 104.38 1742.61 <0.0001
B 4.39 1 4.39 73.35 <0.0001
C 392.60 1 392.60 6554.58 <0.0001
D 6.48 1 6.48 108.23 <0.0001
AB 1.25 1 1.25 20.87 0.0005

AC 8.87 1 8.87 148.05 <0.0001
AD 3.12 1 3.12 52.01 <0.0001
BD 1.71 1 1.71 28.51 0.0001

CD 1.27 1 1.27 21.19 0.0005

A2 0.36 1 0.36 6.08 0.0284

B2 1.02 1 1.02 17.11 0.0012

C2 126.41 1 126.41 2110.47 <0.0001
Residual 0.78 13 0.06

Lack of fit 0.64 8 0.08 3.0 0.1197 Not significant

Pure error 0.13 5 0.03

Cor. total 929.75 25
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Equation (3), when used with coded variables, may pre-
dict the response for different degrees of each element. Obvi-
ously, the process variables’ higher levels are entered as +1,
and the variables’ low degrees are coded as -1. When looking
at the factor coefficients, the coded condition is expedient for
detecting overall influence of variables. Negative and positive
coefficients show how considerable metal particles are
ejected in a negative or positive way. An optimistic conse-
quence of a factor indicates that response improves as the
factor level increases, whereas a negative effect indicates that
the reaction does not improve as the factor level increases.
As the circumstances show, starting concentration and con-
tact duration have a beneficial impact on chromium(VI)
retention, but pH and adsorbent percentage have a negative
impact. As a result, as IC increased, so did adsorption ability.
In any instance, when the pH and adsorbent fraction
increased, the adsorption rate lessened. The relapse equation
is graphically shown in the 3D response surface plots shown
below (Figures 3–5). The adsorption limit widened as the
underlying fixation was amplified from 40mg/L to 60mg/L
and the pH declined from 6 to 4, as shown in Figure 6.
The addition of the adsorption limit was suggested by the
high initial fixing of initial concentration and the low pH
values. The adsorption limit grew in lockstep with the exper-
iment, even if not as dramatically (Figure 4). Similarly, a
large adsorbent dosage did not support the adsorbent’s
adsorption limit, as shown in Figure 4. Low pH and long
contact duration, as seen in Figure 5, resulted in a remark-
able adsorption limit for the MZTWAC.

3.4. Capability of Model. Analytic plots, with predicted ver-
sus definite and normal probability plot that has studentized

residuals, are used to assess the adequacy of the numerical
model and to analyse the relapsing model’s sufficiency.
Figure 6 depicts the association amid the actual and pro-
jected adsorption limits. The graph demonstrates proclivities
in straight relapse fit, and the model effectively describes the
trial run under consideration. Furthermore, it establishes a
strong link between the data gathered through testing and
the predictions made by the regression model meant for
the chromium adsorption process (VI).

The normal probability plot (Figure 7) is also regarded as
the most appropriate graphical method for verifying and

Table 4: Post-ANOVA statistics.

Std. dev. 0.247295 R2 0.99919668

Mean 14.91756 Adj. R2 0.99845516

C.V. % 1.657743 Pred. R2 0.99554983

PRESS 4.40417 Adeq. precision 163.923897
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evaluating normality of the residual. The aforementioned
depicts residual behaviour that tracks a normal distribution
and is straight, i.e., dispersal of residuals in a regular manner
with minimal divergences. It is discovered that the model is
suitable meant for the evacuation of chromium(VI) during
the adsorption method when MZTWAC is used.

3.5. Influence Plots. The model’s residuals are roughly
parallel to the straight line. Although they appear to follow
a normal probability distribution, the residuals explicit min-
imal deviation from normalcy. To examine the impact of
outliers, it is never needed that the mistakes be genuinely
regularly distributed in general terms. In this examination,
Design Expert is used to create several graphical representa-
tions of the residuals. Estimates of the leverage (influence),
Cook’s distance, and DFFITS plots are requested to examine
the regression model’s exactness to discover the statistical
features of the experimental model. Figure 8 shows that the
influence statistics were all in the range of 0 to 1 [31]. There
is no information which emphasizes that there is an unrea-
sonably negative impact on the model fit because the effects
of all run values in the current evaluation are less than 1.
Figure 8 shows that the influence values were all within the
range of 0 to 1 [31]. There are no information foci that have
an unreasonably negative impact on the model fit because
the effects of all run values in the current evaluation are less
than 1.

Additionally, Cook’s distance (Figure 9) estimates the
impact of erasing a certain observation and is used to govern
the outlier in the data (data). It must fall between the ranges
of +1 and −1. Apart from DFFITS plots, Figure 10 assesses
the influence of observed values on its projected value, and
its run is in the centre of the typical farthest that reaches
+2 to −2.

3.6. Outcome of Independent Variables. Tsai and Wu [32]
used a case-weight perturbation plan in 1992 to get an
elective nearby impact indicator that considers the Jacobian
perturbation consequences. However, in this study, a pertur-
bation diagram (Figure 11) was plotted to consider the rela-
tionship between four independent factors, pH, adsorbent
dose, contact time, and initial concentration, in the adsorp-
tion procedure aimed at the removal of chromium(VI), as
well as their contrasting impact on the response.

The response acquired by operation Design Expert is
assessed by altering only one variable while keeping the
other components constant. Although the starting concen-
tration (A) line goes upward on the opposite side, the
perilous slant down of adsorbent dosage (C) and pH (B)
reveals that adsorption capacity is subtle to adsorbent dose

(C) followed by pH (B) for expulsion. It shows that adsorp-
tion capability for removing chromium(VI) increases with
increasing chromium(VI) concentration (A), but declines
with growing adsorbent dosage (C) and pH (B).

Initial concentration (A) and adsorbent dosage (C) were
additionally profound to the adsorption process than chang-
ing pH (B) and contact duration, according to the perturba-
tion plot (D). Nevertheless, the perturbation plot reveals that
pH, adsorbent dosage, contact duration, and beginning con-
centration all have a significant influence on adsorption
capacity in the chromium(VI) expulsion proficiency.

3.7. Optimization of the Process Variable. Exploratory data is
used to ensure the most accurate estimates of variables for
chromium(VI) expulsion by MZTWAC from the model.
The optimization of multiple response models is done using
the desirability function. It is filled out as target work and
used to create a custom mix of process parameters ahead
of time. For each element and reaction, Design Expert pro-
vides five alternative objectives: maximize, reduce, target,
in range, and set to a precise number. In this current study,
the desired target for adsorption capacity was set to 1 maxi-
mum and “in the range” for four independent variables such
as starting concentration, pH, contact duration, and adsor-
bent dosage.

The analysis of desirability predicted that the desirability
for the response function selected is furnished in detail in
Table 5. The RAMP plot (Figure 12) depicts that
26.279mg/g is an optimized response while the independent
variables are 59.98mg/L (initial concentration), 4.08 (pH),
0.2 g (adsorbent dosage), and 80 minutes at maximum
desirability.

Table 5: Numerical optimization report showing optimized predicted adsorption capacity and calculated %removal of chromium(VI).

Adsorbent Adsorbate

Process variables
Predicted

adsorption capacity
(mg/g)

Desirability
value

%removal
(calculated)

Initial
concentration

(mg/L)
pH

Adsorbent
dose (g)

Contact time
(min)

MZTWAC Chromium(VI) 59.98 4.08 0.2 80 26.279 0.694 87.629

Initial concentration = 59.98

40.00 60.00

pH = 4.08

4.00 6.00

Adsorbent dose = 0.20

0.20 0.40

Contact time = 80.00

60.00 80.00

Adsorption capacity = 26.28
7.667 34.5

Desirability = 0.694

Figure 12: RAMP plot for adsorption of chromium(VI) by
MZTWAC.
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4. Concluding Remarks

The high match was established among the experimental
value and predicted value of the adsorption capacity in the
optimization procedure of chromium(VI) adsorption by
MZTWAC which recommended that the model chosen
was an excellent fit. Auxiliary inference was that the opti-
mized outcome acknowledged from the plots of RAMP that
the activated carbon fabricated from Manilkara zapota tree
is the best choice in removing chromium(VI) ion from
aqueous solution and it is economically worthy too. The
inclusion of central composite design in the experimental
study reduced the experimentation work, and the optimum
results were arrived for the chosen process parameters. The
response surfacemethodology conferred a clear picture between
the process parameter interactions through the three-
dimensional images. Many adsorbents such as aluminum–lan-
thanum mixed oxyhydroxide (ALMOH), chitosan/alumi-
num–lanthanum mixed oxyhydroxide (CSALMOH), ionic
solid impregnated phosphate chitosan, and PAN–CNT/TiO2–
NH2 have been involved in the removal of chromium ion with
the adsorption capacity of 49.8, 78.9, 266.67, and 714.27mg/g,
respectively. The more water pollution, the more there is a want
of a new adsorbent to treat polluted water to make safe water
either to be disposed of or be reused. In this context, MZTWAC
is best suited which costs low and is efficient as well.
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Currently, plant templated synthesis of magnetite iron oxide nanoparticles (Fe3O4 NPs) was emerged for multifunctional
purposes. In this study, the leaf extract of the plant Thymus schimperi was utilized to synthesize Fe3O4 NPs. The synthesized
NPs were characterized by using technical tools such as X-ray diffraction (XRD) spectroscopy, Fourier transform infrared (FT-
IR) spectroscopy, scanning electron microscopy-energy dispersive X-ray (SEM-EDX) analysis, and ultraviolet-visible (UV-Vis)
spectroscopy, and thermal analysis (TGA-DTA). The XRD result corroborated the presence of desired phase formation having
pure cubic face centered phase structure with average crystallite particle size ranging from 20 nm to 30 nm. SEM micrographs
confirmed microstructural homogeneities and remarkably different morphology of Fe3O4 NPs. Mercury (II) and chromium
(VI) removal efficiencies of Fe3O4 NPs were found to be 90% and 86% from aqueous solution at initial concentration of
20mg/L, respectively. Various factors which affect the metal ion removal efficiency such as metal ion initial concentrations,
pH, contact time, and adsorbent dosage were also studied. The optimum pH and contact time for chromium ion adsorption
were pH5 and 60min and that of mercury were observed to be pH 7 and 90min, respectively. The Langmuir isotherm was
best fitted for sorption of Hg(II) ion, and the Freundlich isotherm was best fitted with sorption of Cr(VI) ion onto the surface
of Fe3O4 NPs. The mechanism of adsorption of both Hg(II) and Cr(VI) ions was obeyed pseudo 2nd order kinetics. The
recorded percent removal efficiencies revealed that these Fe3O4 NPs synthesized through leaf extract of the plant called Thymus
schimperi have demonstrated excellent potentiality in the remediation of heavy metal ions. The synthesized Fe3O4 NPs were
regenerated (reused) for adsorptive removal of Hg(II) and Cr(VI) for five consecutive cycles without significant loss of removal
efficiency. Fe3O4 NPs were reused with only 4.17% loss of removal efficiency against Hg(II) and only 3% loss of removal
efficiency against Cr(VI) metal ions.
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1. Introduction

Pollution of water bodies due to some toxic heavy metal ions
is increasing day by day because of increased environmental
population and industrialization. Due to their hazardous-
ness, non-biodegradability, and their long-time tenacity in
nature, removal of these heavy metals from water bodies is
very important [1] Different types of techniques currently
used in the removal of heavy metals from wastewater are
ion exchange flotation, membrane separation, adsorption,
precipitation, biosorption, and electrochemical treatment
processes [2–5]. In current days, most widely employed
approach for the removal of heavy metal ions from water
is adsorption process. Various types of adsorbent materials
have got application in the removal of heavy metals, includ-
ing activated carbon [2], silica gel supported materials [6],
nanocellulose materials [7, 8], and metal oxides [9]. Among
these mentioned adsorbent materials, magnetite nanomate-
rials (Fe3O4) NPs have distinguished themselves by their
unique properties, such as larger surface area to volume
ratio, magnetic nature, diminished consumption of chemi-
cals, and has no contribution for secondary pollutants [9].
For the removal of heavy metal ions from contaminated
water, magnetic separation has been combined with adsorp-
tion so as to enhance the decontamination process [10].

The interest in Fe3O4 NPs for heavy metal ions remedi-
ation has been increasing due to their enhanced reactivity as
a result of very high surface area to volume ratio [11]. Fe3O4
NPs have gained special attention in water purification to
remove cationic pollutants like heavy metals and dyes which
could be attributed to their high separation efficiency, supe-
rior magnetic properties, simple manipulation process,
placid operation conditions, and easy functionalization
methods [12–14].

Synthesis of metal and metal oxide nanoparticles (NPs)
using the extracts from different parts (mostly leaf) of the
plant is the most effective, economical, and eco-friendly
method. Plant extract mediated synthesis has recently gained
significance due to its simplicity. The processes adopted for
synthesizing metallic and metal oxide NPs by the application
of plant extracts were explored to be easily scalable and more
economical compared to the other methods which depend
completely on the microbes and whole plants [15].

The two prominent toxic and carcinogenic metal ions,
Hg(II) and Cr(VI), are normally found in various wastewa-
ters from many industries including plating, mining, battery,
and tanneries. Their accumulation in living organisms
resulted in varieties of disorders and diseases [16]. Reports
have shown that the concentration of Cr(VI) and Hg(II) ions
in wastewater in Africa is above the WHO’s permissible
limit [17, 18]. Concentration of Cr(VI) in industrial waste-
water is estimated in the range of 0.1 to 200mg/L and rec-
ommended safe limit of Cr(VI) in drinking water is
0.05mg/L [18, 19], and permissible concentration of Hg(II)
in wastewater is 0.05gm/L [18, 19] and that of recommended
safe limit in drinking water is 0.001gm/L [20, 21].

The recent surveys conducted by the U. S. Environment
Protection Agency (EPA) on national water quality indi-
cated that more than one-third of the lakes and about half

of the rivers across the nation are getting polluted by the
noxious discharges such as Hg(II) and chromium (VI) from
industrial facilities [22].

Since mercury (II) and chromium (VI) pollution has
been a significant challenge in the world; the researchers in
the area are striving a lot to alleviate this problem. Towards
this contribution, the present work was aimed to synthesize
Fe3O4 NPs using leaf extract of the plant Thymus schimperi,
and apply it for the remediation of Hg(II) and Cr(VI) ions
from wastewater.

The plant Thymus schimperi, is a grass-like indigenous
plant (Figure 1s in supplementary section) in Ethiopia and
commonly known by its local name as “Tosign” [23], is
used as reducing agent and capping agent in synthesis of
Fe3O4 NPs in this work.

In this study, Thymus schimperi leave extract templated
synthesis of Fe3O4 NPs was done by one reaction pot. The
synthesized Fe3O4 NPs used as adsorbent materials for
removal of Hg(II) and Cr(VI) ions from wastewater. The
optimization of parameters such as pH, contact time and
initial concentration of aqueous solutions, and adsorbent
doses was performed against a set of batch adsorption of
Hg(II) and Cr(VI) ions from wastewater. The kinetics of
adsorption and isotherm models was evaluated to propose
mechanism of adsorption.

2. Experimental Methods

2.1. Chemicals and Reagents. The chemicals (analytical
grade) and reagents used in this work were ferric chloride
hexahydrate (FeCl3.6H2O, Blulux Ltd, India), ferrous chlo-
ride tetrahydrate (FeCl2.4H2O, Atico, India), potassium
dichromate (K2Cr2O7, Blulux Ltd, India), mercury (II) chlo-
ride (HgCl2. Blulux Ltd, India), sodium hydroxide (NaOH),
ethanol (99.9%), HCl, H2SO4, KMnO4, diphenylcarbazide
(DPC) (Ranchem Industry and Trading, India), and distilled
water.

2.2. Collection of Plant Leaves. Fresh, matured, and disease-
free leaves of the plant, Thymus schimperi, were collected
from Chilalo Mountain, East Arsi Zone, Oromia, Ethiopia,
after conducting prior field surveys. The collected leaves of
Thymus schimperi were used to make the aqueous extracts.

2.3. Preparation of Thymus schimperi Leaf Extract. The plant
leaves were washed by using domestic water and then rinsed
with distilled water many times. The wet leaves were allowed
to air dry under shade at room temperature. The dried plant
leaves were then stored for further use.

A 10 gm of powder of the plant leaves was boiled with
200mL of distilled water under stirring at 80°C for about
one hour until the color of the aqueous solution changes to
light brown. The aqueous extract of the sample was cooled
and filtered first with ordinary filter paper and then using
Whatman filter paper. Then, the filtrate was stored in a
refrigerator at 4°C for further experiments [24–26].
Figure 1 shows the flow chart of extraction of active com-
pounds from powders of leaves of Thymus schimperi in dis-
tilled water.
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2.4. Preparation of Precursor Salt Solution. Ferric chloride
(FeCl3.6H2O) and ferrous chloride (FeCl2.4H2O) salt solu-
tions were used in the synthesis of Fe3O4 NPs [27] using
aqueous extract of Thymus schimperi. Ferric/ferrous salt pre-
cursor solutions were prepared by mixing and dissolving
13.6 gm of FeCl3.6H2O and 5 gm of FeCl2.4H2O salts in
500mL of distilled water in 1000mL volumetric flask. The
mixture was stirred at room temperature for about 15
minutes and then stored for further use. Then, three differ-
ent samples were prepared by taking different volume ratios
of precursor salts solution with Thymus schimperi leaf
extract.

2.5. Biogenic Synthesis of Fe3O4 NPs. In a typical experiment,
the extract was added to ferric/ferrous chloride precursor
solution in three different volume ratios. 50mL of the extract
was added to 100mL of the precursor solution with 2M
NaOH for NPs (S12) preparation in one 250mL conical
flask, and then the solution mixture was labelled as (1 : 2).
The second solution mixture (S11) was prepared by the
addition of 100mL of the extract to 100mL of the precursor
solution (1 : 1) with 2M NaOH for NPs (S11) preparation in
the second 250mL conical flask. In the same way, the third
solution mixture (S21) was prepared by adding 100mL of
the extract to 50mL of the precursor solution (2 : 1) with
2M NaOH. All the solutions were stirred continuously at
60°C for 1 hour to get a black precipitate (Figure 2). The pre-
cipitates were filtered using Whatman filter paper No 1 and
washed repeatedly using distilled water and ethanol to
remove impurities. Finally, the precipitate was dried in an
oven at 60°C for 1 hour and ground to get fine powder.
The black powder obtained was later calcined at 700°C for
1 hour [28].

2.6. Characterization Techniques. Thermal analysis was con-
ducted using DTA-TGA instrument (DTG-60H, Shimadzu
Co., South Korea) in order to decide the calcination temper-
ature and to study thermal stability of the synthesized Fe3O4
NPs. A small amount of the powder was taken and the crys-

tal structure of the Fe3O4 NPs was studied by using XRD-
7000 X-Ray diffractometer, Shimadzu Co., Japan.

The FT-IR spectra of the synthesized Fe3O4 NPs were
recorded using the instrument, Perkin Elmer65, PerkinEl-
mer, Inc., Waltham, USA [29]. SEM-EDX (Carl Zeiss Model:
Neon-40, FESEM/FIB, SMT, AG, Germany) analysis was
also conducted to know the external morphology and chem-
ical composition of the sample [30]. UV-Vis-diffuse reflec-
tance spectrophotometer (Elico SL-150) was employed to
measure the band gap energy of Fe3O4 NPs using Tauc
equation (1), [31].

αhυð Þ1/n = A hυ − Eg

� �
, ð1Þ

where
α= absorption coefficient constant
hv = photon energy
Eg =energy gap
n=½ for allowed direct transition (Fe3O4 NPs)
n=2 for allowed indirect transition

2.7. Preparation of Chromium (VI) and Mercury (II)
Solutions. The stock solution of Cr(VI) was prepared by dis-
solving 2.826 g of K2Cr2O7 in 1 L of distilled water. Similarly,
1.354 g of HgCl2 was taken in 1 L of distilled water to get
stock solution of Hg(II). The stock solutions were further
subjected to dilution to obtain the desired concentration of
standard solutions for absorbance measurement. 1, 5-
diphenylcarbazide was used for spectrophotometric deter-
mination of Cr(VI). Potassium permanganate (KMnO4)
solution was prepared for color development of the mercury
ion solution after adsorption. Full color development for
these two solutions was formed and after 10min, 4mL of
these solutions was used in an absorbance measurement cell
(cuvette) and the concentrations were measured spectro-
scopically at 540nm for chromium solution [32] and at
253.7 nm for mercury solution in UV spectrophotometer
[33, 34].

2.8. Batch Adsorption Study. Batch adsorption studies were
conducted to evaluate the efficiency of Fe3O4 NPs for the
remediation of chromium (VI) and mercury (II) ions from
the aqueous solutions. All the measurements were

Leaves of Thymus
schimperi

Aqueous extract of Thymus
schimperi

Ground powders
of the leaves 

Filtration of
the extract

Leave powders
soaked for extraction

Figure 1: Flow chart of the extraction of active compounds from
the powders of leaves of Thymus schimperi in distilled water.

Solution of the
precursor salt

Solution of the
plant extract

Mixture of precursor
and extract

Filtrated Fe3O4 NPs
before calcination

+

Figure 2: The schematic diagram of synthetic procedure for Fe3O4
NPs.
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performed in triplicates and the average values were
reported. All the studies were executed at a temperature of
25°C (±0.5). The required pH of the solution was obtained
by adding appropriate amounts of a mixture that contains
solutions of 0.1M NaOH and 0.1M HCl. A calculated
amount of the adsorbent was added to the sample with con-
tinuous agitation to attain adsorption equilibrium. The
extent of removal of chromium and mercury ions was inves-
tigated separately by changing adsorption dose (100mg,
300mg, 500mg, and 700mg), contact time (30min,
60min, 90min, and 120min), initial concentration (20mg/
L, 40mg/L, 60mg/L, and 80mg/L), and pH of the solution
(3, 5, 7, 9, and 11). After adsorption, the separation of the
adsorbent was achieved by filtration and the initial and final
metal concentrations were deduced. The equilibrium
adsorption capacity (Qe) was calculated according to equa-
tion (2)

Qe =
Co − Ce

M

� �
V , ð2Þ

where
Qe =equilibrium adsorption capacity (mg/g)
Co= initial liquid phase solute concentration (mg/L)
Ce= equilibrium liquid phase solute concentration (mg/

L)
V = liquid phase volume (L)
M = amount of adsorbent (g)
In the same way, the present removal efficiency (%) of

Fe3O4 NPs for chromium (VII) and mercury (II) heavy
metals was deduced using the equation (3)

Removal efficiency %ð Þ = Co − Ce
Co

x 100, ð3Þ

where Co and Ce are the initial and equilibrium concen-
tration after treatment with adsorbent. Optimum period of
time to achieve maximum percent removal was determined.

2.9. Sorption Kinetics and Isotherm Studies

2.9.1. Sorption Kinetics Studies. The kinetics parameters
associated with the adsorption process were determined for
contact time varying between 1 and 120min by monitoring
the removal percentage for the Cr(VI) and Hg(II) ions.

2.9.2. Pseudo-First-Order Model. Pseudo-first-order rate
model based on adsorption capacity of adsorbent is generally
expressed as:

log Qe −Qtð Þ = log Qe − k1t, ð4Þ

where Qe and Qt are the amounts (mg/g) of Cr(VI) and
Hg(II) adsorbed at equilibrium and at time given (t),
respectively.

Plot of log (Qe −Qt) versus t gives a straight line for the
1st order adsorption kinetics through which rate constant k1
is determined (Figure 2s in supplementary section).

2.9.3. Pseudo-Second-Order Model. The following equation
describes the pseudo-second-order model in the linear form,

t
qt

= 1
k2q2e

+ 1
qe
t, ð5Þ

where
k2 = adsorption rate constant (g/mg-min)
k2 and qe are found from the intercept and slop of t/qt

versus t linear plot such that qe =1/slope and k2 = slope
2/

intercept

2.9.4. Sorption Isotherm Studies. The interaction between the
solute particles and the adsorbent is provided by the adsorp-
tion isotherm. The Langmuir and Freundlich models are
usually applied to explore equilibrium adsorption isotherms.

2.9.5. Langmuir Isotherm. The Langmuir isotherm (assumes
monolayer adsorption) is represented by,

Ce

qe
= KLCe

Qo
+ 1
Qo

, ð6Þ

where qe (mg/g) and Ce (mg/L) are the amount of adsorbed
chromium or mercury per unit mass of sorbent and unad-
sorbed chromium or mercury concentration in solution at
equilibrium, respectively. Qo is the maximum adsorption at
monolayer (mg g−1) on the surface bound at high Ce, and
KL is a constant related to the affinity of the binding sites
(L/mg).

The Langmuir constants Qo and KL were determined
from the intercept and slope of the linear plot of (Ce/qe)
against the equilibrium concentration (Ce).

2.9.6. Freundlich Isotherm. Freundlich isotherm (an empiri-
cal equation) is usually employed to describe heterogeneous
systems.

The Freundlich equation is expressed as:

qe = K f C
1/n
e ð7Þ

where Kf and n are Freundlich constants with Kf (mg/g (L/
mg) 1/n) is the adsorption capacity of the sorbent and n giv-
ing an indication of how favorable the adsorption process.
The magnitude of the exponent, 1/n, gives an indication of
the favorability of adsorption. Values of n > 1 represent
favorable adsorption condition.

To determine the constants Kf and n, the linear form of
the equation may be used to produce a graph of ln ðqeÞ
against ln ðCeÞ.

ln qe = ln Kf +
1
n

� �
ln Ce: ð8Þ

Values of K f and n are calculated from the intercept and
slope of the plot (Figure 3s in supplementary section),
respectively. If n = 1, then the partition between the two
phases is independent of the concentration. If value of 1/n
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is below one, it indicates a normal adsorption. On the other
hand, 1/n being above one indicates cooperative adsorption
[20, 35].

3. Results and Discussion

3.1. TGA-DTA Analysis. The thermal analysis of the synthe-
sized Fe3O4 NPs was conducted using TGA-DTA instru-
ment. Figure 3 depicts TGA-DTA curves for the
uncalcined sample of Fe3O4 NPs, two peaks in DTA curve
(one endothermic peak at 160°C and one exothermic peak
at 400°C), indicating two-step decomposition and weight
removal of initial sample. The endothermic peak observed
between 80 and 200°C can be attributed to the loss of water
and low molecular weight phytochemicals of Thymus schim-
peri adhered to the NPs, the exothermic peak of DTA curve
at 404.29°C; and 49.57% weight loss between 350°C and
450°C in TGA curve is possibly due to vaporization of car-
bonized residues present over the surface of the biogenic
Fe3O4 NPs. As it can be observed in Figure 3, after temper-
ature of 450°C, TGA curve became almost constant. The
temperature beyond which the weight loss is constant is used
as the calcination temperature of the synthesized Fe3O4
nanoparticles [36]. The temperature above which the weight
loss of sample remained constant is taken as a calcination
temperature. Calcination was performed at 450°C to remove
unwanted remnants of the plant extract, and improve the
purity of iron oxide NPs.

3.2. XRD Analysis. Figures 4(a)–4(c) depicts the XRD pat-
terns of Fe3O4 NPs. As indicated in Figure 4, the XRD peaks
of Fe3O4 NPs were observed at 2θ values, 30.15, 31.58, 35.49,
43.12, 45.26, 53.73, 57.11, 62.65° for S12; 30.06, 31.67, 35.42,
43.06, 45.38, 53.37, 56.42, 62.55° for S11; and at 30.06, 31.56,
35.41, 43.15, 45.25, 53.38, 56.83, 62.56° for S21. All the dif-
fraction peaks observed are in compliance with the standard
pattern for JCPDS Card No.79-0417 for Fe3O4 NPs [37]. The

Miller indices, (220), (200), (311), (400), (220), (422), (511)
and (440), observed for Fe3O4 NPs correspond to cubic spi-
nel structure [38].

The average crystallite sizes of Fe3O4 NPs calculated
using Debye-Scherer equation [37] are 20.26 nm, 29.12 nm,
and 26.88 nm for S12, S11, and S21 samples, respectively.

The diffraction pattern of Fe3O4 NPs presented in
Figure 4 (S11) was studied and the sharp intense peak
obtained at 2θ values of 30.06, 31.67, 35.42, 43.06, 45.38,
53.37, 56.42, 62.55° corresponds to the lattice plane (220),
(200), (311), (400), (220), (422), (511), and (440), respec-
tively. All the diffraction peaks were well indexed to the hex-
agonal phase and crystallographic planes proving the
structure of Fe3O4 NPs synthesized to be cubic structure [38].

3.3. FT-IR Analysis. FT-IR spectrum of the calcined green
synthesized Fe3O4 NPs, as depicted in Figure 5(a), presents
the strong absorption bands at 3440, 1622, 1425, 875, and
570 cm-1 while Figure 5(b) shows the absorption bands of
uncalcined Fe3O4 NPs which were observed at 3420, 2959,
1623, 1456, 1377, 1064, and 600 cm-1.

In the spectrum of the calcined Fe3O4 NPs, the wide
absorption around 3440 cm-1 is caused by the presence of
an O-H stretching vibrations from the absorbed water pres-
ent over the surface of the NPs. The absorption peaks at
1622 cm-1 were attributed to the N-H bending of amide
compound. 1425 cm-1 corresponded to the -CH2 bending
vibrations of the compound. Significant new peak was found
at 875 cm-1 which corresponds to C-H bending. The pres-
ence of band at 570 cm-1 corroborates Fe-O stretching of
Fe3O4 nanoparticles, as reported earlier [39].

Figure 5(b) depicts the FT-IR spectrum of uncalcined
Fe3O4 NPs. The presence of strong and broad absorption
band at 3420 cm-1 is caused by the presence of an O-H
stretching vibrations of phytochemicals such as Thymol
and Carvacrol [40] and was also due to absorbed water by
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the sample. The presence of bands at 2959 cm-1 and
1456 cm-1 can be attributed to the -CH2 stretching vibrations
of the functional group [29]. The absorption band at
1623 cm-1 corresponds to the N-H bending vibrations of
the compound and 1377 cm-1 to bending functional group
of the O-H. The bands at 1051 cm-1 revealed the vibration
of C-N bond and 600 cm-1 indicates C-O stretching band
corresponding to the C-O-SO3 group [41]. FT-IR absorption
bands at 2340 cm-1 correspond to physisorbed CO2 to sur-
face of Fe3O4 NPs from the atmosphere [42].

3.4. SEM-EDX Analysis. The SEM images of Fe3O4 NPs have
different morphology as shown in Figures 6(a)–6 (d). The
morphology of uncalcined Fe3O4 NPs as indicated in
Figure 6(a) is not clearly identified. The SEM images of cal-
cined Fe3O4 NPs in Figures 6(b)–6 (d) indicate the agglom-
eration of particles that increases with the concentration of
iron salts precursor. The morphology of Fe3O4 NPs synthe-
sized from mixture of hydrated ferric and ferrous chloride in
different mixing ratio of precursor salt to the plant extract
such as 2 : 1, 1 : 1, and 1 : 2 has agglomerated cubic spinel
structure.

The scanning electron microscope results confirmed that
the grain sizes of the NPs were strongly dependent on mix-
ing ratio of iron salts and leaf extract under the same reac-
tion conditions. The SEM images clearly showed
microstructural features and diverse morphologies for
Fe3O4 nanopowder.

The chemical composition of Fe3O4 NPs synthesized in
different mixing ratios of precursor salt to the plant extract
such as 2 : 1, 1 : 1, and 1 : 2 samples was elucidated by
energy-dispersive X-Ray spectroscopy (EDX) (Figure 7).
Figure 7(a) reveals the elemental composition of uncalcined
Fe3O4 NPs, and Figures 7(b)–7(d) depicted EDX spectra of
Fe3O4 NPs synthesized in 1 : 1, 1 : 2, and 2 : 1 rations, respec-

tively. The EDX spectral intensity in Figure 7 revealed that
iron atom has high proportion than oxygen.

The EDX analysis of all the Fe3O4 NPs is shown in
Figures 7(a)–7(d). It is evident from EDX spectrum of all
the samples in which Fe and O are found in the respective
spectrum. In addition to that, interestingly it is observed that
there was foreign material present in the spectrum. It could
be due to the impurity of the samples.

3.5. UV-Vis Analysis. From the data of UV-Vis reflectance
spectra of uncalcined and calcined samples of Fe3O4 NPs,
bandgaps were calculated from Tauc plots shown in
Figure 8. Accordingly, the bandgap value of uncalcined
Fe3O4 NPs was found to be 2.25 eV, and bandgap values of
Fe3O4 NPs prepared in different salt to the plant extract vol-
ume ratios of 1 : 2, 1 : 1, and 2 : 1 were calculated to be 2.35,
2.02, and 2.1 eV which are in agreement with previously
reported results [43].

3.6. Adsorption Batch Studies

3.6.1. Optimizer Design of Different Parameters. Since the
adsorption efficiency of the sample S11 was higher than
the other samples, all the parameter optimizer designs were
done on this best sample of Fe3O4 NPs for remediation of
Cr(VI) and Hg(II). The optimizer design processes of vari-
ables were done to get maximum % removal of chromium
and mercury. At initial concentration of 20mg/L, maximum
removal of 85% chromium and 95% of mercury was
achieved with the Fe3O4 NPs by keeping other parameters
constant (pH=5, adsorbent dosage =300mg, contact time=
90min) (Figure 9(a)). At pH5, 85% of chromium and at
pH7, 85% of mercury removal was achieved (at Co=
20mg/L, contact time=90min, and adsorbent dosage =
300mg). 85% of chromium and 90% of mercury were
removed at adsorbent dosage of 700mg (at Co=20mg/L,
contact time=90min, and pH=5). Removal efficiency for
chromium at 60min was found to be 86% and at 90min
for mercury was found to be 90% by keeping other parame-
ters constant (pH=5, Co=20mg/L, and absorbent dosage =
300mg).

3.6.2. Factors Affecting the Adsorption. It was reported in the
past studies that various factors possibly affect the adsorp-
tion capacity of nano-adsorbents during the adsorption pro-
cess. Efficiency of any adsorbent is significantly affected by
the physicochemical characteristics of the solutions such as
pH value, initial concentration, contact time, and adsorbent
dosage. Higher adsorption capacities can be obtained by
optimizing the above parameters [44].

(1) (1) Effect of Initial Concentration. The initial solution
concentration serves to be the driving force to overcome
the mass transfer resistance of metal across the solvent and
solid phases [45].

The effect of initial concentrations on adsorption of
chromium and mercury ions was investigated from 20mg/
L to 80mg/L, by keeping all the other parameters constant
(at pH=5, contact time=90min, and absorbent dosage=
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300mg). The equilibrium curve (Figure 9(a)) revealed that
the overall percentage of removal of Cr(VI) and Hg(II) from
the solution was found to decrease with an increase in the
initial of concentration Cr(VI) and Hg(II). This could be jus-
tified by the fact that, with the increase in the concentration
of Cr(VI) or Hg(II) in solution with a fixed amount of adsor-
bent, binding capacity of adsorbent is believed to approach
to the saturation point resulting in decrease in both Cr(VI)
and Hg(II) removal. At higher Cr(VI) and Hg(II) concentra-
tion; the number of active sites on adsorbent surface is not
enough to accommodate both chromium and mercury ions;
however, at low concentration, the ratio of surface active
sites to total concentration of Cr(VI) and Hg(II) was high
and therefore the two metal ions were found to interact

effectively with the active sites on adsorbent surface suffi-
ciently [46].

(2) (2) Effect of Adsorbent Dosage. Figure 9(b) presents a fact
that the percentage removal of Cr(VII) and Hg(II) ions was
found to increase with an increase in the amount of adsor-
bent dosage. This observation clearly indicates that the num-
ber of available adsorption sites influences removal
efficiency. Metal ion adsorption efficiency by adsorbent was
found to increase with the increase in adsorbent dose.

(3) (3) Effect of Contact Time. The adsorption experiments
were conducted for various contact times with the fixed
values for the other factors, sorbent dose, pH, and initial
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concentration. These results are depicted in Figure 9(c). It
reveals that the removal efficiency of chromium and mer-
cury by the adsorbent was found to increase in the beginning
but later continues to increase at a relatively slower rate with
contact time until equilibrium is reached. Generally, the rate
of removal of adsorbate appears to be rapid initially, but
after saturation of removal efficiency at optimum contact
time, the trend of percent removal efficiency for both metal
ions slightly declines with time. As shown in Figure 9(c),
the optimum equilibration time (contact time) for adsorp-
tion of Cr(VI) ion was 60min and for that of Hg(II) ion
was 90min at percent removal efficiency for 86% and 90%,
respectively.

(4) (4) Effect of pH on Adsorption. The pH of the solution
affects both the degree of dissociation of functional groups
from the adsorbent surface and the solubility of the metal
ions. The various species of Hg(II) and Cr(VI) are greatly
dependent on the pH of the solution [47], and pH values
from 3 to 11 were selected for the experimentation. The
obtained results (Figure 9(d)) showed that the removal of
metal ions was strongly influenced by the pH of the solution.
The removal efficiency of adsorbent Fe3O4 NPs was
increased from pH3 to 5 for chromium ion and 3 to 7 for
mercury ion. Fe3O4 NPs exhibited the highest percent
removal of chromium (VI) at pH value of 5 and of mercury
at pH value of 7, respectively. At low pH conditions (pH<5),
the active surface sites of Fe3O4 NPs adsorbent were proton-

ated [48], lowering the adsorption of heavy metal ions (chro-
mium ions and mercury ions) as there is competition
between H+ ions and metal ions. Metal ion removal of
Fe3O4 NPs remains significantly high beyond optimum
values of pH (at pH>7), as there was electrostatic interaction
between metal ions and negatively charged surface of the
adsorbed, and also because of hydrolysis of metal ions at
higher pH [49].

Percent removal efficiency (%R) and adsorption capaci-
ties (q) of Fe3O4 NPs for removal of Hg(II) and Cr(VI) ions
in wastewater against pH and contact time are summarized
in Table 1. As shown in Table 1, both %R and adsorption
capacity values were increased with increasing the contact
time up to maximum removal efficiency of 90% and maxi-
mum adsorption capacity (qm) of 60mg/g at contact time
of 90 minute for Hg(II) and in the same way, %R and
adsorption capacity were increased up to maximum removal
efficiency of 86% and maximum adsorption capacity of
57.37mg/g with increase in contact time up to 90 minute
for Cr(II), respectively. Increasing the contact time beyond
90 minute for both Hg(II) and Cr(VI) results in decreasing
removal efficiency and adsorption capacity. As depicted in
Table 1, percent removal efficiency (%R) and adsorption
capacity of Fe3O4 NPs for removal of Hg(II) and Cr(VI) ions
in wastewater against pH show maximum %R value (85%)
and g (56.66mg/g) for Hg(II) (at pH=7), and maximum
percent removal value (85%) and maximum adsorption
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Figure 7: EDX spectra of Fe3O4 NPs: (a) for uncalcined sample S11 in (1 : 1), (b) for calcined sample S11 in (1 : 1), (c) for calcined sample
S12 in (1 : 2), and (d) for calcined S21 in (2 : 1).
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capacity (56.66mg/g) for Hg(II) (at pH=5), respectively.
Based on the data of Figure 9(a), at lower initial concentra-
tion (20mg/L), maximum percent removal efficiency of
95% for Hg(II) and 86% for Cr(VI) were observed. Corre-
spondingly, maximum adsorption capacity of Fe3O4 NPs
was extracted from the same figure to be 63.33mg for Hg(II)
and 56.61mg/g for Cr(VI).

3.7. Sorption Kinetics Studies. The kinetics of sorption of
Cr(VI) and Hg(II) on the surface of Fe3O4 NPs was investi-
gated against pseudo-first-order and pseudo-second-order
models (Figure 2s in supplementary section and Table 2).
From the values of R2, the data of adsorption of Cr(VI)
and Hg(II) was found to fit well with pseudo-second-order
models (Table 2).

The degree of goodness of linear fit in kinetic models can
be judged from the value of rate constants and R2. Table 2
presents the kinetic rate constants of pseudo-first-order
and pseudo-second-order models. The pseudo-second-
order kinetics present the high correlation coefficients than
pseudo-first-order for both Hg(II) and Cr(VI) adsorptions,
and the experimental qe values obtained are closer to those
calculated for the pseudo-second-order kinetic model.

3.8. Sorption Isotherm Studies. To evaluate the mechanism of
uptake of Hg(II) and Cr(VI) ions in wastewater on to the
surface of Fe3O4 NPs, the Langmuir and Freundlich adsorp-
tion isotherm models were employed to analyze the adsorp-
tion data (Figure 3s in supplementary section).

Kf and n are parameters characteristic of the sorbent-
sorbate system, which were determined by data fitting and
whereas linear regression was determined from the fits of
the kinetic and isotherm models [50].

Table 3 summarizes the Langmuir and Freundlich iso-
therm models for both Cr(VI) and Hg(II) adsorption. The
values of isotherm parameters, 1/n=0.483 (at n=2.07), indi-
cating that the sorption of Cr(VI) unto the magnetic adsor-
bent was favorable with R2 value of 0.9814.

From the data of Table 3, the values of isotherm param-
eters, 1/n=0.294 (at n=3.40), indicating that the sorption of
Hg(II) unto the magnetic adsorbent of Fe3O4 NPs was favor-
able with R2 value of 0.967. Based on information obtained
from value of R2 =0.90 for Cr(VI) sorption and from value
of R2 =0.9741 for Hg(II) using the Langmuir isotherm
model, sorption of Hg(II) best fits with the Langmuir iso-
therm than Cr(VI). In the same way, the sorption of Cr(VI)
best fits with the Freundlich isotherm than Hg(II) does.
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Table 3 shows a summary of the Langmuir and Freundlich
isotherm model constants and correlation coefficients for
the adsorption of chromium and mercury [51].

3.9. FT-IR Analysis before and after Adsorption of Hg(II) and
Cr(VI). FT-IR spectral of synthesized Fe3O4 NPs (adsorbent)
before and after adsorption (loading) of Cr(VI) and Hg(II)
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Figure 9: Influence of initial concentration of Cr(VII) and Hg(II) (a). Dosage of adsorbent (b), contact time (c), and pH (d) of the solution
medium on the percent removal efficiency of Fe3O4 NPs on heavy metals (Cr(VII), and Hg(II)).

Table 1: Summary of parameters such as pH and contact time on percent removal efficiency and adsorption capacity of Fe3O4 NPs in
removing Hg(II) and Cr(VI) ions from wastewater.

pH
Hg(II) Cr(VI)

Contact time (min)
Hg(II) Cr(VI)

%R q (mg/g) %R q (mg/g) %R q (mg/g) %R q (mg/g)

3 40 26.66 66 44.00 30 75 50.00 60 40.00

5 80 53.33 85 56.66 60 87.5 58.33 86 57.33

7 85 56.66 82 54.66 90 90 60.00 85 56.66

9 82.5 55.00 82.5 55.00 120 87.5 58.33 84 56.66

11 80 53.33 82 55.00
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heavy metal ions was recorded and shown in Figure 10. The
FT-IR spectra of Fe3O4 NPs after adsorption of Cr(VI) and
Hg(II) metal ions have shown various functional groups,
and slight peak shifts. In Figure 10, the peaks at 3425,
1630, 1383, and 1118 cm-1 shifted towards the peak at
3426, 1632, 1387, and 1120 cm-1, respectively, for Cr(VI)
ion adsorption, and shifted to the peaks at 3428, 1636,
1387.5, and 1119 cm-1 for Hg(II) ion adsorptions. Small peak
at 2959 has been disappeared and the hydroxyl peak at
around 1630 cm-1 shifted to 1632 cm-1 and to 1636 cm-1 after
adsorption of Cr(VI) and Hg(II) ions, respectively. The peak
intensity reduction and peak shift has been also shown after
adsorption of Hg(II) onto Fe3O4 nanostructures [52].

The peak at around 1118 cm-1 attributed to (–C-O) bond
stretching in thymol and carvacrol phytochemicals extracted
from Thymus schimperi; and the peak due to the hydroxyl
group at 1632 cm-1 has decreased after adsorption of Cr(VI)
(Figure 10(b)), and at 1636 after adsorption of Hg(II)
(Figure 10(c)). The intense peaks at around 1118 cm-1 (due
to C-O functional group of the plant extracts) and at around
1405 cm-1 (due to carboxylic functional groups) have been
decreased after adsorption of Cr(VI) (Figure 10(b)) and
Hg(II) (Figure 10(c)). These changes in the absorption peaks
indicated that the active sites on the surface of Fe3O4 nano-
structures contained hydroxyl, ketonic, and carboxylic func-
tional groups, which formed new chemical bonds with
Hg(II) and Cr(VI) ions [53]. The presence of intense band
between 650 and 550 cm-1 is due to Fe-O bond vibration in
Fe3O4 NPs [39]. This further confirms the mechanism of
adsorption evaluated using adsorption kinetic and isotherm
models.

3.10. Regeneration Study. For a cost-effective magnetite
nano-adsorbent, Fe3O4 NPs, it was essential to study the
reusability or recyclability in repeated use for removal of
Hg(II) and Cr(VII) ions from wastewater. Magnetic iron
oxide (Fe3O4) NPs have been applied in adsorptive removal
of metallic ions from contaminated water and recovered
back for repeated use [54, 55].

For example, Rivera et al. studied Cr(VI) ion removal
using 2 g/L of the magnetic magnetite NP [56].

The regenerations study for adsorption-desorption of
Hg(II) ions using synthesized Fe3O4 NPs in wastewater
was done at optimum initial concentration of 20mg/l, con-
tact time of 60 minutes, and with 30mg of Fe3O4 NPs in
100ml volumetric flask. The same procedures were followed
for adsorption-desorption of Cr(VI) against Fe3O4 NPs at
the optimum pH of 5 and contact time of 90 minutes. In
the process of loading and elution of Hg(II) and Cr(VI) ions

Table 2: The adsorption kinetic model rate constants for
adsorption of chromium and mercury.

Metal ions
Pseudo 1storder kinetic

model
Pseudo 2ndorder
kinetic model

qe K1 R2 qe K2 R2

Cr(VI) 2.11 -7.00E-4 0.2391 1.36 0.057 0.9750

Hg(II) 1.95 -5.33E-4 0.32 1.33 0.142 0.9944

Table 3: Langmuir and Freundlich isotherm model constants and
correlation coefficients for adsorption of chromium and mercury.

Isotherms

Cr(VI) Hg(II)

R2
Estimated
isotherm
parameters

R2
Estimated
isotherm
parameter

Langmuir 0.90
Qo (mg/g) =0.951
KL (L/mg) =0.078

0.9741

Qo (mg/g) =
2.631

KL (L/mg) =
0.287

Freundlich 0.9814
Kf =1.614
n=2.07

0.967
Kf =3.16
n=3.40
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to and from Fe3O4 NPs, the elution operations were carried
out by shaking the Hg(II) adsorbed and Cr(VI) adsorbed
Fe3O4NPs with 0.50M HCl in 100ml volumetric flask sepa-
rately. The regeneration of the nanoparticles was done for
multiple adsorption-desorption cycles. The recycled Fe3O4
NP were tested against removal of Hg(II) and Cr(VI) metal
ions for 1st, 2nd, 3rd, 4th, and 5th cycles, respectively(Figure 4s
and Figure 5s in supplementary section). The data of the
regeneration study of Fe3O4 NP against Hg(II) and Cr(VI)
metal ions for the 1st five cycles are shown in Figure 11.

The regeneration cycles of the magnetic nanomaterials
showed a slight decrease (about 4.17% for Cr(VI) and 3%
for Hg(II) ions) in the removal efficiency between the 1st

cycle and 5th cycle, indicating that the nanomaterial was
reused for up to 5 cycles sequentially without significant
reduction in removal efficiency of Fe3O4 NPs against Hg(II)
and Cr(VI) metal ions. This finding is in line with previous
reports in regeneration study for magnetite and magnetite-
based nanostructures [3, 56–58] for the similar heavy metal
ions.

Maximum removal efficiency (%R), maximum adsorp-
tion capacity (qm), optimum pH, working temperature of
solution medium, kinetics, and adsorption isotherms for
sorption of Hg(II) and Cr(VI) onto synthesized Fe3O4 NPs
are collected in Table 4. The comparative data for removal
efficiency (%R), maximum adsorption capacity (qm), and
other adsorption conditions of Fe3O4 nanoparticles and
Fe3O4-based nanocomposites for Hg(II) and Cr(VI) sorp-
tion are summarized in Table 4. The percent removal effi-
ciency (%R) of synthesized Fe3O4 NPs in this study for
adsorption of Hg(II) is in agreement with reported value

by Zaki et al. [59], and is higher than other reported values
by [60, 61]; and % R for adsorption of Cr(VI) in this study
is higher than reported value by [62] whereas it is lower than
the reported value by [63]. Obtained maximum adsorption
capacity (qm) for Cr(VI) (56.61mg/g) and Hg(II)
(63.33mg/g) is in between the maximum value from by Y.
Zhou et al., L. Luan et al., and H. Kumar et al. and other
related minimum qm values reported in [64, 65].

Schiff-based functionalized polyamidoamine (PAMAM)
dendrimer composites of Fe3O4 NPs and sulfur-
functionalized PAMAM dendrimer/Fe3O4 nanocomposite
materials were studied to decontaminate aqueous Hg(II) by
Y. Zhou et al. [65], and by L. Luan et al. [14] and the maxi-
mum adsorption capacity of 605.78mg/g and 160.47mg/g,
respectively, was achieved. In other related reports, magne-
tite Fe3O4 NPs were used to remove Cr(VI) ion from waste-
water at initial concentration of adsorbate of 2 g/d m3 and at
pH=4, and with maximum adsorption capacity of 8.67mg/g
was achieved [65].

From the data of adsorption kinetics, adsorption iso-
therms, and FT-IR analysis before and after adsorption of
the heavy metal ions onto Fe3O4 NPs, the upload of Hg(II)
and Cr(VI) ion by the magnetite iron oxide NPs is domi-
nated by the chemical interaction between adsorbent
(Fe3O4 NPs) and adsorbate (Hg(II) and Cr(VI)).

4. Conclusion

The XRD study revealed that the phase structure of Fe3O4
NPs were cubic face centered with average crystallite size
between 20 and 30nm. The SEM micrographs depicted the

Table 4: Maximum sorption efficiencies (%R) and sorption capacities (qm) of magnetite iron oxide nanoparticles and related adsorption
parameters for removal of Cr(VI) and Hg(II) ions from wastewater.

S.no Adsorbate Adsorbent material

Maximum
adsorption
capacity (qm,

mg/g)

Removal
efficiency
(%R)

pH of
solution

Temperature
(°C)

Adsorption
kinetics

Adsorption
isotherm

References

1 Hg(II) Fe3O4 NPs NA 87 5.5 25 PSO Freundlich [59]

2 Hg(II) Fe3O4 NPs NA 43.74 6 25 PSO Langmuir [59]

3 Cr(VI) Fe3O4 NPs 105.26 82 5.2 25 PSO Langmuir [61]

4 Cr(VI) Fe3O4 NPs NA 72.45 25 PSO Freundlich [62]

5 Cr(VI) Fe3O4 NPs NA 98.95 2 25 PSO Langmuir [63]

6 Cr(VI) Fe3O4 NPs 26.5 NA 2 25 PSO Freundlich [64]

7 Cr(VI) Fe3O4 NPs 15 NA 1 25 PFO Langmuir [52]

8 Hg(II)
Schiff base decorated
PAMAM dendrimer/
Fe3O4 composites

605.78 NA 6 25 PSO Langmuir [13]

9 Hg(II)
Sulfur-functionalized
PAMAM dendrimer/
Fe3O4 composites

160.47 NA 6 25 PSO Langmuir [14]

10 Cr(VI) Fe3O4 NPs 8.67 NA 4 25 PSO Langmuir [65]

11
Hg(II) Fe3O4 NPs

Fe3O4 NPs

63.33 95 7 27 PSO Langmuir
This study

Cr(VI) 56.61 86 5 27 PSO Freundlich

N.B: PFO = pseudo first order; PSO = pseudo second order; PAMAM= polyamidoamine; NA = not available.
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agglomerated grain size of synthesized Fe3O4 NPs. The max-
imum percent removal efficiency of the adsorbent material
(Fe3O4 NPs) for adsorption of chromium (VI) was 86% (at
initial concentration of 20mg/L, contact time of 90min,
and adsorbent dose of 300mg) and for mercury (II) 90%
(at initial concentration of 20mg/L, and contact time of
90min) from aqueous polluted water. At pH=7, the percent
removal efficiency of Fe3O4 NPs to adsorb Hg(II) was 90%
(at constant time of 90min, initial concentration of 20mg/
L, and adsorbent dose of 300mg); at pH =5, the percent
removal efficiency of Fe3O4 NPs to adsorb Cr(VI) ion was
86% (at constant time of 60min, initial concentration of
20mg/L, and adsorbent dose of 300mg). The mechanism
of both Hg(II) and Cr(VI) metal ion adsorptions was best
fitted with pseudo-second-order kinetics, and Cr(VI) ion
sorption follows the Freundlich adsorption isotherm model
whereas Hg(II) ion sorption fitted with the Langmuir iso-
therm model. The regenerability study of the adsorbent
material (Fe3O4 NPs) performed for five consecutive cycles
shows only slight decrease in removal efficiency (4.17% for
Cr(VI) and 3% for Hg(II)) between the 1st and the 5th

adsorption-desorption cycle.
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Nanotechnology being undoubtedly an uncut gem over the past few years has been in sighting as a new form of branch with its
vigorous discoveries which have led to its divergent evolution giving emergence not only in the pathway of knowledge but also
developing technological techniques. The constituting nanoparticles and its versatile properties with dynamic structures have
made a major breakthrough in the past few years for its role in biotechnology arising nanobiotechnology, antipollution,
renewable polymers, and its biomedical applications. Nanostructure composites forming nanomaterials on the basis of its
working are pectin, cellulose, lignin, hyaluronic acid, bacterial cellulose, Arabic gum, and bacterial biosurfactants. In the recent
years, it is seen that nanocomposites are giving promising results in medical technology incorporating with useful metal
nanoparticles such as silver nanoparticles (AgNPs), gold nanoparticles (AuNPs), diamond nanoparticles, zinc oxide (ZnO), and
titanium oxide (TiO). Some useful biomedical applications are in anticancerous, sunscreen, antiageing, and antitumorous. They
have shown to be nontoxic at a certain level. Nanoparticle composites have proven with right amount of doping, and
experienced techniques have given excellent results. Nanofibers of biodegradable poly(L-lactide) (PLLA)/poly(lactide-co-glycol
ide) (PLGA) compounds are used in drug delivery, folate redox-responsive chitosan nanoparticles (FTC-NPs) also as
anticancer drug delivery, and mesoporous silica nanoparticles-silver nanoparticles as a tissue growth in vivo processes. The
study of a biosynthetic pathway of therapeutic drugs is still much needed. Waste management of renewable nanopolymers are
an ultimate goal so that there are less haphazard elements towards the environment.

1. Introduction

As we approach to the recent times of our study with biolog-
ical environment, we observe that not only it provides us
with basic necessities but also classifying itself into produc-
ing different forms of nanocomposites with splendid attri-
butes and serving many purposes. These nanocomposites
aligned in the formation of polymers giving a spectrum of
scope. The fact that withholds with the nanocomposite’s
polymers is its unique way of matrix formation constituting
molecules (e.g., carbohydrates, colloids, and amino acids).
The importance of these colloids is not only subjected with

the formation of it but also in regard with sustainability.
Renewable polymers are the polymers composed of natural
product or the tendency of it converted into simpler poly-
mers that are unpolluting to the biological ecosystem, cease-
less resource of energy contributing a promising shelf life.
The polymers from renewable resources [1] include polysac-
charides, lignin, triglycerides, chitosan, and amino acids.
Some other renewable resources of nanocomposites mate-
rials including fibroin of spider, silkworm’s fibroin [2], and
nacre mother layer [3] of mollusks have an emerging contri-
bution towards renewable polymers; thus, these polymers
owing to its sustainability possessing compact matrix
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structure are established with other nanocomposite poly-
mers; the following physical attributes such as interfacial
tensile, layering of matrix, bonding energy, resistance under
pressure, elasticity, and fabrication are considered. In terms
of chemical versatility of nanostructure composites of the
renewable polymers, we see the 1D, 2D, and 3D [4] forms
and wavelength of electrons and photons [5], mitigating
damages at nanoscale level, stability, redox properties [6],
optical activity, and crystallinity [7]. On analyzing the phys-
ical and chemical versatility of the following nanocomposite
particles with technology and advanced resources, this can
be crafted by engineers and aid in the rapid production of
quality in the polymers. The metallic catalyzed nanoparticle
has its own different functions with respect to its contribut-
ing strategic properties. Some metallic catalyzed nanoparti-
cles are titanium (II) oxide (TiO) [8], zinc oxides (ZnO),
silica, iron oxides (Fe2O3), silver nanoparticles (AgNPs)
[9], gold nanoparticles (AuNPs) [10], diamond nanoparti-
cles [11], and noble nanostructured particles [12]. Zinc oxide
(ZnO) and titanium oxide (TiO) are known to be manufac-
tured worldwide with a contribution of 10,000 tons annually.
Zinc oxide (ZnO) and titanium oxide (TiO) own a photocat-
alytic attribute of cosmetics in sunscreen. Silver nanoparti-
cles (AgNPs) display the ability to cease microbes making
it a prerequisite quality for packaging (Figure 1). Gold nano-
particle (AuNPs) and its nanoscale reduce ageing and help
as an elixir of anti-inflammatory with blood circulation. Iron
oxide (Fe2O3) [13] nanoparticles are showcased as an
acceptable food colorant, and lastly, diamond nanoparticles
with antioxidizing and nontoxic levels with other nanocom-
posites enact as shielding agent against UV and oxidation.
During last year, major power cuts were observed all claim-
ing to the shortages of fossil resources (coals, crude oils, etc.)

and hikes in oil prices and commodity goods. Increasing
unlimited demand of consumption goods and other vital
resources is leading to scarcity of resources which are set
to be depleted in some years about time. There is a need to
combat with such crisis; thus, the vigorous conversion of
biomass materials into chemical materials has led to an
increasing demand in companies. This major breakthrough
from the past few years has not limited with an idea of con-
sumption, but with abroad spectrum in urge of biorefineries
with less wastage, materials are being mandated but execu-
tion is slow. During the esterification of glycerol with fatty
acids from plant oils of triglycerides [14] containing other
modification that led to increasing chances of new nano-
structured materials as shown in (Figure 2), this promising
nanostructure from such plant-based oils is manifested in
proving with different possibilities of matrices and functions.
They are not exclusively in narrow fundamental consump-
tion but a breakthrough of other applications too.

We see that the polysaccharide are subdivided into
three nanomolecular structure in order to give the desired
result that was accomplished by interaction of two opposite
charge form, i.e., anionic and cationic polymer (Figure 2);
to form a polyelectrolyte complex, the amphiphilic polysac-
charide orients themselves to accomplish emulsions, and
the addition of crosslinkers unites into ionotropic gelation
per its activating function. Some drawbacks reported are
seen that all renewable polymers are not guaranteed biode-
gradable polymers even despite having biological nanocom-
posites. Secondly, there is not much improvisation with the
transportation to the target receptors or a pathway that has
been developed to transport the nanostructured polymers.
In this article, we will not be discussing much of micro-
structured particles.

365 nm

GSH

Drug release

Polymer prodrug Camptothecin

AgNPs AgNPs

Figure 1: Representation of fluorescence “off” and “on” with the release of CPT from redox-responsive P(MACPTS-coMAGP) @AgNPs
nanoparticles. Reproduced from [73]. Chinese Chemical Letters (Elsevier).

2 Journal of Nanomaterials



2. Historical Review of Nanostructure
Polymeric Material

Humans have previously utilized the natural concrete nano-
fibers more than 4500 years a long time ago. Based with the
synthetic chemical process, the ancient Egyptians also used
nanomaterials besides than 4000 years ago [16]. The synthe-
sized approximately ≈5nm diameter PbS nanoparticles were
used in hair dye [17]. In the 3rd century, Egyptians used sin-
tered mixture nanometer-sized glass and also ina quartz; the
“Egyptian blue” was the first synthetic pigment first used
and prepared by the Egyptians [18]. Egyptian blue consti-
tutes a mixture of CaCuSi4O10 and SiO2, i.e., mixture of glass
and quartz. On the basis of archaeological explorations, the
Egyptian blue used for decorative purposes has been
observed in the ancient period in the region of Mesopota-
mia, Egypt, and Greece. In the scientific arena, Michael Far-
aday scientifically first described nanoparticle preparation
and also initiated the history of nanomaterials in the year
1857. He also give out that the optical features of gold col-
loids, i.e., Au, are differing compared to their bulk. In the
year 1908, Mie explored that the metal colloids have a spe-
cific color, the reason behind their quantum size effects.
SiO2 nanoparticles were manufactured as derivative to car-
bon black for rubber strengthening in the year 1940s.
Nowadays, manufactured nanomaterials can significantly
enhance the features of bulk materials inside their conduc-
tivity, lightness, durability, and strength, and they can give a
very useful features such as antifreezing, antibacterial, self-
healing, and self-cleaning. In the medieval period, it was
found that the red- and yellow-colored stained glass was pro-
duced by Au and Ag nanoparticles approximately [19]. In the
9th century, Mesopotamians started using ceramics for
metallic luster ornament [20]. In the 19th century, a famous
Satsuma glass in Japan was produced. The adsorption prop-
erties of Cu nanoparticles are improved by brightening Sat-
suma glass with ruby color [21]. In the 5000BC, clay was
frequently used to bleach wools and cyprus in cloth [22].
Samsung introduced an antibacterial technology based on

Ag nanoparticle they used in air purifiers, vacuum cleaners,
washing machines, refrigerators, and air conditioners, stud-
ied in the year 2003 [23]. Nanoparticles are considerably used
in the production such as transparent layers used for heated
fillers in tires to enhance adhesion on the road and improve
the stiffness and window panes [24]. Mercedes-Benz studies
a series of production for both type of metallic and nonmetal-
lic paint finishes studies in the year 2003. TiO2 nanoparticles
are used in dye sensitization ability and in solar cells. In the
year 2012, Summer represents the first major commercial
use of dye-sensitized solar cells [25]. A series of product
approximately 1814 nanotechnology-based consumer prod-
ucts are commercially accessible in over 21 countries.

3. Nanostructured Natural
Renewable Polymers

3.1. Polysaccharide. Polysaccharide is one of the most versa-
tile and foremost compounds in the biological nature. Poly-
saccharide is in an abundant quantity and cosmopolitan.
Polysaccharide is one of the emerging nanocomposite poly-
mers and highly in demand than the synthetic polymers.
Their versatility is in terms of medical, industrial, economic,
cosmetic, and recreational activities; thus, with this trait,
they are harmonically aligned with the biological systematic
resulting in a biodegradable resource. These nanostructured
polymers are not only a good biodegradable resource but
also in developing an eco-friendly performance. On studying
the structural figure of the polysaccharide compounds, we
see interlinking functional groups that have a capacity of
forming noncovalent bonds with living and nonliving tissues
with its carboxyl, hydroxyl, and amino groups. This compact
raw structure of polysaccharides is being essentially involved
in the production of pure chemical substances for, e.g.,
polyaddition of bioethanol for ethylene glycol. When other
polysaccharides come into contact with hydrophobic and
hydrophilic parts, the insertion of polar groups towards the
hydrophobic part can result in a glucose backbone arrange-
ment, which may boost the amphiphilic character of the
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Figure 2: Diagramatic representation of formation of polysaccharide-based nanostructures. Reproduced from [15]. Copyright2020,
Molecules (MDPI).
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polysaccharide [26]. With the introduction of a polar group
through esterification in the polysaccharide nanocomposites,
it has expressed the hydroxyl groups [27]. With this process,
it has led to the improvement of polysaccharides with the
modular structure of cellulose and its derivatives [28, 29] as
in cellulose ethers (methylcellulose, carboxymethyl cellulose,
and hydroxypropyl cellulose) [30]. They have been a promising
nanocomposite for the industrial, medical, cosmetic (shampoos
and toothpastes), and lastly edibles (gelato manufacturing).

3.2. Lignin. Lignin nanocomposites are considered being in a
profound aggregate in nature. In recent years, lignin, the sec-
ond most prevalent biopolymer after cellulose, has attracted
a lot of attention. Every year, it is predicted that around
21011 tons of lignocellulosic biomass wastes are generated
worldwide, making lignin a readily available renewable phe-
nolic component. It has the potential to assist the shift from
a fossil-based to a biobased economy by supplanting syn-
thetic chemicals now generated from fossil resources because
it is already produced in side streams of pulp and biorefi-
neries. Because only around 40% of the lignin generated in
pulping processes is required to meet the processes’ internal
energy requirement, there is the potential to greatly increase
the quantity of lignin (Figure 3) used for material purposes,
while still maximizing the efficiency of all biomass compo-
nents should be expanding in terms of sustainability. Plants
are a major component for lignin about 15-30% of its bio-
mass apart from cellulose. So not only it is a considerate
material for the paper and cardboard industry but it also

provides a poor solvation rate with respect to aqueous solu-
tion; this is because of its lignin composition matrix. Dex-
tran (Figure 3) was originally derived from wine. Lignin
has a highly branched polyphenolic polyether comprising
of three structural monomers of 4 hydroxyl phenyl guanylyl
and syringyl (Figure 3) derivatives chained with the aromatic
and aliphatic ether with hyper branches (Figure 3) [31, 32].

Lignin nanocomposites (Figure 3) are considered being
in a profound aggregate in nature. Plants are a major com-
ponent for lignin about 15-30% of its biomass apart from
cellulose. So not only it is a considerate material for the
paper and cardboard industry but it also provides a poor sol-
vation rate with respect to aqueous solution; this is because
of its lignin composition matrix. Lignin (Figure 3) has a
highly branched polyphenolic polyether comprising of three
structural monomers of 4 hydroxyl phenyl guanylyl and syr-
ingyl derivatives chained with the aromatic and aliphatic
ether with hyper branches. It is an asymmetric matrix with
2% of lignosulphonate seen in promoters of adhering in
material allowing industrial manufacturers in making of
bricks, ceramics, fodder pods for livestock, pavement mate-
rials, and most importantly circulation of oil-seizing plat-
forms. Since lignin is an asymmetric compound, it was
found that with phenolic and aliphatic compounds on fur-
ther characterization using carbon nanotubes (2,4 toluene
diisocyanate), TDI tailed with polymer of propylene glycol
functions as chemical sensors.

Further, the hydroxyl groups of lignin films were altered
with poly(N-iso-propyl acrylamide) on using this technique
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of atom transfer radical polymerization (ATRP) in a bathed
environment resulting in ion-sensing nanofibers [34]. In
order of carrying hydrophilic substances in lignin nano-
structured containers, it was observed with the creation of
a hollow nanocapsules by forming a boundary with polyad-
dition of lignin with TDI in reverse processing in minute
emulsion and carrying with dissolving the lignin derivative
in an organic solvent and water giving rise to a biodegrad-
able lignin nanocontainer which are able to transport hydro-
philic compound.

3.3. Pectin. This is the first most studied and investigated
polysaccharide. It is found mainly in the cell wall and middle
lamellae of some herbaceous plants such as the peels of cit-
rus fruits like lemon, kumquats, peels of apple pomace, sun-
flower depurating, and stems of broccoli, thus producing
white to light brown-colored powder. Pectin is a heteropoly-
saccharide constructed polymer of galacturonic acid and
rhamnose as its spine with connecting links with arabinose,
fucose, galactose, and xylose. This is a structural heteropoly-
saccharide having a main component composed of ∝−D
galacturonic acid and other sugar acids like D-galactose
and L arabinose residues [35]. The contributing characteris-
tics of nanoparticle size of pectin have degree of esterifica-
tion, methoxylation, and pH levels; it can be detected in
the diverse range of ~50 nm-850 nm. Pectin can be studied
on the basis of size, shape, and biocompatibility ensuing in
three reasonable classifications based on methoxylation of
pectin as high methoxylated pectin (HMP), low methoxy-
lated pectin (LMP), and amidated methoxy pectin (AMP).
High methoxylated pectin (HMP) having a degree of esterifi-
cation smaller than 50% and low methoxylated pectin (LMP)
having a degree of esterification greater than 50%. When
HMP is deesterified using ammonium ions, low methoxylated
amidated pectin (AMP) is formed having a DE greater than
25%. Due to its strong mucoadhesiveness, gelling capability,
and solubility in many pectin, nanoparticles (NPs) are used
in wound healing and oral medication administration natural
settings. As a counter to metallic nanoparticles, Birch and
Schiffman produced self-assembled polyelectrolyte complex
nanoparticles comprised of chitosan and pectin for the
treatment of persistent wounds caused by different lifestyle
conditions. Antibacterial, anti-inflammatory, and preferred
stability in pH ranges of 3.5 to 6.0 are provided by bioadhe-
sive and biodegradable polymeric nanoparticles such as chi-
tosan and pectin NPs, implying significant future potential
in wound healing.

It is considered to be a natural diet for human beings but
still insignificant with its nutritional amount. Isolated pectin
is found to have 30% of polysaccharide in them. Pectin
uniquely characterized with a thick gel like appearances is
mainly used in confectionaries such as jams, gelato, preser-
vative, and conserves on adding to concentrated solution.
Since pectin’s resource comes mainly from citrus, their
nanostructures are packed with vitamin C which is one most
crucial effective in the cosmetic industry. Heavy metal toxic-
ity, which can be caused by exposure to lead, mercury, arse-
nic, and other elements, has also been treated with pectin.
Some individuals feel that modified citrus pectin (MCP)

might aid in the excretion of harmful chemicals from the
body. However, there is a scarcity of neutral research to back
up such conclusions. Furthermore, due to pectin’s strong
mucoadhesive nature, all three citrus pectin specimens
showed similarities in their description investigations, and
we believe they are excellent carriers for oral administration
of hydrophobic drugs in regulated dose forms. We aim to
conduct comprehensive drug delivery research in the near
future using the created and well-characterized pectin nano-
particles. Pectin is indigestible to humans in its native condi-
tion. The nanostructure composite of pectin is isolated from
the technique of nanoemulsions that can prepare an aqueous
gel of sodium caseinate forming a multifunctional complex
electrolyte loaded with curcumin extract [36]; its unique
compact nanocomposite matrix has been a favorable model
for shampoos and lotions.

3.4. Arabic Gum. Arabic gum comes from the Acacia senegal
and Acacia seyal trees that are found in the dessert regions.
The Acacia tree is most commonly grown in water scarce
region and hot climate of African region. The productive
extraction of the nanopolymer gum resin is dependent with
the season, harvest time, life span of the tree, and most
importantly with the quality condition of the tree. The origin
of Arabic gum has been found to be one of the ancient times
dating back to 2650 BC as due to their viscous nature, they
were considered to be utilized in mummification of dead
bodies and prime source to protect food from decay. The
Arabic gum (Figure 4) nanobiopolymers consist of a cocktail
of carbohydrates (mainly D galactose and L arabinose unit)
(Figure 4) [37] and proteins (arabinogalactan protein com-
plex (AGP), arabinogalactan, and glycoprotein) (Figure 4)
[38]. The dual nature of Arabic gum both being hydrophilic
and hydrophobic has made it suitable for easily altering food
tastes with shielding and long-lasting amalgamative in food
quality products. Other source of Arabic gum such as
xanthan, gaur, and locust bean is being explored [39].

Likewise, the adsorbents’ exceptional regeneration and
recovery of the adsorbed species indicated that it may be
used for water filtration. The nanocomposite’s super-
paramagnetic nature, thermal stability, large surface area,
and porous structure made it a one-of-a-kind material for
wastewater treatment applications. Arabic gum possesses
several biological characteristics as an antioxidant in lipid
metabolism and in the treatment of a variety of disorders,
including diseases of the kidneys, the heart, and the gastroin-
testinal tract. Arabic gum is used in confectionery, bakery,
dairy, and beverage and as a preservative in the food sector.
A microencapsulating agent is a substance that may be used
to encapsulate. It is used as a stabilizer in dairy products.
Because Arabic gum contains a variety of amino acids, it
boosts antioxidant capability. Lysine, tyrosine, and histidine
are typically considered acid residues as biomolecules that
act as antioxidants.

The biological features include antioxidant qualities, an
influence of Arabic gum on renal function, blood glucose
concentration, intestinal absorption, Arabic gum breakdown
in the gut, lipid metabolism, tooth mineralization, and
hepatic macrophages, among others. Because Arabic gum
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contains a variety of amino acids, it boosts antioxidant capa-
bility. Arabic gum affects renal function via lowering blood
pressure and reducing concentration levels of creatinine
and urea nitrogen in diabetic nephropathy patients. Arabic
gum leads an effect on fasting blood glucose levels, and gly-
cosylated hemoglobin levels were both considerably lower:
HbAc1 as well as a considerable drop in blood pressure
and HbAc1 as well as a considerable decrease in blood uric
acid and total protein levels. The transport of water and elec-
trolytes from the intestinal lumen to the bloodstream is facil-
itated by Arabic gum. Intestinal bacteria may convert Arabic
gum to propionate, a short-chain fatty acid. Arabic gum is
rich in fiber that aids in weight loss and fat deposition. Ara-
bic gum is employed as a medication carrier in the pharma-
ceutical sector since it is nontoxic.

It is thought to be a biologically innocuous chemical.
Arabic gum possesses several biological characteristics as
an antioxidant in lipid metabolism and in the treatment of
a variety of disorders, including diseases of the kidneys, the
heart, and the gastrointestinal tract.

3.5. Starch. This nanopolymer composite mainly is a store
house of energy for plants. The nanocomposites matrix
structure comprise of linear poly(1,4−∝ −Dglucopyranose)
with branches of (1,6-∝-D-glucopyranose) (amylopectin)
(Figure 5) [40]. Starch is a heteropolysaccharide made up
of two types of macromolecules: linear amylase (which
makes up around 10–30% of the granule) and branching
amylopectin (which makes up the remaining 70–90% of
the granule). Amylose (Figure 5) is a linear polysaccharide
chain made up of d-glucose units joined by a (1,4)-glycosidic
bond with a polymer degree varying from 300 to 10,000.
Amylopectin (Figure 5) is a high-molecular-weight polymer
having an amylase spine that is connected together with
-(1,6) glycosidic linkages. The nanostructured composites
of starch are mainly obtained by conditioning the granules
using ultrasonication which has been one of the utmost fac-
tors for substituting with the fat or oil in edible oils. As
emulsion stabilizers, fat replacers, flexible films, carriers of
bioactive compounds, drug delivery, and adsorbents in sew-

age treatment or wastewater treatment, starch-based nano-
composites have a wide range of applications in food and
agriculture, packaging, biomedical, and environmental
remediation. Starch nanoparticles have an active surface area
of more than 300nm and are typically less than 300nm in
size. Starch nanoparticles, starch nanospheres, starch
micelles, starch vesicles, starch nanogels, and starch nanofibers
are examples of starch-based nanoparticles. Because of its
renewability, biodegradability, availability, eco-friendliness,
cheap cost, nontoxicity, high adsorptive capabilities, amena-
bility to numerous chemical changes, and cohesive film-
forming abilities, starch has received much interest. Through
the functional (hydroxyl) groups on the starch structure,
starch molecules can bond with heavy metal ions or pollut-
ants. Secondly, starch with a high amylopectin concentration
exhibits strong swelling capabilities, which are crucial in sorp-
tion applications. Carbohydrates have been utilized as reduc-
ing, stabilizing, and/or complexing agents in the majority of
reported studies. Due to the interactions between the individ-
ual constituents, starch-based hybrid materials show a range
of capabilities and/or novel properties, most of which are asso-
ciated with synergetic effects, and have been observed in envi-
ronmental remediation applications. Several starch-based
composites have been found to have a strong adsorption abil-
ity for heavy metals and dyes removal. Since starch comes
from a polysaccharide derivative, thus it is one of the govern-
ing factors for its versatility. However, starch in its pure or nat-
ural form has disadvantages such as poor processability, high
brittleness, retrogadability, high viscosity, low adsorption
capacity, and increased hydrophilicity or high water absorp-
tion capacity, which restricts its numerous environmental
uses. Starch is transformed physically (hydrothermal process-
ing (i.e. gelatinization)) or chemically (etherification, esterifi-
cation, crosslinking, grafting, oxidation, and enzymatic
hydrolysis) or a combination of these two processes to over-
come this challenge and generate water-insoluble polymers.
Polysaccharides include several reactive hydroxyl groups that
can be used for direct esterification, etherification, and other
chemical changes. This replacement has brought with the
manageable industrial wastes. These materials offer a realistic
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and cost-effective alternative to petroleum-based counterparts
in the fight against pollution. To eliminate different harmful
impurities such as heavy metals, organic contaminants, and
dye wastewater, starches are combined with metal NPs, metal
oxide NPs, zero-valet metals, CNTs, and other polymers as
reducing, stabilizing, and/or complexing agents. In African
countries, starch meals are one of their food resources in order
to combat with hunger, but still, this polysaccharide nanocom-
posite derivative is in the need of advancement due to their
lesser number of calories provided as compared to other food
resources.

3.6. Bacterial Cellulose. Bacterial cellulose is one of the natu-
ral biopolymers. It withholds a unique structure of nanofiber
which are three-dimensional reticulated network matrix. In
1883, Brown discovered in Acetobacter xylinum andGluco-
nacetobacter xylinus aerobic conditions thriving in glucose
as carbon source. Bacterial cellulose can also be extracted
from Agrobacterium and Sarcinia ventriculi. Because of its
nanofibrillar matrix, bacterial cellulose is very biodegradable
and has excellent physicochemical qualities. Because of the
high level of natural purity, this substance demonstrates neg-
ligible toxicity in practically all applications, allowing this
dressing to be used directly. However, fungi, seaweed, and
some bacterial species may produce cellulose, most notably
the non-pathogenic, strictly aerobic, Gram-negative bacte-
rium Komagateibacter sp. (previously Acetobacter and Glu-
conacetobacter), with Komagateibacter xylinus being the
best researched species (K. xylinus). Bacterial cellulose has
features that are consistent in integrating macromolecular
and surface properties, which are important for clinical field
both in vivo and in vitro. Bacterial cellulose has since been
proven to be a promising new biomaterial for biomedical
use. As a result, the objective of this review is to summarize
and evaluate the most recent advancements and uses of bac-
terial cellulose in a biomedical environment, including the
bioengineered material and bacterial cellulose.

Bacterial cellulose is at the forefront of regenerative med-
icine, since it improves cellular adhesion, stimulates cell pro-
liferation, migration, and eventual differentiation, and
therefore speeds wound healing. Biomedical devices built
of bacterial cellulose have several advantages, including min-
imal toxicity and the capacity to keep wounds wet. The bac-
teria begin the manufacture of cellulose by passively
collecting glucose from the environment, which is subse-
quently isomerized from glucose-6-phosphate to glucose-1-
phosphate. The uridine diphosphate glucose, UDP-glucose,
is formed when this isomer interacts with uridine-5-
triphosphate (UTP). This UTP-glucose is subsequently con-
verted into linear 1,4 glucan chains by cellulose synthase A,
which is triggered by cyclic-di-GMP. The cellulose chains
are subsequently expelled by the bacteria through holes in
the cell wall. If the bacteria run out of glucose, it will switch
to the fructose pathway, which uses the same biochemical
pathways as the glucose pathway. A particular operon
termed bacterial cellulose synthesis ABCD (bcsABCD) that
was discovered in K. xylinus in 1999 modulates the meta-
bolic pathways. The first gene in the bcsABCD operon, bcsA,
is responsible for encoding cellulose synthase, the enzyme’s
catalytic component. The second gene, bcsB, is responsible
for the creation of a regulatory component located on cellu-
lose synthase that binds to c-di-GMP, which is very impor-
tant since this contact promotes the formation of cellulose.
The activities of bcsC and bcsD remain unknown; however,
it is thought that bcsC plays a role in the formation of holes
in the cell membrane, and the proteins encoded by these
genes are comparable to pore-forming proteins. K. xylinus
may grow in shallow containers with semidefined growth
media in a static incubator at 30°C for 7 to 14 days, after
which a thick pellicle of cellulose develops at the liquid sur-
face contact and is readily collected. Although this is the
most common technique of manufacturing BC, it has some
drawbacks, including cultivation time and expense. Further-
more, since the organisms are exposed to different growth
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environments, such as some being exposed to oxygen while
others are exposed to anaerobic conditions, and because of
changes in carbon supply gradients, cellulose synthesis
might be unequal. Bacterial cellulose has been in much use-
ful over plant cellulose due to it being in much greater quan-
tity than plant cellulose. It shows much profit with the terms
of cost-effective manufacturing, free from impurities, and
much wider scope than plant cellulose. The structural prop-
erty of bacterial cellulose aids in understanding the potential
uses and drawbacks of the composition in order to configure
the magnitude and way of production. Cellulose is made up
of linear homopolysaccharides connected by 1,4-glycosidic
connections (Figure 6) and conjugated by -d-glucose units
(Figure 6). This is due to the unique 3D structure of bacterial
cellulose, which accounts for its better physical qualities as
compared to vegetal cellulose. Bacterial cellulose fibrils, for
example, form extensive aggregate networks with an average
diameter of 1.5 nm, resulting in significantly increased sur-
face area, flexibility, elasticity, and tensile strength.

Following the successful production of cellulose exopoly-
saccharides, the linear chains of cellulose are organized into
10–15 polymer chains, resulting in nanofibers that are then
sequentially structured to produce microfibrils that are 100
times smaller than their vegetal counterparts. Microfibril
bundles are formed by bundling the microfibrils together
(Figure 6). Microfibril bundles are formed by bundling the
microfibrils together. The microfibril bundles are grouped
together to produce cellulose ribbons that are 3–4 nm thick
and 70–80 nm broad. These ribbons then randomly inter-
twine to produce a thick matrix of cellulose fibers, which is
formed by strong inter- and intrachemical interaction, prin-
cipally hydrogen bonding, that happens between consecutive
sheets of cellulose. This high amount of hydrogen bonding
also permits cavities to develop inside the cellulose, which
has an ionic charge that allows elements like silver ions to
be implanted into the material. This characteristic of cellu-
lose will enable manipulations such as loading the cellulose
with antibacterial compounds having an ionic charge aiming
at organisms causing harm. Bacterial cellulose has shown
flexibility with lipophilic molecules used in ice cream pro-
duction and gum as a lipid substitute, production in coconut
milk fermentation, and amalgamating constancy with an
increase in manufacturing.

The unique structure of nanofiber encompasses hydroxyl
groups and crystalline structure with hydrogen bonds for
improved hydrophilicity and possible hydrophobicity owing
to its nanocrystal’s matrix [41]. It is seen that these nano-
crystals can interact with lipophilic molecules even without
a hydrophobic group.

3.7. Bacterial Biosurfactants. These are commonly known as
microbial surfactants; they are known to produce microor-
ganisms which are said to be in dual nature towards aqueous
medium being hydrophilic and hydrophobic. Some com-
monly known microbes are yeast, bacteria, and fungi. Bacte-
rial biosurfactants comprises of glycolipid, lipopeptides,
lipoproteins, fatty acids, polysaccharides, and phospholipids
[42]. The structural composition of a biosurfactant is a polar
hydrophobic tail with a polar head group linked with a car-
bon chain group. Agricultural production is negatively
impacted by changing climatic circumstances such as
increasing temperatures, unpredictable rainfall, and biotic
and abiotic stress factors. Agronomists, researchers, and
the scientific community are also concerned about the emer-
gence of new pests, pathogens, or plant diseases. Indeed, for
pathogen control or plant disease management, a bigger
population in both industrialized and developing nations
relies on chemical pesticides or agrochemicals. Yet, the pro-
longed and unrepresentative use of agrochemicals results in
hazardous chemical residues in food, poor nutritional qual-
ity, and the rise of pesticide-resistant diseases. Agrochemical
deposition also has an unfavorable impact on the texture,
nutritional quality, and natural microflora of the soil, as well
as causing environmental issues by damaging soil and water
habitats. In the last two decades, however, microorganisms
and their products have been widely used to improve agri-
cultural productivity and crop output, as well as to reduce
harmful and dangerous environmental pollutants. Microbes
are also preferred in numerous industries for sustainable
development and production due to their diverse nature,
simple production methods, cost-effectiveness, and minimal
or no hazardous influence on the surrounding environment.

Biosurfactants are one of the most recently discovered
microbially generated biomolecules, and they are widely
used as raw materials in the agriculture, waste management,
and pharmaceutical sectors for lubrication, wetting, and
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other activities. We observe that when these biosurfactants
aggregate, i.e., monomers (Figure 7), with each other, they
form a compact associate molecules or micelles (Figure 7)
at a particular temperature enough to activate and produce
the desired results.

The quality and quantity of biosurfactants, on the other
hand, are dependent on a number of elements, including
the kind of microbe, medium additives, substrate nature,
and many internal and external conditions during microbial
culture development. The fundamental procedure in the
synthesis of biosurfactants is the selection of microbial
strains. Therefore, during the exponential or stationary
phases of development, when nutritional levels are
restricted, biosurfactant production occurs either intracellu-
larly or extracellularly in the microbial strain. The composi-
tion of biosurfactants (Figure 7) is also influenced by the
source and separation tactics of microorganisms; for exam-
ple, a strain isolated from a polluted location is regarded a
good candidate for contaminant degradation. The idea
behind this is that the isolated bacterium may employ the
contamination as a food source. Biosurfactants (Figure 7)
also play a physiologic factor in improving the bioavailability
of hydrophobic molecules involved in cellular activation and
development processes, as well as facilitating the absorption
of carbon sources found in the soil. Indeed, the physiological
aspect of biosurfactant generation in a polluted site is
unknown, although it is thought to improve nutrient
absorption from hydrophobic substrates, biofilm develop-
ment, and cellular motility by lowering surface tension at
the phase boundary. During the study of biosurfactant mol-
ecules, quick and reliable methods for the isolation and
screening of microbial strains, as well as subsequent assess-
ment of their involvement in emulsification, lowering inter-
facial, or surface tension, are key aspects. Bushnell and Hass
discovered biosurfactants generated by the microorganisms
Corynebacterium simplex and Pseudomonas aeruginosa in
early 1941. Microbial growth depends on the presence of
carbon (C) and nitrogen (N) sources in the medium. In both

laboratory and large-scale industrial fermenters, the type,
quantity, and ratio of carbon and nitrogen in the medium
have a direct impact on microbial growth and biosurfactant
synthesis. Most research employed glucose, sucrose, and
glycerol as carbon and yeast extract, respectively, and
NaNO3, urea, and soya broth as a nitrogen source in the
medium. For example, for optimal biosurfactant formation,
an abundance of carbon sources and nitrogen limitation
are desired. For Pseudomonas species, for example, a C/N
ratio of 20 has been determined to be the most beneficial.
The most favorable use has been in the detergents, emulsi-
fiers, wetting, and foaming agents and also to promote solu-
bilization of hydrophobic substances [44].

3.8. Hyaluronic Acid. Hyaluronic acid (HA) (Figure 8) also
known as hyaluronan is a linear, negatively charged com-
prising of repeated structure of β-1,4 D glucuronic acid
and β-1,3-N-acetyl-D-glucosamine disaccharide units as
shown in Figure 8. Hyaluronic acid has been found to be a
cornerstone to beauty industry due its immense hydrophilic-
ity trait.

The nanostructured polyelectrolyte complex was modi-
fied with polycation chitosan and then used as an enveloping
agent towards menthol and eugenol to provide slow growth
of microbes. There is more work to be needed in the upcom-
ing days.

4. Biomedical Application

In the industrial arena, nanostructured polymeric mate-
rials can be used to improve a wide range of biological
applications including wound healing devices, pharmaco-
logical patches, glues, and drug carriers. Application of
vegetable oil-based polymeric materials can increase the
biodegradation of the material. Various biomedical appli-
cation essential materials range from soft to hard. In
human metabolism, both endogenous compounds such
as glycerol and sebacic acid in two monomers are found.
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Cis platinum and paclitaxel exhibit localized antitumor
agent delivery [45–48]. Similarly, polymers were utilized
for controlled release of peptide drugs and protein [49].
Treatment of osteomyelitis is used in the delivery of gentami-
cin sulphate and used in delivery of local anesthetics [50]. On
the other hand, the harder materials such as polyurethane
polymeric soya bean oil polystyrene membranes system are
mainly based on the sunflower oils and soya bean. They were
exploring for tissue engineering showing encouraging prolif-
eration and cell adherence (Figure 9). Various examples of
physioresponsive nanomaterials and their biomedical appli-
cations are reported in Table 1. Several examples of
chemical-responsive nanomaterials and their biomedical
applications are discussed in Table 2. Several examples of
biological-responsive nanomaterials and their biomedical
applications are discussed in Table 3. Various research
papers such as dual and multiresponsive nanomaterials and
their biomedical applications are reported in Table 4.

For monitoring the release of anticancer drugs, a drug
carrier system based on the redox-responsive P[(2-
((camptothecin)-oxy)ethyl) disulfanyl)ethylmethacrylate)-
co-(2-(D-galactose)methylmethacrylate)] (P(MACPTS-co-
MAGP)) and AgNPs has been developed. The anticancer
medication camptothecin (CPT) is bound to the surface of
AgNPs through a redox-sensitive disulfide bond on the
side chain of P(MACPTS-coMAGP) (Figure 1). Reversible
addition-fragmentation chain transfer (RAFT) polymeriza-
tion of monomers of 2-(D-galactose) methylmethacrylate)
(MAGP) and 2-(2-((camptothecin)-oxy)ethyl)disulfanyl)
ethylmethacrylate) (MACPTS) coupling with CPT yielded
P(MACPTS-coMAGP). MAGP units with a D-galactose
structure have a high biocompatibility and are commonly
employed in medicine. Disulfide bonds, a well-known
redox-responsive structure, have long been used in drug
delivery systems to stimulate drug release. Additionally,
disulphide bonds have a strong interaction with metal nano-
particles, allowing them to easily bind to their surfaces. As a
result, the distance between CPT and AgNPs is near enough
to meet the requirements. The NSET effect causes CPT fluo-
rescence to be suppressed (“off”).When a reducing agent,
such as glutathione, is present (GSH), because of this, the
CPT molecule is released from the hybrid nanoparticles.
The disulfide link is cleaved, allowing the disulfide bond to
be recovered: CPT fluorescence (“on” state). As a result, the
stimulus-responsive system anticancer medicine delivery
and monitoring are both possible with a complicated system.
CPT is released when the fluorescence “turn-on” signal of
CPT is activated (as seen in Figure 1).

5. Conclusion and Future Prospects

The promising era of science and technology has led to the
fact that some trustworthy natural nanostructured polymers
are in the aim of being biodegradable and sustaining in
nature. Natural nanostructured derivative polymers have
proven its capacity of overtaking the synthetic polymers.
There has been environmentally favored unsheathing
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techniques, and emulsifying polysaccharides have proven to
be cost reliable in terms of isolation of a nanopolymer
matrix from biopolymers. Nanostructured natural polymers

have expressed in synthesizing different biopolymers to
some useful chemical structures. Since polysaccharide are
available in bulk, it is seen that there is maximum

Table 1: Various examples of physioresponsive nanomaterials and their biomedical applications.

Sr. no. Nanomaterials Application References

1. 3D collagen hydrogel Directed neuronal regeneration [52]

2. Fe3 O4/MePEG-PLA nanocapsules MRI [53]

3. Ruthenium-containing block copolymer poly-Ru nanoparticles
In vivo photodynamic therapy and

photochemotherapy
[54]

4. Poly(ethylene glycol) PEG Switchable fluorescent probes [55]

5. Fe3O4/polyaniline Fe3O4/PANI Fe3O4/polyaniline Fe3O4/PANI [56]

6. Polyaniline/gold nanocomposite PANI/AuNCs Immunosensor detection of chronic kidney disease [57]

7.
Poly(catechol)/graphene

Oxide/graphene sheet suspension/AuNP/pol/gr/GCEs
DNA biosensor/electrochemical biosensors/

lymphoblastic leukemia
[58]

8. Gold nanoparticles
Drug delivery, photothermal platform, and skin

wound healing
[59]

9.
Nanofibers of biodegradable poly(L-lactide) (PLLA)/poly(lactide-

co-glycolide) (PLGA)
Drug delivery [60]

10. PMASH magnetic nanocapsules Tumor therapy [61]

11.
Polyaniline, poly(3,4-ethylenedioxythiophene) PANIP, and

PEDOT
Neural prostheses [62]

Table. 2: Various examples of chemical-responsive nanomaterials and their biomedical applications.

Sr. no. Nanomaterials Application References

1.
Octasulfonate-modified zinc (II) phthalocyanine (ZnPcS8)

and layered double hydroxide (LDH)
Theranostics [63]

2. P(MACPTS-co-MAGP)@AgNPs nanoparticles/P(MACPTS-co-MAGP)@AgNPs Drug release [64]

3. Folate redox-responsive chitosan nanoparticles FTC-NPs Anticancer drug delivery [65]

4. Hyaluronic acid-functionalized nanoparticles/(HACSLA-NPs) Breast cancer therapy [66]

5. PEGylated redox-responsive nanoscale COFs (denoted F68@SS-COFs) Cancer therapy [67]

6. Hybrid nanotransistor
Receptor-mediated endocytosis

in tumor cells
[68]

7. Melanin-like nanoparticles Photoacoustic imaging of tumors [69]

8. PEG-Ag NPs Antibacterial, wound healing [70]

9. Poly(ethylene glycol) Prodrug for breast cancer cells [71]

10. AgNPs hybrid nanoparticles Drug delivery [72]

Table. 3: Various examples of biological-responsive nanomaterials and their biomedical applications.

Sr. no. Nanomaterial Application References

1. (CMCS-PBA-LV) NPs/liposomal nanoparticles Oral administration of insulin [74]

2.
ATP-ag nanoparticles/chitosan-based

multifunctional nanocarriers
Participate in signal transduction and protein activity [75]

3. Silver nanoparticles Therapeutic delivery [76]

4. Mesoporous silica nanoparticles-silver nanoparticles Tissue growth in vivo process [77]

5. Hyaluronic acid- (HA-) coated calcium carbonate NP Oral insulin delivery [78]

6. Chitosan/poly(gamma-glutamic acid) nanoparticles Oral insulin delivery [79]

7. Boronic acid-derived polymers Drug delivery [80]

8. ATP-Ag nanoparticles Participate in signal transduction and protein activity [81]
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productivity and chemical composition of material from it.
However, the setback is all given. In conclusion, all three cit-
rus pectin samples depicted similarity in their characteriza-
tion studies, and because of the high mucoadhesive nature
of pectin, we believe them to be suitable carriers for oral
delivery of hydrophobic drug in controlled dosage forms.
We plan to conduct a detailed drug delivery studies in the
near future based on the developed and well-characterized
pectin nanoparticles. The dissolving rate of lignin and also
pectin has proven to be challenging. As a result, there is less
nutritional content and a less agitated digestive system,
which can lead to major health problems if consumed on a
regular basis without medical supervision. Modified citrus
pectin (MCP), a modified kind of pectin, on the other hand,
has properties that make it digestible. Pectin might be useful
in cancer therapy. MCP seemed to slow prostate cancer
development. Pectin needs advancement in terms of biode-
gradability in order to sustain the biological environment.
Before any judgments concerning MCP’s potential as an
anticancer drug can be reached, larger, better-designed
research are required. In environmental remediation,
starch-based materials offer a more cost-effective and envi-
ronmentally benign alternative to petroleum-based poly-
mers. Though starch is an organic nanomaterial with
several features such as renewability, biodegradability, abun-
dance, eco-friendliness, cheap cost, nontoxic, weak barrier,
and mechanical qualities, raw starch has poor processability,
high brittleness, and high hydrophilicity. As a result, physi-
cal and/or chemical processes such as gelatinization, etheri-
fication, esterification, crosslinking, grafting, oxidation, and
enzymatic hydrolysis are used to modify starch, while the
physical qualities of gum Arabic are affected by tree age
and processing circumstances. Moisture, total ash, volatile
matter, and other quality characteristics have been devel-
oped internal power. Because Arabic gum contains a variety
of amino acids, it boosts antioxidant capability. Arabic gum
is employed as a medication carrier in the pharmaceutical
sector since it is nontoxic. It is thought to be a biologically

innocuous chemical. Starch-based materials contain a wide
range of functions and/or unique characteristics, which are
mostly linked to synergetic effects and have been docu-
mented in environmental remediation applications. Various
natural starch sources, green nanomaterial production, recy-
clability, and the toxicity effect of nanowaste should all be
explored in future studies. For commercial use, ongoing
research of biodegradable starch-based hybrids and nano-
materials emphasizing on new functional materials, process-
ing technology, and cost reduction is required. Bacterial
cellulose has been recognized as a highly adaptable material
for producing medically relevant materials such as wound
dressings, composites, dental grafts, and gels, all of which
have unique properties that are well matched to their func-
tions. Furthermore, bacterial cellulose biomaterials have
been studied for use in a variety of biomedical applications,
including the production of wound dressings for mild to
severe wounds. These investigations are ongoing. Bacterial
biosurfactants have a long history of helpful compatibility
in terms of physical, chemical, and biological applications,
making them an excellent choice for multifunctional nano-
polymer composites. Bacteria are global; thus, studying these
nanocomposites is easier. Biosurfactant chemicals require
extensive investigation in order to develop new antibacterial,
antioxidant, and antiproliferative agents. This is not only
economical, but it also protects the body from the sub-
stance’s hazardous effects. Biosurfactant-based cancer ther-
apy and drug delivery, on the other hand, require further
investigation for the treatment of chronic disorders. Despite
advancements in technology and raw materials, biosurfac-
tants’ high manufacturing costs and low yield continue to
be a challenge to overcome. Furthermore, none of these
alternatives has yet to adequately address all of the issues
that have arisen. The maximum propagation of natural
nanostructured biopolymers with the new rising technology
is still not being able to quantify its amount with the rapid
on-going demands which is also challenging. When looking
at the quality of the nanostructured biopolymer, the quantity

Table 4: Examples of dual and multiresponsive nanomaterials and their biomedical applications.

Sr. no. Nanomaterial Application References

1. (LAE-co-PGDE-co-Lys) core-crosslinked nanocarrier Anticancer drug delivery [82]

2. Nanogels based on alginate and cystamine Anticancer drug delivery [83]

3. Poly(ethylene glycol) nanoparticles PLL-ICG
Photothermal and

photodynamic therapy
[84]

4. Histidine-4 polyamidoamine dendrimer Nanocarrier Anticancer drug delivery [85]

5. Poly(NIPAM) nanogel @ Fe3O4 NPs Anticancer drug delivery [86]

6. Silica-coated mesoporous carbon nanocomposite (MCN@Si)
Chemophotothermal
therapy of tumor

[87]

7. Magnetic nanoparticles MFNPs
Targeting, drug delivery,

and MR
[88]

8. 2-hydroxyethylmethacrylate (HEMA)/N,N ′-bis(acryloyl)cystamine
(BACy)/poly(N-isopropylacrylamide) (PNIPAM)/methacrylic acid (MAA)

Drug delivery [89]

9. Poly(ethylene oxide, 2-(diethylamino)ethyl methacrylate Drug release [90]

10.
Six-arm star-shaped amphiphilic copolymer with poly(caprolactone)-bpoly(acrylic

acid)-b-poly(poly(ethylene glycol) methyl ether methacrylate)
Anticancer drug delivery [15]

12 Journal of Nanomaterials



trait becomes underestimated which is also proven to be one
of the major setbacks. There is still research and still oppor-
tunities of more research to be conducted. The future of
nanomaterials is very bright, and it beckons all the areas of
modern science.
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The present study evaluated the anticancer potential of copper oxide nanoparticles (CuO NPs) synthesized from pumpkin seed
extract in human breast cancer cell line (MDA-MB-231) using a battery of tests such as MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] assay, morphological alteration, reactive oxygen species (ROS) generation, and changes in
mitochondrial membrane potential (MMP). The biogenic CuO NPs showed a dose-dependent decline in cell viability with 50%
inhibitory concentration (IC50) at 20 μg/ml. Treatment with an IC50 dose of CuO NPs resulted in considerable morphology
changes, such as shrinkage, detachment, membrane blebbing, and deformed shape in MDA-MB-231 cells. We also observed a
significant dose-dependent increase in ROS production and MMP modulation due to CuO NP treatment. Overall, CuO NPs
showed significant anticancer potential in the breast cancer cell line. However, further validation of our data is required in
ex vivo and in vivomodels before this nanoformulation could be exploited for the treatment/management of human breast cancer.

1. Introduction

Cancers are considered one of the foremost reasons of mor-
tality, where 1.9 million new cases and around 609,360 can-
cer deaths are expected in the United States by the end of
2022 [1]. Breast cancer (BC) is the most common cancer
in women globally and the primary cause of cancer-related
deaths in women, with the second-highest incidence rate
(11.6%) among all cancers, necessitating the development
of effective therapies [2, 3]. Currently, available chemothera-
peutics for BC are costly, have frightening side effects, and
could also lead to resistant cells [4–6]. Traditional therapies
can reduce aggressive BC to moderately invasive BC; how-
ever, most invasive kinds have no effective treatment till
now. Therefore, the urgent need is to find an effective, bio-

compatible, and cost-effective therapeutic agent for BC espe-
cially invasive one, that has few or no adverse effects [7].

In this regard, cancer nanomedicine has taken a signifi-
cant stride in the last few decades and improved the thera-
peutic index of cancer drugs [8, 9]. Nanotechnology has
extensive application in biomedical sciences, particularly
cancer therapeutics [10]. The advantages of nanomaterials
are their large surface area and small particle size, making
them excellent for synthesizing pharmaceutical formulations
[11–13]. Metal oxide nanoparticles have recently come up as
a promising research area due to their vast range of applica-
tions [9, 14]. Copper oxide nanoparticles (CuO NPs) have
been widely studied nanoformulation owing to their intrigu-
ing physical, biochemical, and pharmacological features [9,
15]. Cu-based products have been permitted for human
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use by the United States Environmental Protection Agency
(USEPA) since February 2008 [7]. These nanoparticles are
widely explored because they are essential trace element
and have significant roles in metabolism and physiological
processes [16, 17]. Different tumor cells, such as lung adeno-
carcinoma (A549), leukemia monocytic cells (THP-1), and
colon cancer (HCT-116), have exhibited substantial toxicity
to these nanoparticles [7, 9, 18].

Plant seeds are considered a significant source of bio-
genic nanoparticles production [19–21]. Among plants,
pumpkin is a popular vegetable found in many foods such
as bonbons, comestibles, and rice cakes and has shown sev-
eral benefits [22]. The diverse bioactive compounds such as
carotenoids, polysaccharides, para-aminobenzoic acid, fixed
oil, sterol, protein, and peptides in pumpkins make them
suitable against various cancer [23, 24]. Previous studies
have shown the significant anticancer potential of pumpkins
against gastric, breast, lung, colon, and prostate cancer [25,
26]. Biogenic nanoparticles have gained considerable atten-
tion lately because of their low-cost, eco-friendly nature, reli-
ability, and relative safety [27, 28].

In our earlier study, we successfully synthesized and
characterized biogenic CuO NPs from pumpkins seed
extract using a green, environmental friendly, and nontoxic
approach [9]. The biosynthesized CuO NPs showed signifi-
cant anticancer against HCT-116 cell lines. The current
study is a continuation of our previous work, and it aims
to analyze the anticancer potential of CuO NPs in breast
cancer cell lines (MDA-MB-231) in order to compare its effi-
cacy. Based on the findings, we intend to expand our
research to the most responsive cancer model.

2. Materials and Methods

All the chemicals utilized in this investigation were acquired
commercially from companies like Merck, Sigma, and
others. Streptomycin, penicillin, phosphate-buffered saline
(PBS), 3-(4,5 dimethylthiozol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), 2′7 ′diacetyl dichlorofluorescein (DCFH),
trypsin-EDTA, acridine orange, and ethidium bromide were
obtained from the companies mentioned above. All the
other chemicals were purchased locally and were of analyti-
cal grade.

2.1. Synthesis and Characterization of CuO NPs. In our pre-
vious study, we described the synthesis and characterization
of CuO NPs from pumpkin seeds extract in detail [9].
Briefly, the pumpkin seed extract was prepared and subse-
quently added in 3mM of Cu(OAc)2 solution with continu-
ous stirring. The addition of NaOH to the extract solution
resulted in the formation of CuO NPs. CuO NPs were char-
acterized using a variety of analytical techniques, including
UV-vis absorption spectroscopy, Fourier transform infrared
spectrum analysis (FTIR), X-ray diffraction (XRD), energy
dispersive X-ray analysis (EDX), scanning electron micros-
copy (SEM), and transform electron microscopy (TEM).
These techniques confirmed the biogenic synthesis of CuO
NPs in the 20 nm range.

2.2. Cell Culture Maintenance. The National Centre for Cell
Sciences (NCCS) in Pune, India, provided the MDA-MB-
231 breast cancer cell line. The cell line was grown in
DMEM media supplemented with 10% FBS, penicillin
(100U/ml), and streptomycin (100 g/ml) at 37°C in 5%
CO2 incubator.

2.3. Cytotoxicity (MTT) Assay. To measure cytotoxicity,
MDA-MB-231 cells were treated with different doses of
CuO NPs (5-35 g/ml) in 96-well plate for 24 hours. After
treatment, each well was added with 10μl of MTT, followed
by 2 hours of incubation at 37°C. The purple precipitated
formazan was dissolved by adding 100μl of DMSO, and
the absorbance was measured at 540 nm using a multiwell
plate reader [9]. The cytotoxicity of CuO NPs was calculated
by comparing the percentage of treated cells to control cells.

Inhibitory of cell proliferation ð%Þ = ðMean absorbance
of the control −Mean absorbance of the sampleÞ/ðMean
absorbance of the controlÞ × 100.

The sample CuO NP dose-responsive curve was used to
calculate the 50% inhibitory concentration (IC50).

2.4. Induction of Apoptosis Using Acridine Orange/Ethidium
Bromide (AO/EB) Dual Staining Technique. Microscopic
fluorescence assessment of apoptotic induction was per-
formed using the approach described by Baskic et al. [29].
Before being examined under a fluorescence microscope,
the treated cells were rinsed in cold PBS and stained with
AO/EB (1 : 1 ratio; 100μg/ml) for 5 minutes. The number
of cells undergoing apoptosis was computed as a fraction
of the total number of cells (40× magnification).

2.5. Measurement of Reactive Oxygen Species (ROS). Intracel-
lular ROS generation was detected using the dichloro-
dihydro-fluorescein diacetate (DCFH-DA) [30]. After wash-
ing the treated cells with PBS, it was exposed with 25μM
DCFH-DA for 30 minutes at 37°C as we reported previously
[27]. The fluorescence was measured every 5 minutes for up
to 30 minutes using a spectrofluorometer (excitation 485nm
and emission 535nm) (Shimadzu, Columbia, USA). A mean
slope/min was used to calculate the increase in ROS produc-
tion, which was then normalized to the unexposed control
cells.

2.6. Measurement of Mitochondrial Membrane Potential
(MMP). The established approach by Bhosle et al. [31] was
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Figure 1: A dose-dependent decrease in MDA-MB-231 cell
viability.
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used to measure the modulation in mitochondrial mem-
brane potential. The Rh-123 dye was used to stain the
treated cells and was incubated for 15 minutes. The cells
were fixed after being washed twice with PBS, and the fluo-
rescence intensity was measured at 535nm.

3. Results and Discussion

3.1. Cytotoxicity Assay and Morphological Alterations. A
concentration-dependent rise in cytotoxicity was recorded
in the MDA-MB-231 cell line in response to the treatment
of CuO NPs. The IC50 concentration was found to be
20μg/ml. The cell viability percentage was reduced to 24%
at the highest tested dose, i.e., 35μg/ml (Figure 1). The cyto-
toxicity of CuO NPs synthesized from various biological
sources has previously been reported in several cancers cell
lines, such as HepG2, Amj 13, MCF-7, MDA-MB-231,
A549, and HCT-116 [9, 32–36]. The characteristics of NPs,
such as nanoparticle size, surface charge, and functional
groups determine the therapeutic potential of NPs [11]. A
recent study highlighted the better pharmaceutical and bio-

medical capacity of CuO NPs with smaller NPs sizes [37].
The advantage of our synthesized CuO NPs is the lower par-
ticle size (20 nm) compared to earlier reported ones [37].
The smaller size of CuO NPs could results in extensive tissue
distribution, deeper penetration inside specific tissues, better
cellular uptake, and increased toxic effects to the cancer cells
[37–39]. Earlier studies also reported higher IC50 of CuO
NPs in human breast cancer cell lines compared with our
biogenic CuO NPs, i.e., 20μg/ml indicating its better efficacy
[34, 35]. The smaller size and varied surface characteristics
of CuO NPs could explain the lower IC50 value of our
nanoformulation.

In addition, CuO NP treatment caused morphological
changes in MDA-MB-231 cells, such as shrinkage, detach-
ment, membrane blebbing, and distorted shape. On the
other hand, control cells showed typical intact cell morphol-
ogy (Figure 2).

3.2. Induction of Apoptosis in Response of CuO NP
Treatment. Living cells showed green fluorescence and had
normal nuclear appearance. However, a significant induc-
tion of apoptosis was observed at 20μg/ml CuO NP concen-
tration. Figure 3 depicts a fragmented nucleus showing
yellow fluorescence with condensed chromatin, indicating
early apoptotic cells. However, the orange fluorescence with
chromatin condensation or fragmentation (uniformly red/
orange-stained cell nuclei) indicate late apoptotic cells. In
addition, we also quantitatively measured the percentage of
apoptotic cells, which showed 57% apoptotic cells at 25μg/
ml of CuO NP treatment (Figure 4).

Apoptosis is considered a significant anticancer mecha-
nism that involves the activation of a sequence of molecular
events culminating into cell death with cellular,

Control 20 μg/ml 25 μg/ml

Figure 3: Effect of CuO NPs on the apoptotic incidence in MDA-MB-231 cells.
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Figure 2: Morphological changes in control and treated MDA-MB-231 cells.
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Figure 4: The percentage of apoptotic cells after AO/EB staining.
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morphological, and biochemical changes [40]. It is well-
known that excessive generation of ROS/RNS, oxidative
stress, and cancer cell Sub G1 arrest is connected to DNA
damage and apoptosis/necrosis [41, 42]. Our results agree
with earlier studies that observed induction of apoptosis as
a result of green synthesized nanoparticles [40, 43]. Of late,
endoplasmic reticulum stress-mediated induction of apopto-

sis has also been reported in response to CuO NP treatment
in Wistar rats [44]. Other apoptosis-promoting pathways
have also been identified in response to green synthesized
copper nanoparticles in Hep-2 and MCF-7 cells, that include
upregulation of tumor suppressor genes (p53, Bax, caspase-
3, and caspase-9) and downregulation of oncogenes (Ras
and Myc) [45, 46].

3.3. Effect of CuO NPs on the Intracellular ROS Generation in
MDA-MB-231 Cells. Control cells (dull green fluorescence)
and CuO NP treated cells showed bright DCF stained green
fluorescence indicating production of ROS (Figure 5). The
ROS generation was also quantified by estimating fluores-
cence intensity (Au) in breast cancer cells (Figure 6), show-
ing increased formation of ROS in a dose-dependent
manner. Our findings support previous research that identi-
fied enhanced ROS generation as the key cytotoxic mecha-
nism of green synthesized CuO NPs [41, 47]. In addition,
our study also demonstrated comparatively higher ROS pro-
duction at lesser dose of CuO NP. Increased generation of
ROS is important for cell apoptosis regulation [35].

Control 20 μg/ml 25 μg/ml

Figure 5: Fluorescence microscopic images of MDA-MB-231 cells treated with CuO NPs.
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Figure 6: The quantitative estimation of ROS generation in MDA-MB-231 cells treated with CuO NPs.

Control 20 μg/ml 25 μg/ml

Figure 7: Fluorescence microscope images of breast cancer cells treated with CuO NPs.
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Figure 8: Modulation in MMP quantified by fluorescence intensity
(Au) in breast cancer cells treated with CuO NPs.
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3.4. Effects of CuO NPs on the Mitochondrial Membrane
Potential (MMP) in MDA-MB-231 Cells. We observed a
gradual decrease in green fluorescence with an increasing
concentration of CuO NPs, indicating a dose-dependent
decline in MMP. The fluorescent image at 40×magnification
shows rhodamine accumulation in control cells and its
absence in treated cells (Figure 7). Modulation in MMP
was also quantified by estimating fluorescence intensity
(Au) in MDA-MB-231 cells indicating a notable change in
MMP in response to CuO NP treatment (Figure 8). Green
synthesized CuO NPs from black bean extract have also
affected the mitochondrial structure and modulated mem-
brane potential in Hela cells [36]. Induction of apoptosis
increased formation of ROS/NO, loss of MMP, etc. has been
suggested as possible mechanisms of action of green synthe-
sized NPs in the scientific literature [43, 48, 49]. Our bio-
genic synthesized NPs are also adopting the same
mechanism of action for their anticancer effects.

4. Conclusion

The current study exploited an environmentally safe and
biogenic approach for synthesizing CuO NPs from pumpkin
seed extract. Our findings suggest a robust anticancer poten-
tial of CuO NPs, indicating induction of apoptosis, increased
formation of ROS, and loss of MMP as possible mechanism
of action. We advocate validating our in vitro results in
ex vivo and in vivo models, given the considerable benefits
of these NPs. Adequate replication of our findings could lead
to the utilization of these biosynthesized CuO NPs in phar-
macological, clinical, and biotechnological domains. Under-
standing the specific mechanism of action of these NPs
could also provide a better insight into their application in
different fields.
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Being an environmentally benign method biosynthesis of nanomaterial paying much more attention to researchers, it has many
advantages over other routes, such as one pot, facile synthesis, and cost-effective; synthesized material can have good affinity due
to surface modification and hence became a most attractive candidate for medicinal and biological applications. Moreover,
biosynthesis creates a bridge of interdisciplinary research. Biosynthesis can be done by using bacteria, microbes, plant extracts,
etc. In this study, we focus on the synthesis of some metal and metal oxide nanomaterials (M/MO NMs) by using an extract of
parts from the Moringa oleifera plant. It is a natural source that can serve as a capping, stabilizing, and reducing/oxidizing
agent due to the presence of some of the phytochemical parameters. Moreover, it is a rich source of antioxidants, including
quercetin and chlorogenic acids, such as flavonoids, phenolics, astragalin, anthocyanins, cinnamates, and carotenoids, as well as
a good source of carotene, iron, potassium, calcium, terpenes, quinines, saponins, alkaloids, proteins, tannins, and vitamin.
These components produce smaller particles and give a compelling impact on the activities of M/MO NMs nanoparticles.
Here, we discuss nanoparticles such as FeO, CuO, ZnO, NiO, MgO, Ag, and Au.

1. Introduction

Nanotechnology is the most rapidly developing discipline in
advanced material science research ([1] [2][3]. It will play a
crucial role in several essential technologies due to advance-
ments in organizing nanoscale structures into specified
unique structures [4][5]) based on particular features such
as size and distribution morphology ([6]; [7]). It is becoming
more popular in the domestic and commercial fields [8]),
including chemical science [9], physical science, biomedical
sciences, drug delivery ([10] [11], photocatalysis, and opto-

electronic devices [12]. [13]. For example, nanoscale Ge
and Si quantum dots (>10nm) could be produced in a con-
trolled manner for innovative optoelectronic device applica-
tions such as electroluminescent devices [14] and ZnO-
based nanomedicine for biomedical applications [15]. Nano-
particles are fascinating because of their unique surface area,
which causes physical and chemical changes in their param-
eters compared to the original materials of the chemical
compounds [16]; [17]). At the nanoscale, controlling the size
and shape can thus be used to create and manufacture mate-
rials that give a variety of applications, including
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antimicrobial activities [18, 19], anticancer activities
[20–22], antidiabetic activities [23], biosensing [24], catalysis
[25], medication delivery, tumour hyperthermia, and agri-
culture sector [26] which are just a few of the applications
for these particles [27]. Various techniques and methods
have been documented for synthesizing M/MO NPs
(Figure 1) like hydrothermal, sol-gel, chemical vapour depo-
sition, gas-phase technique, microwave-assisted, microemul-
sion, electrochemical method, laser irradiation, and
solvothermal method [28, 29]. The overview of some of the
nanoparticles synthesis methods is shown in Figure 1.

Chemical and physical method approaches are not as
practical as biosynthesis processes. Due to the stabilizing and
reducing agent nature, the biosynthetic technique involves
the utilization of harmless materials, more cost-effective and
environmentally friendly, as shown in Figure 2, such as a bio-
compatible and benign extract from a plant [30]. Plant-
mediated nanoparticles are simple to make, easily available,
inexpensive, and readily scaled up. The presence of metabo-
lites and phytochemicals in plant leaf extracts such as terpe-
noids, alkaloids, flavonoids, proteins, peptides, and tannins
increased the biosynthetic manufacturing of nanoparticles
[31, 32]. The extract’s inherent components determine the
nanoparticles’ various shapes, sizes, and morphologies. The
use of plant parts extracts in nanoparticle synthesis is com-
monly referred to as a green synthesis method approach
[33]. The idea of nanoparticles may be linked to the mecha-
nism of nanoparticle production in plants. Plant-mediated
nanoparticles are being investigated as a possible next-
generation disinfectant, with uses in clinical care, consumer
items, and other industrial settings [34]. The antibacterial,
antifungal, anticancer, anti-HIV, antidiabetic, high catalytic,
and photochemical activity nanoparticles have also gotten
much attention [35, 36].

Several research groups have shown considerable inter-
est in its unique qualities and discovered excellent uses in
various fields. Researchers have devised several synthetic
approaches for nanoparticle manufacturing, revealing a sig-

nificant advantage to ecosystems and biodiversity via clean,
harmless, and ecologically friendly processes, including bac-
teria, fungus, and plants [37]. However, several nanoparticle
compositions have exhibited toxicity at the nanodimensions
[38, 39]. Nanomaterials and green chemistry are collaborat-
ing to develop ecologically, or ecofriendly benign M/MO
nanoparticles are utilizing plants, microbes, and other natu-
ral resources to solve toxicity problems [40].

Parts of Moringa oleifera plants have been reported to
various phytochemical parameters [41]; it is a good source
of antioxidants, including quercetin and chlorogenic acids,
such as flavonoids, phenolics, astragalin, anthocyanins, cin-
namates, and carotenoids, as well as a rich source of caro-
tene, Fe, K, Ca, terpenes, quinines, saponins, alkaloids,
proteins, tannins, and vitamin C [42, 43]. As shown in
Figure 3, the advantages of Moringa oleifera, thus improving
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Physical vapour
deposition

Mechanical method Sol-gel
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Figure 1: Overview of different types of nanoparticle synthesis methods.
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Figure 2: Advantages of green synthesis method.
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the shelf life of fat-containing foods, act as a good metal-
reducing, capping, and stabilizing agent [44–46]. The recent
work of this review is Moringa oleifera plant leaf extracts uti-
lized for the biosynthesis of FeO, NiO, MgO, CuO, ZnO, Ag,
and Au nanoparticles since it has been acting as an environ-
mentally ecofriendly process. Researchers and scientists have
been drawn to this path to synthesize M/MO NPs using
Moringa oleifeara leaf extract because of the readily avail-
able, safe use, and rich sources of diverse metabolites.

2. Biosynthesis of Metal Nanoparticles

The Moringa oleifera plant synthesized M/MO NPs in many
processes (Figure 4). The method consists of three steps: pri-
mary treatment, biosynthesis, and characterization of nano-
materials. Moringa oleifera plant extract was utilized as a
reducing/oxidizing, capping, and stabilizing agent in pro-
ducing the M/MO NPs. According to the literature survey,
some of the M/MO NPs, their synthesis, and comparative
study have been discussed in Table 1.

2.1. Iron Oxide (FeO) NPs. Aisida et al. [47], in their research
worked, synthesized a green and environmentally friendly
approach for nanoparticles in which using an aqueous
extract of the Moringa oleifera plant serves as a reductant
and capping agent. MO leaf powder extract and FeCl3 solu-
tion were used to synthesize dark-brown-capped MO-FeO
NPs. UV-Vis spectroscopy confirmed the noticeable color
change from orange to dark brown (Figure 5), leading to
FeO NPs. The rod-like morphologies of NPs were shown
by SEM and TEM, with a 15 nm average particle size. In
terms of antimicrobial activity, biosynthesized FeO NPs
inhibited growth more effectively than chemical FeO NPs

against antimicrobial. Additionally, smaller particles have a
greater surface area and bioactivity, making them excellent
antimicrobial agents against harmful microorganisms.

Tovar et al. [48] almost have similar work as previous
authors. Using the MO leaf extract and (Iron (III) chloride
hexahydrate) for the synthesis of FeO NPs, in this process,
the Moringa oleifera acted as a capping agent. The germina-
tion rate and development of corn seeds were studied using
synthesized FeO NPs loaded with N, P, and K. Moringa, and
chitosan had a favourable influence on corn plant speed ger-
mination parameters, with no adverse effects on seed
germination.

MO FeO NP possesses structural and superparamagnetic
properties and suitable particle sizes for biomedical applica-
tions [47] performed two parts in which the Moringa olei-
fera (MO) leaves were dried at room temperature (RT) and
sunlight (SL). MO acted as a capping agent; both solutions
were gradually reduced from brown to dark black by adding
FeCl3.6H2O solution. The FeO NPs obtained were charac-
terized and the size of RT FeO and SL FeO NPs measured
by SEM was 16 to 18 nm and 18 to 20 nm, respectively.
XRD analysis showed a BCC lattice structure for RT, while
SL exhibited a quasicrystalline structure.

2.2. Copper Oxide (CuO) NPs. The researchers [54] used MO
leaf extract as a capping agent and copper acetate solution to
synthesize nanocrystalline CuO powder (fine dark black). A
simple green chemistry strategy made CuO NPs from Mor-
inga oleifera leaf extract, and XRD, FE-SEM, EDX, FT-IR,
UV-DRS, and PL were used to characterize. CuO NPs show
good antifungal activity [56] used Moringa oleifera (MO)
leaf extract for the synthesis of CuO microspheres. The color
of the solution changed from bluish to dark green during

Moringa oleifera
plant extract

Metal reducing
agent

Natural capping
agent

Non-toxic

Ecofriendly

Natural
stabilizing agent

Colloidal
stability

Figure 3: Advantages of Moringa oleifera plant leaf extract.
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stirring, indicating that the biological components included
in the MO leaf extract converted Cu (NO3)23H2O to Cu2+

ions. The formation of monoclinic crystal-structured CuO
was revealed by the XRD pattern, which confirms the con-
version of Cu (NO3)23H2O to Cu2+ ions by phytochemicals
contained in the MO leaf extract. As seen by SEM micro-
graphs, it shows the cluster-like morphologies that mimic
hierarchical CuO microspheres. In the FTIR spectrum, the
asymmetric stretching deformation vibration bands corre-
spond to Cu–O bonds, which imparted monoclinic unit
crystal formation, and the synthesized NPs show better anti-
bacterial activity.

2.3. Zinc Oxide (ZnO) NPs. Elumalai et al. [62] employed a
straightforward and environmentally safe chemical route to
synthesize zinc oxide nanoparticles (ZnO NPs) from Mor-
inga oleifera leaf extract. UV–Vis, XRD, FESEM, EDX, FT–
IR, and PL evaluated the ZnO NPs. The hexagonal wurtzite
structure of NPs was found by the XRD investigation. The
functional groups act as a stabilizing agent in the leaf extract
for the ZnO NPs confirmed by FT–IR. The size (16–20nm)
and morphology (spherical and agglomerated) were charac-
terized by FE-SEM. The typical absorption peak of Zn NPs
was seen in UV–Vis absorption. Antimicrobial activity stud-
ies confirmed the presence of a maximum inhibition zone
[64] biosynthesized NiO NP and ZnO NP using extracts of
Moringa Oleifera leaves as an efficient chelating and oxi-
dant/reductant of [Ni(H2O)6](NO3)2 and Zn(NO3)2.6H2O.
XRD. Attenuated Total Reflection-FTIR, UV-Vis-NIR, and
PL methods explore the NiO NP and ZnO NP structural
and optical characteristics of these two semiconductors cre-
ated in the same process. Pure cubic NiO-NPs and pure
wurtzite ZnO-NPs with average crystallite sizes of

17.80 nm and 10.81 nm, respectively, were formed, accord-
ing to the structural study. The diffuse reflectance investiga-
tion revealed that their band gaps were 4.28 eV and 3.35 eV,
respectively.

2.4. Nickel Oxide (NiO) NPs. Ezhilarasi et al. [66] synthesized
the nickel oxide nanoparticles (NiO-NPs) using the green
method. It shows cytotoxicity and antibacterial activity. In
this process, the color changed from dark brown to reddish
ink, and after applying temperature, a light-yellow powder
of NiO NPs was produced. The NiO NMps were single crys-
talline with a face-centred cubic phase and two strong PL at
305.46 nm and 410nm. XRD and FTIR verified the forma-
tion of a pure NiO phase (average size 9.69 nm). HR-TEM
confirmed the creation of nano and microstructures
(agglomerated spherical shape). With different doses of
NiO NPs generated from Moringa oleifera plant extract,
the in vitro cytotoxicity and antibacterial activity were
tested.

2.5. Magnesium Oxide (MgO) NPs. Fatiqin et al. [68] green
synthesized magnesium oxide nanoparticles (MgO NPs)
were achieved in this work by combining Moringa oleifera
leaf extracts with a magnesium chloride solution. The pro-
duced MgO NPs vary from 20 to 50nm (spherical shape).
The absorption of MgO nanoparticles in the UV-Vis spec-
trum is at 280nm. The inhibition zones showed the antibac-
terial activity of MgO NPs against S. aureus and E. coli. [69]
used an aqueous extract of Moringa oleifera (MO) leaves as a
green agent to produce nanosize MgO (MgO NPs) from
MgCl2 solution. UV-Vis absorption was used to validate
the formation of MgO NPs in this synthesis. XRD investiga-
tion validated the spherical crystal structure of MgO NPs.
Using SEM, TEM, and particle size analyzer (PSA) data,
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FeONPs

CuONPs

AuNPs

AgNPsZnONPs

NiONPs
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Figure 4: Green synthesis of M/MO NPs using MO leaves.
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the particle size of the synthesized MgO NPs was deter-
mined to be between 40 and 70nm. The NPs showed excel-
lent antibacterial and antifungal activity.

2.6. Silver (Ag) NPs. Moodley et al. [72] described silver
nanoparticles (AgNPs) synthesized from Moringa oleifera
leaf extracts and studied their antibacterial activities. UV–
Vis spectrum analysis was used to establish the synthesis of
AgNPs by reducing Ag+ (AgNO3). A UV–Vis spectrometer
was used to scan NP solutions and the control from 190 to
900nm. Surface plasmon resonance at 450nm and 440 nm
verified the production of silver nanoparticles in both fresh
and freeze-dried leaf samples. According to FTIR spectro-
scopic technique, flavonoids, terpenoids, and polysaccha-
rides predominate and are useful for the reduction as well
as capping agents during the synthesis of Ag NPs. According
to the X-ray diffraction examination, shows 9 and 11nm
NPs size. The antimicrobial activity of Ag NPs was shown
in both bacterial and fungal strains.

Vasanth et al. [74], in their work, synthesized colloidal
silver nanoparticles (AgNPs) from Moringa olifera (MO)
stem bark extract. Morphology was studied using electron
and atomic force microscopic imaging (40 nm, and penta-
gon-shaped). Human cervical cancer cells (HeLa) were used
to analyze the effects of produced AgNPs, and cell morphol-
ogy was assessed using 4,6-diamidino-2-phenylindole
(DAPI) staining. The effectiveness of AgNPs was investi-
gated using fluorescence-activated cell sorting (FACS), and
it was discovered that they trigger death in HeLa cells via
generating reactive oxygen species (ROS).

2.7. Gold (Au) NPs. Anand et al. [78] used 1M chloroauric
acid with Moringa oleifera (MO) aqueous flower extract
for the AuNP synthesis. The UV-Vis spectrophotometer
(200–800nm) was used to describe the formation of the col-
loidal solution of Au NP. TEM was analyzed to particle size
(100 nm) that was triangular, hexagonal, and irregular
spherical. Primary analytical tests analyzed AuNP and func-
tional group interaction in floral extract and FTIR, and the
1H-NMR technique was used to investigate capping agents.
Catalytic reduction of nitrophenol and nitroaniline using
Au NP, which were analyzed by UV-Vis, revealed a fast
decrease in some minutes, suggesting industrial effluent deg-
radation. Furthermore, AuNPs might have anticancer activ-
ities. [79] worked on an ecofriendly method to synthesize

gold nanoparticles (AuNPs) by reducing chloroauric acid
with Moringa oleifera leaf extract which acts as a reducing
agent. The chloroauric acid solution was reduced and trans-
formed to AuNPs in the size range of 20-60 nm (spherical
shape) using leaf extract. The MO plant extract contains sev-
eral phytochemicals that function as reducers and stabilizers.
These are environmentally acceptable synthesizing stabilized
gold nanoparticles suitable for various biological
applications.

3. Conclusion

This review summarised that Moringa oleifera plant leaves
have active compounds that serve as capping, reducing,
and stabilizing agents and produce biosynthesized M/MO
NPs. Several approaches were gathered, and it was found
that Moringa oleifera plant leaves can readily biosynthesize
numerous types of M/MO nanoparticles. Biosynthesised
ZnO and AgNPs outperform chemically produced NPs in
terms of antibacterial characteristics. However, not all arti-
cles discuss the size of NPs resulting from the concentration
of Moringa oleifera plant leaf extract or temperature
changes. In general, the size of the nanoparticles was deter-
mined by manipulating the concentration of Moringa olei-
fera leaf extract and the temperature during biosynthesis.
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The use of nanoparticles in concrete increases the material’s strength and durability, making it useful in the building sector.
Nanomaterials can lower the amount of cement in a building since cement releases carbon dioxide, which contributes to global
warming. The mechanical response of concrete is studied in this study by replacing cement with various dosages of
nanotitanium dioxide and nanoalumina. Nanotechnology has attracted a lot of attention in recent years because of its potential
uses for particles. Cementitious materials at the nano/atomic level are the primary focus of current research. The mechanical
characteristics of cementitious materials have been significantly improved by introducing nanotitanium dioxide and
nanoalumina into cement. Nanotitanium dioxide and nanoalumina have been added to concrete in this study to examine its
sorptivity and water absorption properties. To lower the carbon footprint of concrete, nanotitanium dioxide and nanoalumina
can be used in place of cement.

1. Introduction

Due to the growing demand for the construction sector in
the recent times, it has become a necessity to find alterna-
tives for building materials for various reasons. one being,
over exploitation of non renewable resources. Second being,
the existing rapid usage of the resources is polluting the
environment, which creates a great impact on the human
and animal ecosystem [1, 2]. Thus, there has been various
researches in modifying the conventional matrix by adding
additives to make it more efficient and effective in terms of
performance [3–5]. Cement has been one of the very impor-
tant aspect in the construction sector, which is also very
widely used. Reports are shown that, by using a ton of the
conventional Ordinary Portland Cement (OPC), the same
amount of the carbon dioxide gas is effused in the atmo-
sphere. This ultimately increases the carbon footprint in
the environment [6]. And also, it has been reported that
the construction sector is responsible for about 7-8% of the
carbon dioxide emission worldwide [7]. Thus, all these situ-
ations have aggravated the process of using various additives

or modifying the conventional concrete to make it greener
and more economical.

The durability and efficiency of the cementous particles
depend upon calcium silicate hydrate (C-S-H) particles pres-
ent in the cement [8]. The characteristics of these particles
are due to the fact that their size is about few nanometers,
which gives them the properties like binding, etc. Thus,
nanoparticles are widely researched sector as additives to
the concrete, which enhances the efficiency and performance
of the same [9, 10]. As compared to the conventional con-
crete particles, nanoparticles are higher when properties like
reactivity and specific area are considered. Thus, the nano-
particles which are smaller size, the chemical reaction in
the cement is more enhanced [11]. Nanotechnology involves
particles which are less than or equal to nanometers (0.1 nm
to 100nm). Researches have shown that the particles which
are smaller can react easily and effectively than the same par-
ticles which are bigger in size. The nanoscale of the particles
can be achieved by, namely, two approaches, one being the
top-down approach and second the bottom down approach.
Both the approaches have their own advantages and
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disadvantages to them. In the top-down approach, the larger
particles are made to size down, which may or may not give
finer particles. It is also observed that the size distribution is
higher in terms of top-down approach. Whereas in the
bottom-up approach, the smaller-sized atomic particles are
made to size up via self-assembly, which creates difficulty
in scaling [12, 13]. There are various methods used in vari-
ous approaches. For example, in the bottom-up approach,
methods like nanolithography, high pressure torsion, accu-
mulative roll bonding, etc. are used. In the top-down
approach, methods like spray conversion processing and
chemical vapor deposition are used [14]. But either of the
methods demands various heavy machinery and toxic che-
micals, which take up higher manual labor and energy,
which is not environmentally friendly [15]. But, usage of
phytochemicals and enzymes present in the plants for the
production of the nanoparticles is a greener option, which
is environment friendly and economically viable [16].

Concrete as a building material has its demand in the
infrastructure sector for a long time. Owing to its attributes
such as its versatility, mechanical properties, and availability,
concrete has been used at about 20 billion tones as per the
per capita consumption globally [17]. Moreover, due to the
dynamic nature of the concrete, it is possible for various
interventions that can be done to increase the efficiency
and performance of the building material. These interven-
tions are required to be environment friendly and economi-
cally viable[29,30].

Nanotechnology has been most researched sector for the
infrastructure industry to be integrated to increase the effi-
cacy of the same [27,28,34]. Researches have been done by
using nanoparticles of Al2O3, SiO2, and ZnO as additives
for the concrete, and it has been observed that it led to
improvement in the packaging [18–20]. The high reactive
property of the nanoparticles leads to good efficiency in
the pozzolanic reaction. Zinc oxide (ZnO) is a semiconduc-
tor which found its way to the solar cells, photocatalysts,
chemical sensors, etc. [21]. It has been observed that usage
of the ZnO nanoparticles in the cement alters and improves
the kinetics of the hydration process in its initial stage. Stud-
ies conducted by Olmo et al. suggested that by using cement
paste consisting of 15% of ZnO, the setting time increased,
observing that the presence of ZnO led to reduction of the
compressive strength of the mixture [20]. Arefi and Rezaei-
Zarchi observed that by using 5% of ZnO in the mixture,
the initial stages were more enhanced and improved [22].
It is seen that by using ultraminute ZnO nanoparticles, it
produces filler effect and also reduces the production of the
CH particles by using the OH- ions. Moreover, by using
ZnO nanoparticles, it slows the process of hydration reac-
tion, and thus, density of the overall structure is improved,
and it is more densely packed [20, 23].

Titanium oxide (TiO2) nanoparticles have also been
studied to be used as additives for the concrete. Li et al.
observed that by using the TiO2 nanoparticles with the con-
crete, the fatigue performance is increased significantly [24].
When the attribute of abrasion resistance is taken into con-
sideration, it has been seen by Li et al. that the abrasion resis-
tance is directly proportional to the amount of the

nanoparticles added. It has been observed that as the num-
ber of nanoparticles used increases, the extent of the abra-
sion resistance is also increased [25].

Muzenski et al. [30] found that adding a small amount of
Al2O3 nanofibers (0.25 percent by cement weight) increased
the strength properties of cement-based composites by about
30%. Yang et al. [31] evaluated the chloride-binding ability
of cement specimens after adding a range of nano-Al2O3
concentrations (0.5–5%). The chloride-binding ability of
cement increased by 37.2 percent when nano-Al2O3 particles
were added at a concentration of 5%, and the researchers
concluded that adding the right amount of nanoalumina
can enhance the chloride-binding ability of cement. It has
also been found that even a 3% incorporation of nanoalu-
mina to mortar can densify the microstructure [32].

This paper is aimed at researching about the usage of
alumina and TiO2 as additives in the concrete mixture.

1.1. Mix Proportions. Various replacements of alumina and
TiO2 nanoparticles were incorporated in concrete as a par-
tial replacement of cement. Sisal fibers were incorporated
in concrete at a constant percentage of 2% as a partial
replacement of cement. The usage of nanomaterials beyond
5% minimizes the strength properties of cement; the incor-
poration of nanoparticles was fixed as 3% and 4%. Table 1
depicts the mix proportions of nanoparticles and sisal fibers
incorporated concrete specimens.

2. Result and Discussions

2.1. Experimental Procedure. Indian standard IS: 516-1959
[24] specifies procedures for examining hardened concrete
properties and fresh concrete mix properties. Concrete
workability is determined by conducting a slump cone test.
In order to determine the hardened concrete properties, split
tensile strength and flexural and compressive strength are
measured at 7, 28, and 90 days, respectively, after curing in
water. A variety of specimen sizes is considered for all tests.
An experimental specimen with a size of 150mm cube sides
will undergo compressive strength testing, and another 1-
meter long cylindrical specimen with a size of 150mm and
a height of 300mm will undergo split tensile strength testing.

Specimens measuring 100mm∗100mm∗500mm are
used for flexural strength testing. In addition to these tests,
the longevity of the concrete is also evaluated. A series of
endurance tests is being conducted to test hardened concrete
quality to study how it holds up after the hydration process
and chemical exposure. These tests include water absorption
and sorptivity. In accordance with ASTM C1585-thirteen, a
150mm dice specimen is tested for sorptivity in order to
examine the capillary upward thrust in concrete specimens
due to its porous nature. A microwave oven is used to
achieve consistent weight after 28 days of wet curing prior
to appearance of this check. Furthermore, the concrete
aspects are applied with oil to prevent water penetration
besides for the lowest surface and are stored in water for
30min.

The surface of the water bath is dried with an absorbent
cloth after 30 minutes and then weighed. Concrete is also
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subjected to a water absorption test to determine its ability to
absorb water or other liquids. A 150mm cube sample after
28 days of curing is stored in a microwave oven until it
reaches a constant dry weight before water. The absorption
test begins. We weigh the samples every 12 hours until they
reach a stable absorbed weight by keeping the cubes in a
water bath. By comparing the wet and dry weight of the
sample, we can determine the rate of water uptake.

2.2. Slump Cone Test. The slump cone test, which is based on
the Indian Standard IS: 516-1959 [24], assesses the quality of
new concrete.

The workability of all mixtures is determined by a slump
cone test. Figure 1 illustrates the slump value based on vari-
ous mix proportions. We can observe from the test results
that a larger proportion of nanoparticles correspond to a
higher slump value, indicating a high-quality and practical
concrete. Slump was considerably enhanced when sisal fiber,
and nanoparticles were added to mixed concrete.

Slump cone results can be viewed as a graphical repre-
sentation. Slump values gradually grow until CC-6 and con-
clude that increase in nanoparticles percentage increases the
slump value of concrete. Maximum slump values at 4% TiO2
and 4% Al2O3, with taking any sisal fibers into consider-
ation. Figure 1 depicts the graphical fluctuation of slump
values with and without nanomaterials. Fibrous aggregate
performs better than nonfibrous aggregate in concrete
mixes. Concrete becomes more workable as the fiber content
and nanoparticles rise. The graphical variant illustrates and
supports these findings.

2.3. Compressive Strength. Using a compression testing
machine, cube specimens of 150mm∗150mm∗150mm size
are used to measure the compressive strength of concrete. As
per the Indian Standard, 250 square specimens were added
together to test compressive strength. Tests are conducted
after 7, 28, and 90 days of curing. The data shows a signifi-
cant increase in compressive strength as nanomaterial per-
centage increases as shown in Figure 2. When 4% Al2O3 is
replaced in CC-4 composition of concrete, maximum
strength is obtained. Concrete reinforced with fibrous hybrid
nanomaterials exhibits similar enhanced strength. Conven-
tional concrete seen a decline in strength. A nanomaterial
(TiO2 and Al2O3) effectively increases the strength of the
material up to a certain percentage. These two examples

compare a variety of mixes to the reference mix of concrete
and show the strength variations between them. These nano-
materials have been tested separately and have proven to be
as strong as standard concrete when combined by replacing
cement with 4%TiO2 and 4% Al2O3 along with sisal fibers.
Our experimental study, however, took into account

Table 1: Mix proportions of concrete specimens.

Mix
ID

Cement
(kg/m3)

Fine aggregate
(kg/m3)

Coarse aggregate
(kg/m3)

Water content
(kg/m3)

TiO2 nanoparticles
(kg/m3)

Al2O3 nanoparticles
(kg/m3)

Sisal fibers
(kg/m3)

CC 435 672 1179 172 0 0 0

CC-1 413.25 672 1179 172 13.05 0 8.7

CC-2 408.9 672 1179 172 17.4 0 8.7

CC-3 413.25 672 1179 172 0 13.05 8.7

CC-4 408.9 672 1179 172 0 17.4 8.7

CC-5 400.2 672 1179 172 13.05 13.05 8.7

CC-6 391.5 672 1179 172 17.4 17.4 8.7
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different percentages of nanomaterials compared to those
that were tested with sisal fibers. Its economic and environ-
mental benefits make it a positive development. A maximum
strength of 54.41MPa can also be achieved.

2.4. Split Tensile Strength. Compression testing equipment is
used to measure the split tensile strength of concrete using a
cylindrical specimen with a length of 300mm and a diame-
ter of 150mm.

The tensile strength of cylindrical samples is evaluated
according to the Indian Standard. The test is performed after
7, 28, and 90 days of wet curing. The average strength of
cylindrical specimens was tested, and the findings are shown
in Figure 3. We can see a rise in split tensile strength as the
proportion of nanomaterials increases in the data. At all
ages, the maximum strength is attained in concrete with a
CC-4 composition including 4% Al2O3 and sisal fibers.

The rise of nanomaterials over the optimal proportion has
resulted in a decrease in strength. The inclusion of nanoparti-
cles (TiO2 and Al2O3) enhances the strength of a segment of
the material until it reaches a point where it begins to deterio-
rate. Figure 3 shows the strength differences between various
mixtures when compared to a standard concrete mix. Accord-
ing to the graphical fluctuation of test findings, nanomaterials
enhance the strength of CC-4 and CC-5 before decreasing
somewhat. This reduction in strength is due to a higher pro-
portion of nanomaterial substitution.

CC-4 has a higher strength, reaching 4.94MPa and
5.11MPa after 28 and 90 days of curing, respectively. When
compared to conventional concrete, CC-4’s performance
improves due to the addition of sisal fibers to the concrete mix.

2.5. Flexural Strength. To evaluate the flexural strength of
concrete, a compression machine is utilized to test a specimen
of 100mm∗100mm∗500mm. Figure 4 shows that an increase
in nanomaterials enhances flexural strength. The greatest
strength is attained when 4% Al2O and sisal fibers are
substituted in the CC-4 concretemix. Sisal fibers and nanoma-
terial incorporated concrete shows improvement in strength
due to microstructure densification. The use of nanomaterials
has exceeded the optimal replacement percentage, resulting in
a loss of strength. In addition to nanomaterials (TiO2 and
Al2O3), the strength rises for a short period of time before
declining. Figure 4 demonstrates the differences in strength
of concrete with and without sisal fibers and nanoparticles.
We explored expanding the study to include durability testing
after seeing these differences in strength test results.

2.6. Water Absorption. Water is absorbed less by nanoparti-
cles as the percentage of nanomaterials rises, according to
the results of the experiments. The same tendency may be
seen when sisal fiber is included. Water absorption is limited
in CC-4 and CC-5 compared to other concrete specimens,
indicating that gaps or pores have been minimized, resulting
in a more compact concrete. The highest resistance to water
absorption is obtained when sisal fibers were coupled with
4% Al2O3. Because of its firm texture, concrete acquires
strength and resistance to absorption as it ages. Similar
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resistance characteristics are obtained when sorptivity tests
are performed on CC-4 and CC-5.

CC-4, which is composed of 4% Al2O3 and sisal fibers,
exhibits the least movement rate in concrete. The graphical
interpretation clearly illustrates these variations. Figures 5
and 6 demonstrate the variation in water absorption and
sorptivity, respectively, according to the mix and fiber
content.

3. Conclusion

The combined influence of alumina oxide, titanium dioxide,
and sisal fibers in concrete on fresh, durability, and mechan-
ical qualities is the primary subject of this investigation.
Based on the results of the experiment, the following conclu-
sions are formed.

In concrete, nanoparticles such as alumina and titanium
dioxide (TiO2) have increased workability. Slump tests show
that the workability of concrete improves up to Mix-4 (4
percent Al2O3 and 2.5% sisal fibers), which is the highest
mix. The incorporation of fibers into concrete also increased
its workability, compared to mixes that did not contain
fibers. Using Al2O3, TiO2, and fiber decreases internal fric-
tion between the various components. As a result, just a
slight increase in the fresh concrete qualities can be
observed.

In terms of mechanical qualities such as the compressive,
split tensile, and flexural strength of concrete, an increase in
the use of Al2O3 and TiO2 is noted. CC-4 (4 percent Al2O3
and sisal fibers) shows an enhancement in the mechanical
characteristics of concrete up to that point. To put it another
way, the use of TiO2 and Al2O3 in place of cement resulted
in a stronger link between the concrete’s components.
Mechanical qualities of concrete begin to decline after an
increase in Al2O3 and TiO2 is observed. Additionally, mixes
with fibers (0.6 percent of the cement weight) had higher
strengths than mixes without fibers. An improved C-S-H
gel formation may result from the addition of nanomaterial
fibers to concrete, which makes the concrete denser. Accord-
ing to the findings of mechanical property tests, the optimal
use of TiO2 and Al2O3 is found to be 4% and 4% with fibers.

Concrete made with nanoparticles (Al2O3 and TiO2) and
fibers shows better resistance to degradation in terms of
quality when exposed to diverse environmental conditions.
Using nanoparticles and fibers in concrete reduces the mate-
rial’s susceptibility to chemical assault and water absorption,
according to research. Concrete made with Al2O3 and tin
oxides is more resistant to chemical assault because of the
replacement of cement with these materials.
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In the present study, gold (Au) and silver (Ag) nanoparticles (NPs) were synthesized from aqueous extracts of Opuntia dillenii,
characterized by various advanced techniques and investigated for antibacterial and antifungal potential. Phytochemical
screening of O. dillenii showed the presence of alkaloids, betacyanin, saponins, tannins, flavonoids, and phlobatannins. The
characterizations of the synthesized metal NPs were performed such as UV-visible spectrophotometer, FTIR (Fourier
transform infrared) spectrophotometer, SEM (scanning electron microscopy) and EDX (energy-dispersive X-ray). Through the
application of such advance techniques, the UV-visible spectrophotometer showed the bands of absorbance for AgNPs and
AuNPs at 420 nm and 525 nm range, respectively. The FTIR spectra for both and AgNPs also appeared in the range of 4000-
400 cm-1. SEM was performed for the textural and morphological characteristics of the NPs such as shape, size distribution,
and surface structure. Elemental analysis was recorded for the synthesis of Au and AgNPs, which confirmed its purity. The O.
dillenii extract and their synthesized Au and AgNPs showed a clear zone of inhibition against the E. coli, S. aureus, K.
pneumonia, and P. aeruginosa bacteria and T. viride, C. albicans, C. krusei, and A. niger fungal species.

1. Introduction

The past decades have witnessed rising importance of
nanotechnology in medicine and healthcare [1–3]. Keep-
ing this in view, the green synthesis methods which are
having abilities of producing the environment friendly
nanoparticles NPs are being adapted by the various field
experts [4]. Therefore, the importance is being given to
such technologies which are not only environment

friendly but also have the wide range of the nutrients.
The NPs are crystallographic with high surface area and
they are very small sized structures having high reactivity
[5]. So, the use of green technology is now becoming
more popular than ever before.

The crops at subtropical areas are difficult to grow
because of the lack of water and salinity in soil. The natural
beauty of the subtropical areas may be enhanced by using
the species of the Opuntia which may be grown in the
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subtropical areas. Opuntia is a genus which is medically
important as well and it is required to be explored in
term of the medical characteristics. Opuntia specie was
first grown in America as there are many subtropical
areas in America where this Opuntia specie may be easily
grown. It is mostly found in dry and scarce water condi-
tion as it is a xerophytic plant. Specific species including
O. dillenii belongs to the cactus family and is commonly
called as prickly pear plant, with 1500 known species
across the globe [6]. Hence, the scholars emphasized on
cultivation of the O. dillenii in the tropical and subtropical
areas for the purpose of animal feeding and medical
implications [7]. In the zones of South Africa, Egypt,
and South America, its fruit is also used for feeding the
animals [8]. Similar types of the researches related to
the O. dillenii proved that it may be used in the produc-
tion of the nectar, sweeteners, jellies, jams and beverages
of various types [9, 10]. O. dillenii is also grown in the
sandy areas of Egypt as it has high drought resistance
quality is widely used source of animal food and also
act as air resistance during the storm [11]. O. dillenii
has been used as a folk medicine to treat health disorders
in several countries. This botanical is also used to prepare
several cosmetic products like creams, lotions, and sham-
poos. In food industry it is being used to prepare as
wines, jams [12]. Researchers have proved that many phy-
tochemicals are present in different parts of cactus plant.
O. dillenii have the potential against diverse environmen-
tal conditions [13]. The alcoholic extract of O. dillenii
has antibacterial, anti-inflammatory, hypoglycemic activi-
ties. It has been used as anti-diabetic agent for the treat-
ment of diabetes due to its hypoglycemic property [14].
The scientists are researching on the phytochemical as
well as other pharmacological actions of this botanical in
order to explore the use of this plant for prevention, man-
agement and treatment of many dreadful diseases [8]. Dif-
ferent plants were utilized for the synthesis of NPs
including Aloe vera [15], Cicer arietinum [16], Cymbopo-
gon citratus [3], and Argemone mexicana [17].

Plant crude extracts and their phytoconstituents with
proven biocidal properties in therapeutic medicine are
extremely important. In more recent years, various surveys
have been conducted in various countries to demonstrate
this efficacy. The secondary metabolites produced by the
plants are thought to be responsible for the plants’ anti-
bacterial properties. As a result, these plants are com-
monly employed for therapeutic purposes. The
antimicrobial ability of plant bioactive substances has been
proven through phytochemical screening that vascular
plants could be a source of unique antimicrobial properties
[18]. Phytochemicals are preferable to manufactured bio-
molecules because they have no or low toxicity in humans
[19]. This feature makes them ideal candidates for drug
manufacture and development [20]. The discovery of
novel antifungal medicines relies heavily on phytochemi-
cals without endangering human health [21]. The present
study is aimed at developing gold (Au) and silver (AgNPs)
from the aqueous extract of O. dillenii and at exploring
their antimicrobial potential.

2. Material and Methods

2.1. Collection of Plant. O. dillenii plant was collected from
various regions of district Nowshera, Khyber Pakhtunkhwa,
Pakistan. The plant was identified by professional taxono-
mist Dr. Muhammad Ilyas in the Department of Botany
University of Swabi, Pakistan. The voucher specimen UOS-
Bot-SP NO-101 was deposited in herbarium of Department
of Botany University of Swabi, Pakistan. The plant material
was dried under shade and grinded and crushed by grinder
machine. The powder was soaked in organic solvent metha-
nol for a week and then filtered. The filtrate was concen-
trated in rotatory evaporator. The crude methanolic extract
was suspended in water and successively partitioned with
n-hexane and chloroform, ethyl acetate and methanol.

2.2. Extract Preparation. The fine powder (1 kg) of the plant
material was divided into three parts 550 gm, 350 gm, and
100 gm. About 550 gm of plant material were dipped in
methanol, 350 gm in distilled water and 100 gm in n-hexane.
The plant material was kept for one week in order to obtain
crude extract. The obtain extract will be concentrated in
rotatory evaporator to obtain crude n-hexane, methanolic
and aqueous extract. Three different fractions were prepared
in three different solvents to check the presence of most of
the active ingredients, the active ingredients involved in cap-
ping and biological activities. As in n-hexane only nonpolar
ingredients were determined and they are not involved in
the capping during nanoparticle synthesis. The methanolic
fraction will be applied next time for the synthesis of Ag
and AuNPs, and biological activities. The plant material
was stored in refrigerator for further NP synthesis.

2.3. Phytochemical Analysis. Phytochemical screening was
performed to identify bioactive secondary metabolites. The
glycosides, alkaloids, tannins, saponins, flavonoids, anthra-
quinones, betacyanins, phlobatannins, anthocyanins, emo-
dins, steroids, carbohydrates, and terpenoids were screened
using the specific tests.

2.4. Synthesis of NPs. 1mM solution of silver salt (AgNO3)
and gold salt [HAuCl4] were prepared for the synthesis of
Ag and AuNPs by using plant crude extract at different ratio
1 : 1, 1 : 2, 1 : 3, 1 : 4, and 1 : 5. Then, the solution was placed
on stirrer with constant stirring at room temperature for 5
hours. After that, characterization of NPs was carried out.

2.5. Pharmacological Activities. The crude extract and syn-
thesized NPs were evaluated for antibacterial and antifungal
activities.

2.6. Chemical Used. The analytical grade chemicals were
used in the synthesis of Au/AgNPs. AgNO3 was purchased
from Sigma-Aldrich, and HAuCl4, methanol, and deionized
water were purchased from Merck.

2.7. Biosynthesis of AgNPs Using the Aqueous Extract of O.
dillenii. 100ml of the already prepared extract was taken.
1mM solution of AgNO3 was prepared using distilled water.
Different fractions of the preparations were prepared using
Ag and extract solution in different ratios such as 1 : 1, 2 : 1,
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3 : 1, 4 : 1, 5 : 1, 6 : 1, 7 : 1, and 8 : 1, respectively. The fraction
was prepared in vials and kept on stirring for 24 hours.
The change in color of the reaction mixture in each vial indi-
cates the formation of NPs. The solutions were evaluated
using a UV-visible spectrophotometer for the confirmation
of AgNPs synthesis. The result of the UV-visible spectro-
photometer revealed that the optimized ratio for AgNPs
was 7 : 1.

2.8. Biosynthesis of AuNPs from the Aqueous Extract of O.
dillenii. 1mM HAuCl4 was prepared using deionized water.
Different ratio of Au salt solution and plant extract were
taken such as 1 : 1, 3 : 1, 5 : 1, 6 : 1, 7 : 1, 8 : 1, and 9 : 1 in vials
and kept for stirring for a period of 4 hours. The absorption
spectrums were recorded for each fraction using a UV-
visible spectrophotometer. The 8 : 1 was observed to be the
optimized ratio of gold and extract for the preparation of
AuNPs. Effects of other factors such as pH effect, NaCl
effect, different salt effect, kinetic study, and temperature
were also examined. The characterization of AuNPs was
done using FTIR, SEM, EDX instruments.

2.9. Characterization of AgNPs and AuNPs

2.9.1. UV-Visible Spectroscopy. Initially the NPs were charac-
terized by UV-visible spectrophotometer in the wavelength
ranging from 200 to 800nm. The spectroscopic analysis for
both silver and gold NPs were carried out by using freshly
prepared fractions at 37-38°C and by using optical path
1 cm length of quartz cuvettes using spectrometer (300 Plus
Optima Japan). The AgNPs solution gave an absorption
maximum at 420-450 nm while that of AuNPs was 520-
530nm.

2.9.2. Scanning Electron Microscopy (SEM). The size and
morphological surface of NPs were determined using JEM
2100, Jeol CRL Scanning Electron Microscope (University
of Peshawar, Pakistan).

The size and shape of the AgNPs and AuNPs were deter-
mined using SEM images. By using an electron microscope,
a layer of AuNPs thin sediment was placed under vacuum
pressure of 5-8Torr.

2.9.3. Fourier Transform Infrared (FTIR) Spectroscopy
Analysis. The functional group involved in the formation
of Au and AgNPs was evaluated using Shimadzu FTIR -
8400-S (AWKUM) Fourier transform spectrometer. The
samples were prepared using the powdered sample. The
powdered samples were placed in NaCl cells and were placed
in pellet cells of KBr. The bands detected on the computer
showed the results. The range of 4000-400 cm-1 was used.

2.9.4. Energy-Dispersive X-Ray (EDX) Spectroscopy Analysis.
Au and AgNPs geometry and morphology were also deter-
mined. Using a Bruker X-flash in energy dispersive X-ray
spectroscopy the colloids of Au and AgNPs were prepared
determined. For EDX and imaging 15 keV energy of the
electron beam was maintained.

2.9.5. Antibacterial Activity. The MIC and MBC which are
commonly known as minimum inhibitory concentration

and Minimum bactericidal concentration, respectively, of
AgNPs and AuNPs were also determined in the microbial
activity.

The bacteria S. aureus and E. coli were used in the micro-
bial assay. Micro dilutions of the NPs were prepared. The
bacterial culture was prepared using nutrient agar and incu-
bated for 24 hours at a temperature of 37°C. NPs dilutions
were also employed at a specific area to evaluate the MIC
of NPs.

The NPs containing Petri dishes were also incubated at
the temperature of 37°C and for 24 hours. MBC or mini-
mum bactericidal concentration evaluation of AuNPs and
AgNPs was also determined. The lowest dose or dilutions
of Au/AgNPs were used to test the area of inhibition. The
process was repeated twice to get accurate results.

2.10. Antifungal Activity. The micro dilution plate assay
method was used to determine fungicidal activity. The fun-
gus species of Candida albicans was used in the assay.
20mM buffer solution of sodium phosphate was mixed with
20μl of both Au and AgNPs dilution 5, 2.5, 1.25mg/ml in
water. The sample was incubated at a temperature of 37°C
for 2 hours.

The NP visibility loss was calculated using the following
formula:

1 − colony‐forming unit in the presence of NPs
CFUswith no particles

� �� �
× 100�:

ð1Þ

2.11. Stability of NPs. The stability of Au and AgNPs were
checked against varying pH, different concentration of NaCl,
same concentration of different salt and heat effect. After
each treatment UV-visible spectra were recorded.

2.12. Kinetic Study of Synthesis of NPs. For the time-
dependent synthesis of Au and AgNPs, samples were drawn
from reaction mixture at regular interval of time and UV-
visible spectra were recorded.

2.13. Phytochemical Analysis. The qualitative screening for
the assessment of phytochemical components like flavo-
noids, terpenoids, alkaloids, carbohydrate and steroids, in
the methanol, n-hexane, and distilled water extracts of the
plant was carried out.

3. Results and Discussion

3.1. Phytochemical Screening. The qualitative screening for
the assessment of phytochemical components like flavo-
noids, polyphenols, terpenoids, alkaloids, carbohydrates,
and steroids in the methanol in each extract was performed
by using the following reagents (Table 1).

The results of qualitative screening for the assessment of
bioactive secondary metabolites such as flavonoids, polyphe-
nols, terpenoids, alkaloids, carbohydrates, and steroids in the
methanol, n-hexane, and distilled water extracts of the title
plant are given in Table 2. The methanol plant extracts of
O. dillenii showed presence of steroids, coumarins,
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betacyanin, terpenoids, tannins, flavonoids while the n-hex-
ane plant extract confirms the presence of saponins, terpe-
noids, flavonoids, and coumarin and the distilled water
plant extracts of O. dillenii revealed saponins, terpenoids,
flavonoids presence and the absence of carbohydrate,
glycosides, anthraquinones, anthocyanin, emodins, and
phlobatannins.

3.2. Characterization of Au and AgNPs

3.2.1. UV-Visible Spectroscopy. UV-visible spectroscopy is
the technique which is considered as the colorimetry exten-
sion, it works on the principle of the absorption of light from
the test sample, by using various components that are simi-
lar to the colorimeter but spectroscopy has the advantage of
improved accuracy in a wide range of wavelengths between
190 and 700 nm [22].

This wavelength range was used because the absorption
by the Au and Ag is usually observed in this range. In this

work, we used a 300 Plus Optima Japan Spectrophotometer,
with quartz cells and 1ml deionized water as a blank. The
formation of the NPs was confirmed by the formation of
color visually. Scanning the absorption using wavelength
ranges of 200 and 800nm was used to confirm the formation
of the Au and AgNPs. Spectra show the band wavelength of
the Au and AgNPs obtained using the plant extract. The dif-
ference in the bands and the wavelengths indicate the differ-
ent sizes and the shapes of the Au and AgNPs obtained
(Figure 1).

The prominent UV-visible spectrum was observed at the
wavelength of 543nm and 445nm which confirmed the syn-
thesis of Ag and AuNPs, respectively (Figure 1). The UV-
visible absorption spectrum of the aqueous extract O. dillenii
has not shown any significant bands. But after the extract of
O. dillenii with the silver nitrate colorless and chloroauric
acid yellow colored solution the color of the solutions were
changed to characteristic ruby-red color and reddish-
brown showing the convenient excitation due to the surface
Plasmon resonance phenomenon, that indicates the silver
and gold NPs formation [23]. This research also observed
the synthesis of Au and AgNPs within 15 to 20 minutes in
the case of silver and 10 to15 minutes in the case of the syn-
thesis of gold NPs, respectively.

3.2.2. Scanning Electron Microscopy (SEM). The analysis of
the size and shape of the Au and AgNPs was determined
using SEM. For this purpose, SEM images and photographs
of SEM using JEM 2100, Jeol CRL, Scanning Electron Micro-
scope. By using an electron microscope, a layer of Au and
AgNPs thin sediment was placed under vacuum pressure
of 5-8Torr.

The results of the SEM analysis revealed the shape of the
NPs were roughly spherical-shaped NPs and in some areas
stacked together. The characterization results of the Au
and AgNPs by SEM analysis also confirm the method devel-
oped was suitable and effective to obtain the silver and
AuNPs of different sizes and in diverse shapes (Figure 2).
The size distribution of the NPs ranges from 45nm to
77nm approximately and was uniformly distributed.

Table 1: List of reagents used for identification of secondary metabolites in extracts.

Phytochemicals Method Results for the presence of an ingredient

Alkaloids 0.5 g plant extract+2% H2SO4+Dragendorff reagent Orange red ppt

Tannins Filtered extract+drops of ferric chloride Dark green color

Glycosides Extract+HCl+NaOH+Fehling reagent Appearance red ppt

Saponins Extract+H2O (boiled) Frothing occur

Anthraquinones
0.5 g extract+10% HCl (boil) and then add chloroform+10%

ammonia and heat
Appearance rose pink color

Flavonoids 0.2 g extract+NaOH+HCl
The yellowish color disappears on

adding HCl

Steroids 0.3 g extract+acetic acid (heat)+H2SO4 Color change to green

Terpenoids 0.2 g extract+2ml chloroform+3ml H2SO4 Reddish brown color

Emodin 0.5 g extract+2ml NH4OH+3ml benzene Appearance of red color

Anthocyanin and
betacyanin

0.2 g extract+2NaOH (heat) Appearance of bluish green color

Table 2: Phytochemical evaluation of methanol, n-hexane, and
distilled water plant extracts of O. dillenii.

Constituents
Opuntia dillenii plant extract

Methanol n-Hexane Distilled water

Steroids + − −
Terpenoids + + +

Glycosides − − −
Flavonoids + − +

Saponins + − +

Carbohydrates − − −
Tannins + − −
Coumarins + − −
Betacyanin + − −
Anthraquinones − − −
Anthocyanin − − −
Emodins − − −
Phlobatannins − − −
“+” shows the presence and “−” shows the absence of the compound.
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3.2.3. Fourier Transform Infrared (FTIR) Spectral Analysis.
The detection of functional groups present on Au and
AgNPs was evaluated using Shimadzu FTIR - 8400-S
(AWKUM) Fourier transform spectrometer. The range of
4000-400 cm-1 was used. The spectrum obtained by the anal-
ysis of the Au and AgNPs are given in Figure 3. The spec-
trum of FTIR of the extract containing O. dillenii obtained
by employing the colloidal solution of silver and gold NPs
envisages the different molecular arrangements of various
functional groups present as shown in Figures 3, respec-
tively. When different obtained transmission bands were

compared, in the colloidal solutions, it resulted in the
increased/suppressed bands that were because of the conse-
quence of metallic NPs which were bound to the bioorganic
molecules. The shifted bands were the characteristics of C=
O and O–H modes of stretching which occur because of
the free carboxylic acid, hydroxyl

group, respectively. Another shift in the band could be
due to the vibrations of the C–OH group of the primary
alcohol present in the extract solutions. FTIR spectra
obtained provide clear evidence of the presence of various
functional groups in the extract of O. dillenii which can also
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Figure 1: UV-visible spectrum of the synthesized AuNPs (a) and AgNPs (b).
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act as the capping or reducing agents of the Au and AgNPs.
Correspondingly the results of these studies were observed
compared to the study in which a similar phenomenon
was observed to evaluate the biological molecules acting as
the capping and reduction agents for Au and AgNPs [24].

3.2.4. Energy-Dispersive X-Ray (EDX) Spectroscopy Analysis.
Au and AgNPs geometry and morphology were also deter-
mined. Using a Bruker X-flash in energy dispersive X-ray
spectroscopy the colloids of Au and AgNPs were prepared.
For EDX and imaging 15 keV energy of the electron beam
was maintained. The obtained spectra are given in Figure 4.

The synthesized Au and AgNPs were further character-
ized qualitatively as well as quantitatively using EDX analy-
sis, which revealed the highest signal proportion of Au and
Ag in the solutions as shown in Figure 4.

The results of the EDX analysis confirmed the major
metal in the precipitate were Au and Ag, respectively. The
results obtained were consistent with the outcome of the
EDX analysis. The identification of Cl in the spectrum was
due to the ions of salt in the sample. The energy bands for
a strong signal of Au were in the range of 2 to 2.5 keV, 9.5
to 10 keV, and 10 to 11 keV and for Ag, it was observed in
the range of 2.9 to 3.8 keV which were similar to the obser-
vations and evaluations of the study of Au and AgNPs [25,
26].

The EDX analysis of these NPs also shows the presence
of other elements in the precipitate mainly carbon, alumi-
num, sulfur. Oxygen was also identified in the spectrum of
the precipitate, which is assumed to be associated with the

metals as the oxides or hydroxide of metals. For the presence
of grid composition, Si showed the band. Minor carbon
bands were also observed that may be due to the biomole-
cules which were bound to the NPs surface.

The bands of C and O along with the bands of metal sig-
nals suggested the Au and AgNPs may be capped due to the
presence of phytochemicals of the plant extract by the atoms
of an oxygen atom or may be related due to the existence of
consequent oxides of metals which were identified in sample
precipitate [25].

3.3. Antibacterial Activity. The MIC and MBC which are
commonly known as minimum inhibitory concentration
and Minimum bactericidal concentration, respectively, of
Au and AgNPs were also determined in the microbial assay
using S. aureus, E. coli, P. aeruginosa, S. typhi, and B. subtilis.
These results are obtained by comparing with standard.

The antibacterial activity of the extract of O. dillenii was
in range of 11 to 14mm against selected bacterial strains S.
typhi, B. subtilis, S. aureus, P. aeruginosa, and E. coli while
for AgNPs, the zone of inhibition was 11 to 16mm and for
AuNPs, it was 11 to 17mm. The Au and AgNPs exhibited
good antibacterial property against various strains of bacte-
ria as shown in Table 3.

3.4. Antifungal Activity. The microdilution plate assay
method was used to determine fungicidal activity. The fun-
gus species of C. albicans, A. niger, and P. notatum were used
in the assay. In this assay of spot plating, the antifungal
activity of the O. dillenii extract, and its synthesized Au
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Figure 2: SEM analysis of AgNPs (a) and AuNPs (b).
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Figure 3: FTIR spectra of (a) extract, (b) AuNPs, and (c) AgNPs.
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Figure 4: EDX spectrum of AgNPs (a) and AuNPs (b).

Table 3: Antibacterial activity of extract, AgNPs, and AuNPs of O. dillenii.

S. no Samples Bacillus subtilis Staphylococcus aureus Escherichia coli Pseudomonas aeruginosa Salmonella typhi

1 Plant extract of O. dillenii 14:24 ± 1:67 13:32 ± 1:54 11:09 ± 1:11 12:65 ± 1:23 14:34 ± 1:08
2 AgNPs of O. dillenii 16:11 ± 1:65 15:43 ± 1:43 11:23 ± 1:20 12:12 ± 1:98 15:43 ± 1:00
3 AuNPs of O. dillenii 16:34 ± 1:98 17:20 ± 1:43 13:21 ± 1:65 13:54 ± 1:88 13:33 ± 1:23
4 Amoxicillin (standard) 23:65 ± 1:54 26:98 ± 1:32 25:77 ± 1:43 29:09 ± 1:98 29:66 ± 1:43

Table 4: Comparative antifungal activity of the aqueous extract, AgNPs, AuNPs, and standard antifungal drugs.

S. no Samples
Candida albicans Aspergillus niger Penicillium notatum

Zone of inhibition (mm)

1 Extract of O. dillenii 12:76 ± 1:23 11:76 ± 1:65 13:23 ± 1:54
2 AuNPs of O. dillenii 22:03 ± 1:00 19:98 ± 1:43 21:65 ± 1:09
3 AgNPs of O. dillenii 24:23 ± 1:29 21:54 ± 1:09 27:76 ± 1:65
4 Miconazole (standard drug) 100:00 ± 0:02 100:00 ± 0:08 100:00 ± 0:04

8 Journal of Nanomaterials



(a) (b)

300 350 400 450 500 550 600 650 700

Wavelength (nm)

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Ab
so

rb
an

e (
a.u

)

Pure
0.01 M
0.1 M
0.5 M

1 M
1.2 M
1.5 M
2.0 M

(c)

Figure 5: Continued.

9Journal of Nanomaterials



and AgNPs was tested in a growing medium. This assay
ascertained whether the division and the growth are prereq-
uisites for Au and AgNP antifungal activity. The results of
the antifungal activity are given in Table 4.

These results of the antifungal assay confirmed that
extract of O. dillenii contain only mild antifungal activity
while the Au and AgNPs possess some antifungal activity.
The antifungal activity exhibited by extract of O. dillenii
against different fungal strains ranged between 11 and
13mm. The antifungal activity 13mm was found against P.
notatum, followed by C:albicans ð12mmÞ > A:niger ð11
mmÞ. The antifungal activity of AuNPs of O. dillenii against
different fungal strains ranged between 19 and 22mm. The
antifungal activity 22mm was noted against C. albicans
followed by P:notatum ð21mmÞ > A:niger ð19mmÞ. Like-
wise, the antifungal activity of AgNPs of O. dillenii against
different fungal strains ranged between 21 and 27mm. The
antifungal activity 27mm was found against P. notatum
followed by C:albicans ð24mmÞ > A:niger ð21mmÞ as
shown in Table 4.

3.5. Stability Factors

3.5.1. Effect of NaCl on Ag and AuNPs. Effect of different
concentrations of the NaCl was performed on the solutions
of Au and AgNPs using pure, 0.01, 0.1, 0.5, 1, 1.2, 1.5, and
2M solution of NaCl for AgNPs and 0.1, 0.3, 0.5,0.8, 1.3
and 1.5M NaCl solution for evaluating stability on AuNPs.
The solutions were made by dissolving the required amount

of NaCl in specific volume of distilled water. 0.5ml of all the
prepared molar solution was added in 2ml of Au and AgNP
solution and was shaken well, and the effect of different
NaCl concentrations on the NPs was evaluated using a
UV-visible spectrophotometer and spectrum was drawn
based on the absorbance values on different wavelengths
ranging from 200 to 800nm as shown in Figure 5.

The Au and AgNP solution contains Au and Ag atoms,
respectively, along with negatively charged chloride ions
which allow the Au and Ag atoms to be dispersed in the
solution. The NPs then starts forming agglomerate and
change the solution color because the NPs absorb wave-
length e.g., green, orange, red, and yellow excluding shorter
wavelengths of purple and blue. Then, the color of the col-
loids changes to bluish by absorbing shorter wavelengths:
green and blue and green instead of red and orange and
red. By increasing the concentration of NaCl, the solution
became colorless because of the no suspended particles in
the solution they started forming precipitates and aggregates
at the bottom therefore no absorbance of light occurred by
the solution.

3.5.2. Effects of Different Salts on Au and AgNPs. The effects
of the different ionic strengths on the size of both Au and
AgNPs were also evaluated. The investigation of the NPs
in different salts range of ionic strength is also necessary
for assessment of the NPs behavior in the different salt envi-
ronment since the relevant environmental conditions may
vary according to different salts and their ionic strength.
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Figure 5: Visual effect of NaCl on of AgNPs (a) and AuNPs (b). UV-visible data of NaCl effect on AgNPs (c) and AuNPs (d) of O. dillenii.
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The salts used in the evaluation of the effects on Au and
AgNPs were NiCl2, CuCl2, HgCl2, CaCl2, ZnCl2, and PbCl2.

The difference in the particle sizes as a function of the
ionic strength is shown in Figure 6. As revealed from the
spectrum steep gradient it is manifested that the AuNPs
are highly susceptible to high salts strength as compared to
the AgNPs. As the size of NPs increase it lead to formation
of the aggregates in the media. The steepness in the spec-

trum shows the particle aggregation caused by ionic
strength. The research by NPs evaluated and compared the
effects of different electrolytes and concluded that salts with
the divalent cations have a great influence on NPs aggrega-
tion in comparison to the salts with monovalent cations.
The chloride ions also enhanced the NPs aggregation [27].
Likewise, Badawy also analyzed AgNPs and the consequence
of different monovalent and divalent cations [28]. The Au
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Figure 6: UV-visible spectra for effect of different salts on AgNPs (a) and AuNPs (b).
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and AgNPs, at a higher strength of ionic salts, have aggre-
gated and Ca2+ cations presence have resulted in the
enhancement of the apparent aggregation. The aggregation
of the NPs has revealed that NPs were efficiently destabilized
by divalent electrolytes [29].

3.5.3. Kinetic Studies of Au and AgNPs. The kinetic study of
Au and AgNPs showed that with the passage of time the
number and uniformity of NPs increases. When the absor-
bance was plotted against time, it gave almost a straight line,

from which the rate of reaction was calculated (Figure 7).
After specific intervals of time revealed that the production
and the uniformity of the NPs increase with the increases
in time, the slope bands in the spectrum showed the maxi-
mum production of the NPs in the solution.

3.5.4. Effects of Heat on Ag and AuNPs. The effect of the
temperature on the NPs is considered as the major factor
which can affect the synthesis of Au and AgNPs. This
analysis was conducted on different temperatures visually
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Figure 7: UV-visible data of kinetic study of AgNPs (a). Rate of reaction for the synthesis of AgNPs (b). UV-visible data of kinetic study of
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shown in Figure 8 and was confirmed by analysis by the
UV-visible spectra at three different temperatures 40°C,
60°C, and 80°C.

It can be observed clearly from the spectra of UV-visible
spectrophotometer that synthesis of Ag and AuNPs
increases with temperature but after certain temperature, it
became destabilized which caused the NPs to clump together
and agglomerated. It also caused the broadening of peak
which indicate the big NPs that settled down. in the forma-
tion of Au and AgNPs with an increase in the tempera-
ture [30].

3.5.5. Effects of pH on Au and AgNPs. The effect on the Au
and AgNPs was also studied due to the change in the pH
was studied in different conditions including the pH
ranges from 1 to 14. The pH was adjusted by dropwise
addition of HCl and NaOH. Figure 9 shows the visual

analysis of pH on NPs, and the effect of changes in pH
on UV-Vis spectra of Au and AgNPs synthesized is shown
in Figure 9.

The effect of pH on stability of NPs can be observed by
change in the color of NPs solution [31]. At low pH ranges
small the broadening of the bands was formed which indi-
cates the formation of large-sized NPs. In the extract medi-
ated synthesis of NPs alkaline pH shows the narrowing of
the band at 400 nm with maximum sharp band production.
The formation of the sharp band indicates the formation of
the spherical shape of NPs [32]. Several studies reported that
pH plays a vital role in the determination of the size and
shape control synthesis process of NPs. This research indi-
cates that alkaline pH6-7 is more suitable for the synthesis
of Ag and 8-9 for AuNPs. It was reported that AuNPs at
pH10 showed maximum stability using the extract of M.
charantia [33].
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Figure 8: Visual effect of heat on AgNPs (a) and AuNPs (c) and UV-visible data of heat effect on AgNPs (b) and AuNPs (d).
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4. Conclusions

The Au and AgNPs were characterized using UV, FTIR,
SEM, and EDX spectra and showed the rapid biosynthesis

of NPs using O. dillenii. An increase in the awareness of uti-
lizing green chemistry and adopting the green route for the
production of metallic nanoparticles leads to the develop-
ment of efficient and ecofriendly techniques. The advantages
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of the synthesis of Au and AgNPs by the use of plant extracts
are being most economical, cost-effective, and energy-
efficient and provide an efficient application towards the
communities, protecting environment and health leading
towards the lessening in the production of hazardous wastes
and development of safe products. Green-synthesized Au
and AgNPs have various significant nanotechnology aspects
with matchless applications.
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The scope of the project is to analyse the heat transfer behaviours by using shell and tube heat exchangers and measurements of
various thermophysical properties of carbon nanotube nanofluid. The nanofluid is created using different volume fractions at
different operation temperatures. The research focuses on theoretical and experimental research on CNT nanofluids, with the
goal of improving thermophysical parameters such as thermal conductivity, specific heat, and viscosity. The thermophysical
characteristics of CNTs were investigated using this theoretical method. Various tests were carried out to investigate the
thermophysical qualities, and they were found to have an impact. The improved characteristics of carbon nanotubes (CNTs)
have the potential to save energy and reduce CO2, NO2, and SO2 emissions in industrial settings. Improving heat exchange
performance in the thermal sector would result in a high heat-to-power conversion efficiency. Nanofluids can considerably
enhance critical heat flux (CHF) in heat transfer systems.

1. Introduction

The majority of scientists think that facilitating contamina-
tion and worldwide climate change, primarily as a result of
excessive carbon dioxide emissions, poses a threat to the
environment. Because manufacturing is one of the most
power-intensive sectors, a change toward increased energy-
efficiency in manufacturing, particularly in manufacturing,
is essential. Using thermal systems to reduce energy con-
sumption and emissions is a new issue. Many approaches
for improving heat transfer have been implemented over
the last decade [1–3]. This can be accomplished by reducing
the thickness of the thermal limit. At the heat transfer wall,
there will be a velocity gradient, interrupting fluid flow and
raising velocity from laminar to turbulent flows, thus raising
the heated wall’s extended surface and modifying the surface
and fluid thermophysical characteristics [4].

In the process sector, heat transfer procedures are quite
frequent to transmit a large quantity of thermal energy from
one fluid to another for various purposes. Water is the most
popular heat transfer fluid (HTF) owing to its more specific
heat, ease of use, and affordability. Traditional heat transfer
fluids, such as water, include minor thermal conductivity,
the most important thermophysical attribute, resulting in
reduced efficiency of heat transfer [5]. The adding of nano-
particles extremely thermal conductive materials, particu-
larly at the nanoscale, produces nanofluid (NF), which has
emerged as an effective HTF over the past two decades and
has been studied in an extensive variety of applications [6, 7].

The heat transfer quality of traditional effective fluid is a
concern. The production of well-organized and compacted
thermal systems, particularly heat exchangers, is a major
challenge. They are commonly used in the thermal industry.
Nanofluids are now well recognised as demanding resources
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by virtue of their potential applications in heat exchangers,
convective systems, energy, solar collectors, and electronic
devices [8, 9]. Due to their prospective applications, they
have also become a global study focus. Nanofluid consumes
superior thermal conductivity than the base fluid, which
increases dramatically as the concentration of nanomateri-
als increases. These advantages are also influenced by the
type of nanoparticles [10]. Fluids that are commonly used
with carbon-based nanomaterials are also of great interest
due to their unique properties and excellent thermal
characteristics intrinsically.

The various strategies were designed to improve the
nanofluid heat transfer coefficient with the goal of creating
a compact system that was low in cost and efficient in energy
use. Since Mukesh Kumar et al. [11–13], the use of suspen-
sions rather than traditional heat transfer liquids has been
recommended because solids have higher thermal conduc-
tivities than liquids. Although using suspensions to contain
microparticles will pose significant challenges, such as parti-
cle corrosion of transport equipment, high pumping power
constraints, and sedimentation, Mondragon et al. describe
a suspension containing nanoparticles in the fluid as a sus-
pension containing nanoparticles in the fluid. In addition,
when compared to typical suspension, fluid conveyance
has negligible corrosion effects and requires little pumping
power [14]. Furthermore, it is referred to as nanofluid since
it has a high heat conductivity when compared to base fluid
and conventional suspension [15]. The nanofluid contains a
minor amount of metals, such as Cu, as well as nonmetals,
such as Al2O3, SiC, and CuO nanoparticles. Pay special
attention to the CNT’s unusual arrangement and exceptional
thermal characteristics [16–18].

Nanofluid has been extensively employed as excellent
performances in heat transfer fluid with variety of applica-
tion due to its greater performance compared to base fluid
[19–21]. Heat transfer during various heat exchanger like
shell and tube heat exchanger, solar collectors, heat pipe,
for energy storage, and many other applications is among
the most common uses for NF [22–25]. Because of their
superior thermophysical qualities, nanofluid has a significant
possible use in favour of recovering waste heat and increasing
the energy effectiveness of many operations [26–28].

2. Treatment of Nanofluid

2.1. Purification. The treatment of the nanofluid is shown in
Figure 1, for understanding easily. The creation of the nano-
fluid can be done in two ways, with the two-step process
being more convenient and being employed by many
researchers. The nanotube comes in a wide variety of
lengths, flaws, and twists. As a result, the main concern is
how to separate them as garbage stain and sanitise the tube.
Various postenlargement therapies have evolved to clean the
tube and remove flaws. In an ultrasonicator, the materials
can be treated to release the tubes from the particles that
have bound them all together.

2.2. Stability. The nanofluid is said to be stable when the
concentration of scattered nanoparticles remains constant

throughout time. The pictures of the nanofluid test tube
should be taken every day to determine the sedimentation
rate (stability test) are shown in Table 1.

Although nanotubes show perfect uniqueness, the sam-
ples are taken under unusual settings, such as when they
are exposed to air or water, confirming that they are distinct.
As a result, impurities like O2 clinging to the nanotubes
made them extremely vulnerable. The lubricated nanotube
stain is repeatedly distributed in ethanol, where it may be
preserved without causing damage to the tubes. It is worth
noting that the nanotubes are stable, preserving their struc-
ture even when contaminated.

2.3. Effect of Sonication Time. The carbon nanotube nano-
fluid is affected by ultrasonication in two ways. Though the
optimum time had reached more ultrasonication outcomes
than before, which was more than the break rate of nano-
tubes and reduced the aspect ratio of carbon nanotubes,
ultrasonication aids in the formation of superior dispersions
under the ideal processing time. With a 140W and 20 kHz
ultrasonicator, the most favourable ultrasonication time
was up to 35 minutes at 1wt percent MWCNT. The nano-
fluid viscosity is increased by sonication time until it reaches
its maximum value, after which it declines. The declustering
of the carbon nanotube bundle was linked to the early
ascent, which led to the production of enhanced dispersal.
Due to the increased breakage rate of carbon nanotubes,
the latter reduces viscosity, resulting in a shorter nanotube
and poor dispersion of carbon nanotubes. With a 35-
minute ultrasonication time, the maximum thermal conduc-
tivity enhancement is observed, but this decreases with
additional sonication.

3. Experimental Setup

The experimental apparatus is schematically depicted in
Figure 2, which includes an experiment section, water loop,
nanofluid loop, and data monitoring system.

The test unit is 2m length and a tube in tube heat
exchanger with a counter flow arrangement in which the
nanofluid flows from beginning to end of the inside copper
tube with inside diameter of 10mm and water flow is taken
by the shell side with outside diameter of 25mm. The exper-
iment part remains separated to five equal length sections,
and the whole unit is wrapped in insulating material. On
the inner side of a wooden box packed with the help of glass
wool, the insulated test part is placed. To display the bulk
temperatures of nanofluid, RTDs remain directly placed
where the fluid flows at the entrance and outflow of each
section. The following approach is used to calculate the con-
vective heat transfer coefficients of nanofluids flowing inside
the tube using the measured data. Using the nanofluid inlet
as reference, the length of each segment is calculated.

4. Measurement of Thermophysical Properties

4.1. Density Measurement. The addition of solid nanoparti-
cles, which have a higher density, results in NF having a
higher density than BF. The density is determined using
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the volumetric flask method, in which a known amount of
nanofluid is placed in a conventional volumetric flask of a
given volume and the mass of the flask containing nanofluid
is measured using a highly valuable electronic balance (M2).
Using the same electronic balance, the empty flask mass
(M1) is measured first. The difference between M2 and M1
yields the precise nanofluid mass for a given volume. As a
result, the density of nanofluid is determined utilising

ρnf = M2 −M1ð Þ/Vf l, ð1Þ

where,
ρnf: Density of the nanofluid,
M2: Flask mask with nanofluid,
M1: Mass of empty flask,
Vfl: Volume of the flask.
The density measurements arrangement is exposed in

the Figure 3.
The empty flask was initially kept in the electronic

balance machine without water to set the zero reading in
the electronic balance machine. The nanofluid concentra-
tions are then put into the flask and kept in an electronic
balance machine, where the values are recorded. This is
useful for determining density measurements for varied

nanofluid concentrations. The electronic balance machine’s
specifications are as follows: BL 220H, 220 g capacity,
0.001 g readability, and digital model. The Pak and Cho
correlations were used to compare the density values. The
Pak and Cho correlations are calculated as follows:

ρ =Φρp + 1 −Φð Þρf , ð2Þ

where,
ρ: Density of the nanofluid,
Φ: Fraction of volume,
ρf: Base fluid density,
ρp: Nanoparticle density.

4.2. Specific Heat. The heat transfer rate is very much influ-
enced by the specific heat; hence, the situation requires
analysis of the consequence of CNT in the base fluid. The
specific heat capacity remains essentially the quantity of an
energy needed to increase the temperature of unit mass
substance by 1° Celsius, represented in metric units as J/
g·K. The heating or cooling ability of the fluid per unit raises
or decreases the temperature determined by the specific heat
capacity of the nanofluid as a characteristic of heat transfer
fluid, in which just the creation of the fluid flow rate and
the specific heat capacity in J/K, by means of superior heat
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Figure 1: Treatment of nanofluid.
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capability with superior heat transfer fluid. As a result, as
specific heat capacity increases, heat capacity decreases,
necessitating low HTF flows for given heating or cooling
jobs, lowering pumping power requirements.

A differential scanning calorimeter with a nitrogen chill-
ing facility is used to test the nanofluid specific heat. A
known mass of nanofluid is placed in a pan, and the solution
is heated and cooled at a rate of 50 degrees Celsius per

Table 1: Stability test.

Illustrate Description
Time in
Hrs

Remarks

Water +0.15 volume % of CNT 1 CNT is settled

Water with 0.20% Cetyl pyridinum chloride +0.15 volume % of CNT 2.15 CNT is settled

Water with 0.20% Cetyl dimethyl benzyl-ammonia chloride +0.15 volume
% of CNT

2.30 CNT is settled

Water with 0.20% benzyl trimethyl ammonia chloride +0.15
volume % of CNT

6 CNT is settled

Water with 0.20% SDBS+0.15 volume % of CNT 24
CNT is not

settled
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minute. Cp = Q/ðmnfΔTÞ is the formula for finding nano-
fluid specific heat established on results of the heating rate
and heat flow.

The results show in Figure 4, as how the specific heat of
nanofluids varies with temperature. It should be noted that
the specific heat of a nanofluid is proportional to its temper-
ature. Incorporating carbon nanotubes (CNTs) into water
increases the specific heat of a nanofluid. It is due to an
increase in nonconsistent intermolecular forces between
the CNT and the fluid, which require more energy to rise
in temperature than water.

4.3. Thermal Conductivity. The most essential property of
NF is its increased thermal conductivity, with high thermal
conductive NPs added specifically to boost BF’s thermal
conductivity. Thermodynamic conductivity is an important
feature in heat transfer applications. To determine the effec-
tive thermal conductivity of propanol-based CNT, a variety
of correlations are available in the open literature. The
system is set up in this paper, and it is utilised to determine
the effective thermal conductivities of nanofluids. It was cho-
sen because the majority of experimental results correlate
well with projected values using this model, which takes into
account both liquid and CNT form and size.

The variant of thermal conductivities of nanofluid at
different temperatures is depicted in Figure 5. The outcome
shows that nanofluid thermal conductivities increase with
the addition of carbon nanotube in the water. The frame-
work displays that the thermal conductivity of nanofluid is
the function of the different temperature.

4.4. Viscosity. In heat transfer application, the pumping
power is a vital aspect by the way it depends on the viscosity
of HTF. Viscosity is simply the fluid’s resistance to flow as a
result of interlayer or fluid or surface contact. Alike to the
density, viscosities have dual negative effect on the pressure

Temperature scanner (RTD)

Test section

Calming section

Air flowCooling
unit

Reservour

Centrifugal pump

U-tube
manometer

Flow meter

Bypass valve

Bypass valve

Figure 2: Experimental Setup.
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drop and the amount of pumping power needed. Because of
nanoparticles/surface collision and previous interlayer resis-
tances and interfacial forces, the occurrence of nanoparticle
in water, i.e., creating nanofluid, increases friction at fluid/
surface contact. As a result, the NF’'s viscosity is increased
in comparison to the BF as a result of these interfacial resis-
tances. To take use of the nanofluid’s good effects, it is
necessary to compute the increased pumping power caused
by the addition of carbon nanotubes to the water-based base
fluid. It is required to determine the viscosity of the nano-
fluid at different temperatures.

Experimentally, the viscosity of CNT nanofluid was esti-
mated at various concentrations of 0.15 and 0.3 at 25°C.
Figure 6 depicts the relationship between nanofluid viscosi-
ties and shear stresses. It is clearly seen that nanofluid viscos-
ity drops as shear stress increases from 0 to 3N m-2,

indicating that the nanofluid performs non-Newtonian at
low shear stress.

4.5. Comparison of Measured HTC for Water and Those
Calculated from the Gnielinski Equation and Monrad
Equation. Figure 7 compares the measured HTC of the base
fluid flow from end to end tube to that of predicated values
using the Gnielinski equation and Monrad equation at vari-
ous flow conditions (Re > 2200). The water flows from end
to end of the tube at 10°C, and in the annulus fluid it is at
25°C. It is understood from the graph that the investigational
values match those obtained from the correlations. Having
established confidence, the experiment is conducted with
base fluid and a heat transfer fluid on tube side and water
on annular side.

5. Conclusion

Nanofluid has recently been developed as a high-efficiency
heat transfer fluid with excellent thermophysical characteris-
tics. To progress the thermophysical property of commonly
used fluid, a variety of nanostructures, specifically nanopar-
ticles, have been introduced. In this work, the effective
thermophysical properties of the carbon nanotube have been
discussed and subsequent conclusion has been attained. The
thermal performance of system can be considerably
enhanced by adding of CNT in base fluid (water). The
following conclusion is drawn from the results of the
thermal conductivity, viscosity, and shear stress of CNT
nanofluid: the viscosity of nanofluid increases as the concen-
tration of the nanofluid increases, and the nanofluid is
appropriate when the operating temperature is greater than
45°C with superior concentration. As the temperature rises,
the thermal conductivity of the nanofluid increases. Carbon
nanotubes have an advantage in the nanofluid because they
conserve energy, reduce emissions, and improve convective
heat transfer and efficiency.
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Nomenclature

Φ: Concentration (%)
k: Thermal conductivity (Wm-1K-1)
h: Convective heat coefficient (Wm-2 K)
Cp: Specific heat (Jkg-1K-1)
ρ: Density (kgm-3)
Re: Reynolds number
T: Temperature (°C)
m: Mass flow rate (kg s-1)
ΔT: Change in temperature

Special characters

CNT: Carbon nanotube
CHF: Critical heat flux
HTF: Heat transfer fluid
BF: Base fluid
NF: Nanofluid
MWCNT: Multiwalled carbon nanotube
RTD: Resistance temperature detector

Subscripts

nf: Nanofluid
bf: Base fluid
np: Nanoparticle

Data Availability

The data used to support the findings of this study are
included in the article. Should further data or information
be required, these are available from the corresponding
author upon request.

Disclosure

It was performed as a part of the Employment Hawassa
University, Ethiopia.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

The authors appreciate the technical assistance to complete
this experimental work from the Department of Automobile
Engineering, Vels Institute of Science, Technology &
Advanced Studies, Chennai, Tamil Nadu, India. The authors
thank for the technical assistance to complete this experi-
mental work.

References

[1] M. Sheikholeslami, M. Jafaryar, M. Hedayat et al., “Heat trans-
fer and turbulent simulation of nanomaterial due to com-
pound turbulator including irreversibility analysis,”
International Journal of Heat and Mass Transfer, vol. 137,
pp. 1290–1300, 2019.

[2] M. Jafaryar, M. Sheikholeslami, Z. Li, and R. Moradi, “Nano-
fluid turbulent flow in a pipe under the effect of twisted tape
with alternate axis,” Journal of Thermal Analysis and Calorim-
etry., vol. 135, no. 1, pp. 305–323, 2018.

[3] J. Kumaraswamy, V. Kumar, and G. Purushotham, “Evalua-
tion of the microstructure and thermal properties of (ASTM
A 494 M grade) nickel alloy hybrid metal matrix composites
processed by sand mold casting,” International Journal of
Ambient Energy, vol. 42, pp. 1–22, 2021.

[4] M. Chandrasekar and P. M. Kumar, “Experimental investiga-
tion on heat transfer and pressure drop in double helically
coiled tube heat exchanger with MWCNT/water nanofluid,”
Journal of Applied Fluid Mechanics, vol. 11, no. SI, 2018.

[5] P. C. Mukesh Kumar and M. Muruganandam, “Stability anal-
ysis of heat transfer MWCNT with different base fluids,” Jour-
nal of Applied Fluid Mechanics, vol. 10, pp. 51–59, 2017.

[6] M. Muruganandam and P. C. Mukesh Kumar, “Experimental
analysis of four stroke diesel engine by using carbon nano
tubes based nanofluids as a coolant,” Journal of Applied Fluid
Mechanics, vol. 10, pp. 1–5, 2017.

[7] C. M. K. Periyasamy and C. Manickam, “Experimental studies
on stability of multi walled carbon nanotube with different oil
based nanofluids,” Thermal Science - International Scientific
Journal- Online First, vol. 24, no. 1 Part B, pp. 533–539, 2020.

[8] J. Kumaraswamy, V. Kumar, and G. Purushotham, “Thermal
analysis of nickel alloy/Al2O3/TiO2 hybrid metal matrix com-
posite in automotive engine exhaust valve using FEAmethod,”
Journal of Thermal Engineering, vol. 7, no. 3, pp. 415–428,
2021.

[9] V. Vijayan, S. Saravanan, A. Godwin Antony, M. Loganathan,
and S. Baskar, “Heat transfer enhancement in mini compact
heat exchanger by using alumina nanofluid,” International
Journal of Mechanical Engineering and Technology (IJMET),
vol. 10, no. 1, pp. 564–570, 2019.

[10] V. Kumaresan and R. Velraj, “Experimental investigation of
the thermophysical properties of water – ethylene glycol mix-
ture based CNT nanofluids,” Thermochemical Acta, vol. 545,
pp. 180–186, 2012.

[11] P. C. Mukesh Kumar, J. Kumar, S. Sendhilnathan,
R. Tamilarasan, and S. Suresh, “Heat transfer and pressure
drop analysis of Al2O3nanofluid as coolant in-shell and heli-
cally coiled tube heat exchanger,” Bulgarian Chemical Com-
munications, vol. 46, no. 4, pp. 743–749, 2014.

[12] K. Jayappa, V. Kumar, and G. G. Purushotham, “Effect of rein-
forcements on mechanical properties of nickel alloy hybrid
metal matrix composites processed by sand mold technique,”
Applied Science and Engineering Progress, vol. 14, no. 1,
pp. 44–51, 2020.

[13] V. Kumaresan, S. M. A. Khader, S. Karthikeyan, and R. Velraj,
“Convective heat transfer characteristics of CNT nanofluids in
a tubular heat exchanger of various lengths for energy efficient
cooling/heating system,” International Journal of Heat and
Mass Transfer, vol. 60, pp. 413–421, 2013.

[14] R. Mondragon, C. Segarra, J. C. Jarque, J. E. Julia,
L. Hernandez, and R. Martinez-Cuenca, “Characterization of
Physical Properties of Nanofluids for Heat Transfer Applica-
tion,” IOP Journal of Physics: Conference Series, vol. 395, article
012017, 2012.

[15] P. Estelle, S. Halelfadl, and T. Mare, “Thermophysical Proper-
ties and Heat Transfer Performance of Carbon Nanotubes
Water-Based Nanofluids,” Journal of Thermal Analysis and
Calorimetry, vol. 127, no. 3, pp. 2075–2081, 2017.

7Journal of Nanomaterials



[16] K. Elsaid, M. A. Abdelkareem, H. M. Maghrabie et al., “Ther-
mophysical properties of graphene-based nanofluids,” Inter-
national Journal of Thermofluids, vol. 10, article 100073, 2021.

[17] N. K. Gupta, S. Mishra, A. K. Tiwari, and S. K. Ghosh, “A
review of thermophysical properties of nanofluids,” Materials
Today: Proceedings, vol. 18, pp. 968–978, 2019.

[18] V. Ding, V. Alias, D. Wen, and R. A. Williams, “Heat transfer
of aqueous suspensions of carbon nanotubes (CNT nano-
fluids),” International Journal of Heat and Mass Transfer,
vol. 49, no. 1–2, p. 240, 2006.

[19] S. Z. Heris, S. G. Etemad, and M. N. Esfahany, “Experimental
investigation of oxide nanofluids laminar flow convective heat
transfer,” International Communications in Heat and Mass
Transfer, vol. 33, no. 4, pp. 529–535, 2006.

[20] Y. Jin, H. Chen, Y. Ding, and D. Cang, “Heat transfer and flow
behaviour of aqueous suspensions of TiO2 nanoparticles
(nanofluids) flowing upward through a vertical pipe,” Interna-
tional Journal of Heat and Mass Transfer, vol. 50, no. 11-12,
pp. 2272–2281, 2007.

[21] C. H. Li and G. P. Peterson, “Experimental investigation of
temperature and volume fraction variations on the effective
thermal conductivity of nanoparticle suspensions (nano-
fluids),” Journal of Applied Physics, vol. 99, no. 8, article
084314, 2006.

[22] C. T. Nguyen, G. Ro, C. Gauthier, and N. Galanis, “Heat trans-
fer enhancement using Al2O3-water nanofluid for an elec-
tronic liquid cooling system,” Applied Thermal Engineering,
vol. 27, no. 8-9, pp. 1501–1506, 2007.

[23] B. C. Pak and Y. I. Cho, “Hydrodynamic and heat transfer
study of dispersed fluids with submicron metallic oxide parti-
cles,” Experimental Heat Transfer an International Journal,
vol. 11, no. 2, pp. 151–170, 1998.

[24] L. Syam Sundar, M. T. Naik, K. V. Sharma et al., “Experimental
investigation of forced convection heat transfer and friction
factor in a tube with Fe3O4 magnetic nanofluid,” Experimental
Thermal and Fluid Science, vol. 37, pp. 65–71, 2012.

[25] C. Y. Tsai, H. T. Chien, P. P. Ding, B. Chan, and T. Y. Luh,
“Effect of structural character of gold nanoparticles in nano-
fluid on heat pipe thermal performance,” Materials Letters,
vol. 58, no. 9, pp. 1461–1465, 2004.

[26] W. Duangthongsuk and S. Wongwises, “Heat transfer
enhancement and pressure drop characteristics of TiO2-water
nanofluid in a double-tube counter flow heat exchanger,”
International Journal of Heat and Mass Transfer, vol. 52,
no. 7-8, pp. 2059–2067, 2009.

[27] D. Wen and Y. Ding, “Experimental investigation into convec-
tive heat transfer of nanofluids at the entrance region under
laminar flow conditions,” International Journal of Heat and
Mass Transfer, vol. 47, no. 24, pp. 5181–5188, 2004.

[28] Y. Yang, Z. G. Zhang, E. A. Grulke, W. B. Anderson, and
G. Wu, “Heat transfer properties of nanoparticle-in-fluid dis-
persions (nanofluids) in laminar flow,” International Journal
of Heat and Mass Transfer, vol. 48, no. 6, pp. 1107–1116, 2005.

8 Journal of Nanomaterials



Research Article
Synthesis and Applications of Green Synthesized TiO2
Nanoparticles for Photocatalytic Dye Degradation and
Antibacterial Activity

Annin K. Shimi ,1 Hiwa M. Ahmed ,2,3 Muhammad Wahab,4 Snehlata Katheria,5

Saikh Mohammad Wabaidur,6 Gaber E. Eldesoky,6 Md Ataul Islam,7

and Kantilal Pitamber Rane8

1Department of Physics, Manonmaniam Sundaranar University, Tirunelveli, Tamilnadu-627012, India
2Sulaimani Polytechnic University, Slemani, 46001 Kurdistan Region, Iraq
3Department of Horticulture, University of Raparin, Ranya, Kurdistan Region, Iraq
4Food Science and Quality Control Department, College of Agricultural Engineering Science, University of Sulaimani, Slemani,
Kurdistan Region, Iraq
5Department of Chemistry, University of Lucknow, Lucknow-226007, Uttar Pradesh, India
6Department of Chemistry, College of Science, King Saud University, Riyadh-11451, Saudi Arabia
7Division of Pharmacy and Optometry, School of Health Sciences, Faculty of Biology, Medicine and Health,
University of Manchester, Manchester, UK
8Electronics and Communication Engineering Department, KL University, Hyderabad, India

Correspondence should be addressed to Hiwa M. Ahmed; hiwa2009@yahoo.com

Received 2 January 2022; Revised 27 January 2022; Accepted 14 February 2022; Published 2 March 2022

Academic Editor: Wenhui Zeng

Copyright © 2022 Annin K. Shimi et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Metal oxide photocatalyst is one of the promising photocatalysts in the water remediation process. The present work is aimed at
synthesizing the green production of TiO2 (G-TiO2) nanoparticles from mulberry plant extract. Plant phytochemicals serve a
different role to produce the nanophase particles. The bioreductant is safer and noxious free compound for synthesizing the G-
TiO2 nanoparticles. The synthesized G-TiO2 nanoparticles in anatase phase and their crystallite size of 24 nm were
characterized from X-ray diffraction analysis. The Ti-O bonding and plant derivatives and their reduction were confined from
FTIR analysis. The wide bandgap of G-TiO2 nanoparticles (3.16 eV) and their optical characterization were captured from UV-
DRS analysis. The spherical surface morphology and their Ti and O elemental configurations were characterized from FESEM
with EDX technique. The photocatalytic dye degradation was examined against methylene blue dye, and their pseudo-first-
order kinetics were evaluated. The cyclic experiments declared their catalytic potential. The bacterial resistance of G-TiO2
nanoparticles was examined against gram-positive and gram-negative bacteria. Hence, the catalytic potential and bacterial
stability of G-TiO2 nanoparticles are the powerful candidate for water remediation and biomedical applications.

1. Introduction

The phrase “nanotechnology” refers to the design, manufac-
ture, and application of functional structures with at least
one characteristic dimension measured in nanometers [1].
Catalysis, optical, electric, and magnetic characteristics,
diagnostics, biological probes, and display devices are all

areas where metal oxide nanoparticles have a lot of poten-
tials [2]. Due to their simple production and eco-loving
nature, there is no need of high-cost equipment setup.
Recently, green production of nanomaterials was the focus
of the researchers [3, 4]. Metallic nanoparticles are synthe-
sized in two ways: top-down and bottom-up, via chemical,
physical, and biological methods. The bottom-up technique
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follows the combining of atoms to generate bulk nanoparti-
cles, while the top-down method follows the method of
transforming bulk materials to nanoparticles [5]. They have
also been used as chemical reaction catalysts, biosensors,
antioxidants, and DNA delivery. The peculiar properties of
nanoparticles, such as their stability, catalytic activity,
biocompatibility, high conductivity, and strong surface
area-to-volume ratio, could be due to these diverse activities.
Instead of the toxic materials used in chemical and physical
synthesis, the green synthesis of nanomaterials utilizing
plants/plant component extracts had played a vital role in
the field of nanotechnology out of all the approaches enu-
merated. The green synthesis of NPs can be accomplished
by using the metabolites of bacteria, fungi, yeast, algae, acti-
nomycetes, and plants as reducing and capping agents.
Green synthesis of nanoparticles has gotten more publicity,
because of its low cost, simplicity, scalability, eco-friendli-
ness, and the wide range of metabolites secreted by plants.
Plant products such as leaves, bark, roots, stems, peels, and
other biological resources are accessible in nature and could
be used for the green production of nontoxic nanoparticles.
Traditional Indian medical systems rely heavily on medici-
nal herbs. The importance of medicinal plants as a possible
source of bioactive chemicals has been recognized in phar-
macological investigations [6]. Medicinal plants have been
discovered to be effective in the treatment of a variety of
health issues over time. Morus alba Linnaeus is one of those
species in the Moraceae family. The majority of the species
are endemic to Asia, for which the environment is warm.
It is used as traditional medicine and modern drug prepara-
tion, mainly constitutes diet for the silkworm [7, 8]. Phyto-
chemicals are compounds found in medicinal plants,
leaves, vegetables, and roots that act as a defense mechanism
and provide protection against a variety of ailments. Primary
and secondary compounds are referred to as phytochemi-
cals. Primary ingredients include chlorophyll, proteins, and
simple carbohydrates, whereas secondary chemicals include
terpenoids, alkaloids, and phenolic chemicals. Many health
concerns, such as cancer, heart disease, diabetes, and high
blood pressure, are being pushed for the prevention and
treatment of phytochemicals [9–12]. Morus plant has shown
strong antifungal activities.M. alba has garnered great atten-
tion for its antioxidative and antidiabetic effects [13]. M.
alba has antioxidant, antibacterial, antiviral, and anti-
inflammatory properties [14, 15]. The mulberry extract
using nanoparticles exhibited the enhanced bacterial activity
[16–21]. The present work reports the green production of
TiO2 (G-TiO2) nanoparticles and their bacterial activity
and catalytic dye degradation activity.

2. Materials and Methods

2.1. Materials. Titanium tetra isopropoxide-Analytical
Reagent (TTIP-AR) solution was purchased from Sigma
Aldrich, India. The methylene blue dye was purchased from
HiMedia, India. The fresh mulberry leaves were collected
from Kanyakumari market, Tamilnadu, India. The pro-
cured materials were used without further modifications

to synthesize the nanoparticles, and the solvent is double
distilled water.

2.2. Preparation of Mulberry Plant Extract. The collected
fresh mulberry leaves (10 g) were washed with running
water. The purified leaves were combined with 100mL dou-
ble distilled water. The combined compounds were heated
by using magnetic stirrer at 100°C for 10 minutes, and the
remaining impurities were removed by using Whatman
No. 1 filter paper (Himedia, Mumbai). The collected solu-
tions were stored for refrigerator at 4°C for further analysis.

2.3. Nano Production of G-TiO2 Nanoparticles. One molar
concentration of TTIP solution was mixed with 10mL mul-
berry plant extract to synthesize the G-TiO2 nanoparticles.
The combined solution was stirred by using magnetic stirrer
at 80°C temperature and 800 rpm. The milk white precipitate
was formed in 30 minutes, and the colour formations were
evident of the nanophase materials. The white participate
solutions were centrifuged at 15000 rpm for 10 minutes,
and the same process was repeated for three times. The
centrifuged samples were filtered by Whatman No. 1 filter
paper. The collected samples were heated at 100°C for 1
hour. The dried samples were stored in desiccator for further
characterizations.

2.4. Characterization of G-TiO2 Nanoparticles. The crystal-
line structure and sizes were captured from X-ray diffrac-
tometer (PANalytical XPert-Cu Kα radiation) worked in
30KV and 40mA. The plant compounds and their func-
tional groups and metal bonding were derived from FTIR
(Perkin Elmer) spectroscopy. The optical information was
determined from UV-DRS (Shimadzu-2700) analysis. The
surface shape and their exiting elements were characterized
from FESEM with EDX (Carl Zeiss) analysis.

2.5. Antibacterial Activity. The synthesized G-TiO2 nano-
particle bacterial activities were evaluated by using
gram-positive Staphylococcus aureus (ATCC 6538) and
gram-negative Escherichia coli (ATCC 8739) over the well
diffusion method. The nutrient broth was inoculated by bac-
terial culture (106CFU/mL), and inoculated suspensions
were incubated for 24 hours. The incubated suspensions were
swabbed over the Mueller-Hinton-mediated petri plates. The
gel puncture was used to make the well about 5mm on agar-
mediated petri plates, and the same concentrations (20μg/
ml) were put it over the well. The loaded petri plates were
incubated for overnight at 37°C. Finally, the incubated
samples exhibited the zones around the well. The bacterial
inactivity was measured by zone of inhibitions in the range
of millimeter scale. The bacterial inactivity of G-TiO2 nano-
particles was compared with the same concentration of mul-
berry plant extract and antibiotic drug (gentamycin-SD195
Gentamicin, 120 micrograms).

2.6. Photocatalytic Activity. The photocatalytic activity of
synthesized G-TiO2 nanoparticles was evaluated by methy-
lene blue dye under UV light irradiation (wavelength = 300
nm). 10 ppm dye solution was used in the catalytic activity.
The 100mL MB dye solution was mixed with 10mg
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nanocatalyst of G-TiO2 nanoparticles. The combined cata-
lyst solution was stirred under dark condition by using mag-
netic stirrer. The dark conditions help to achieve the
adsorption-desorption equilibrium position. The combined
solutions were kept in a UV chamber and light irradiated
for 120 minutes. For the periodic intervals (30 minutes),
the irradiated solution was taken out for 5mL to measure
the degradation efficiency. The collected dye solutions were
centrifuged at 10000 rpm for 5 minutes to eliminate the
unwanted elements and nanocatalyst. The centrifuged sam-
ples were measured for UV-Visible spectroscopy. The same
working procedure was followed by reusability analysis.
The dye degradation efficacy was characterized from below
mentioned equation as follows:

Photocatalytic dye degradation %ð Þ = Co – Ctð Þ
Co × 100, ð1Þ

where the initial dye concentration is Co (without UV
light irradiation) and the concentration of the dye at differ-
ent UV light irradiation time is Ct. The free radicals and
holes are measured from the quenching experiment. The
p-benzoquinone (BQ) was used to determine the superoxide
ion activity, isopropyl alcohol (IPA) was used to find the
hydroxyl activity, and triethanolamine (TEOA) was used to
analyze the hole activity in the catalytic activity. These com-
pounds restrict the free radicals, holes, and superoxides, and
their concentration is 1mmol/L.

3. Results and Discussion

3.1. XRD Analysis. The phase, purity, and structural average
crystallite size values of amalgamated G-TiO2 nanoparticles
were observed by the XRD pattern exhibited in Figure 1.
The X-ray diffraction peaks examined at 25.38°, 37.97°,
48.14°, 54.40°, 55.20°, 62.71°, 68.51°, 71.71°, and 75.30° corre-
spond to Miller index (hkl) value of (101), (004), (200),
(105), (211), (118), (116), (220), and (315), respectively.
The collected outcomes were verified utilizing JCPDS Card
No. 78-2486 (Joint Committee on Powder Diffraction Stan-
dards) [22]. The photocatalytic activity is improved by the
crystallinity of the nanoparticles, as evidenced by a strong
peak. The regular crystalline size of the particle was evalu-
ated utilizing Debye Scherrer’s equation is given by D =
0:89λ/β cos θ [23]. To evaluate the crystalline size, the
(101) plane was selected. The as-prepared TiO2 nanoparti-
cles elicited utilizing mulberry solution had an average crys-
talline size of approximately 22 nm, which was measured by
repeating the experiment 3 times with standard deviation
ðSDÞ value ± 0:024. The surface area [23] of the catalyst
is 7.33 (×105 g/cm2). As an outcome, it is determined that
TiO2 nanoparticles possess a tremendous surface area and
dye molecules on their surface, which might be responsible
for occurring in better photocatalytic performance.

3.2. FTIR Analysis. Figure 2 shows the FTIR spectra of G-
TiO2 nanoparticles synthesized from mulberry plant extract
green chemical-reduction method. The strong absorption
peak at 1633 cm−1 and 3428 cm−1 is responsible for the OH

groups [24]. The peaks which are 2933 cm−1 and 2850 cm-1

attribute the C-H stretching which confirmed the organic
compound reduction from the surface [25]. The peak at
1380 cm-1 represents the plant biocompounds and their C-
C bond stretching and C-O bond stretching from the plant
extract [26]. The metal-oxygen peak at 686 cm−1 represents
O–Ti–O bonding in cationic anatase phase [27]. The plant
extract and metallic peaks responsible for band assignment
were derived from FTIR analysis. The phenolic compounds
from the plant extract serve a bioreductant to synthesis G-
TiO2 nanoparticles.

3.3. UV-DRS Analysis. The green production of G-TiO2
nanoparticle optical endurance was measured from UV-
DRS analysis. The optical absorption edge is located at
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around 398nm (Figure 3(a)) which acknowledges the transi-
tion of electrons from valence band to conduction band (O-
2p to Ti-3d) [28]. The high valency Ti-3d orbitals were
suppressed by 2-p orbitals from oxide compounds. The pho-
toexcited electrons and electrons are recombined each other.
The excited electrons were restricted by oxide compounds,
and their recombination was suppressed. The charge trans-
formation decreased the recombination activity and
extended their life time [29]. These activities increase the
light absorption activity. The optical bandgap energy was
detected from the Kubelka-Munk equation. The obtained
bandgap values are displayed in Figure 3(b). The wide band-
gap of G-TiO2 nanoparticles restricts the charge carriers
and promotes the carrier production. The separated charge
carriers promote the extension of e-h pair activity. The
wide bandgap is one of the key factors for better photocat-
alytic activity. The suppressed charge carriers increased the
reactive oxygen species and hydroxyl radical formations
[30]. These productions promote the reduction of pollu-
tion from environment through the photocatalysis and
bacterial degradation activity.

3.4. FESEM with EDX Analysis. Figure 4 displays the FESEM
images and EDX values of G-TiO2 nanoparticles. The size,
shape, and elemental compositions were captured from
FESEM analysis. The FESEM images of G-TiO2 nanoparti-
cles showed a spherical shape and conjoint spherical shapes
with the size of 24nm. The spherical shape is one of the larg-
est surface area shapes than another nanostructure [31]. The
conjoint spherical shapes are attained from the plant extract
on the surface G-TiO2 nanoparticles. The excessive amount
of plant extracts was reassured from FTIR spectroscopy.
The title materials were identified from EDX analysis shown
in Figures 4(c) and 4(d). The EDX spectrum derived the Ti

and O peaks with respect to the energy levels. The Ti has
major peaks than O. The atomic and weight percentage of
G-TiO2 nanoparticles represent the Ti and O. The O pres-
ence is very important for radical formation. The formed
radicals are broadly applicable in biological and water reme-
diation process.

3.5. Antibacterial Activity. Figure 5 represents the antibacte-
rial activity of G-TiO2 nanoparticles. The bacterial inactivity
was measured by zone of inhibitions which is displayed in
Figure 5. The antibacterial activity of G-TiO2 nanoparticles
against gram-positive (S. aureus) and gram-negative (E. coli)
bacterial strains was compared with antibiotic drug genta-
mycin and mulberry plant extract. The G-TiO2 nanoparti-
cles own the high valency Ti3+ and dissolved oxygen
compounds which can restrict the cell production. The dis-
solved oxygen provokes the free radical generation and
superoxide formation [32–34]. These actions can disconnect
the electron transfer to the cell system. The disconnected
electron supply miscommunicates the cell production which
can lead a cell demise. The gram-positive bacterial strain is
more sensitive than gram-negative bacteria due to their weak
cell wall membrane.

3.6. Photocatalytic Activity. A significant quantity of trash is
created throughout numerous dyeing and finishing opera-
tions. Humans, microbes, and aquatic species are all
poisoned by dye-containing discharge pollutants. When
these colours are released into rivers or lakes, they create
unsightly pollution, physiologically increasing eutrophica-
tion, toxicity, and disruption in aquatic life. Traditional
water treatments are not completely degrading the dyes
because such colours are chemically stable [35–37].
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Figure 3: (a) UV-DRS absorption and (b) bandgap energy spectrum of synthesized G-TiO2 nanoparticles.
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The UV light-irradiated MB dye degradation spectrum is
shown in Figure 6. The dye degradation without catalyst is
shown in Figure 6(a). The degradation is 6% which is very
lower degradation efficiency. The catalytic degradation effi-
ciency was found to be very high from 0min to 30min
and reached to a maximum of 96% at 120min due to the

presence of G-TiO2 nanoparticles (Figure 6(b)). It might
due to the huge surface area of the materials [25–29]. The
C/C0 spectrum and pseudo-firt-order kinetics spectrum
show the catalytic activity of G-TiO2 nanoparticles in
Figures 6(b)–6(d). For improved oxidative breakdown of
colours in wastewater, a UV radiation combination has been
applied. UV reactions degrade the chromophoric structure
of such dyes, resulting in complete decolourization. The
superoxides have more power than the holes and hydroxyl
ions which is displayed in Figure 6(e). The O2

• molecules
strongly degrading the MB dye molecules and holes and
hydroxyl radical are associated part in the catalytic reaction
of G-TiO2 nanoparticles. The G-TiO2 nanoparticles exhibit
the excellent catalytic activity due to their adsorbed O2

•

which induced the catalytic stability. The recycle study
inferred the catalytic stability and endurance of the G-TiO2
nanoparticles (Figure 6(f)). When exposed to ultraviolet
light, a photon of energy hv is emitted; the photon of energy
hv greater than the band gap stimulates the electron (e-)
from the valence band to the conduction band and leaves a
hole (h+) on the valence band, resulting in the production
of an electron-hole pair [35–39]. The OH∗ radical is formed
when photogenerated holes on the valence band react with
dyes or water attached to the surface. On the photocatalytic
dye degradation process, such OH∗ free radicals are referred
to as active spices. At the adsorbed molecule, the electron on
the conduction band interacts with oxygen to form the
anionic superoxide radical O2. The anion O2

.- does not con-
tribute to the oxidation process any longer, but instead react
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with H+ to produce H2O2. More trapped electrons are
released, resulting in the formation of OH∗ free radicals.
As a result, increasing the creation of electron-hole pairs
maximizes the active organism’s size and degradation per-
formance [40–44]. The detailed mechanism is shown in
Figure 7. The detailed mechanism was derived from the
quenching analysis. The photocatalyst stability is displayed
in Figure 6(f). According to the results of the current
experiment, the performance of samples developed for
degrading MB indicates that they can be effective photoca-
talyst and have an efficient reaction on the degradation of
environmental contaminants.

4. Conclusion

The present work effectively synthesized the G-TiO2 nano-
particles by using mulberry plant extract. The wide bandgap
and anatase phase of nanoparticles confirmed the G-TiO2
nanoparticles. The methylene blue degradation under ultra-
violet illumination in 120 minutes exhibited the 96% degra-
dation. The pseudo-first-order kinetics (0.02398min-1)
revealed the catalytic performance of the G-TiO2 nanoparti-
cles. The reusability of the G-TiO2 nanoparticles showed the
catalytic stability in 5 cycles. The bacterial activity of G-TiO2
nanoparticles revealed the enriched bacterial sensitiveness
against the S. aureus bacterial strain. The green nanoproduc-
tion is ecological friendly production method, and chemical-
free secondary products are released in the outlet. Based on
the attained findings, the synthesized G-TiO2 nanoparticles
are suitable for photocatalytic application and microbial
resistance-oriented devices.
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A simple and low-cost and highly calibrated probe sonication method was used to prepare bismuth oxide nanoparticles
(Bi2O3 NPs). The formation of a well-crystalline sample at the end of the product has been further calcined at 600°C for
2 hrs. The powder X-ray diffraction (PXRD) patterns of the NPs substantiated the monoclinic structure (space group P21/
c), and the average crystallite size was found to be 60 nm, which was also confirmed by transmission electron microscopic
(TEM) studies. Scanning electron microscopic (SEM) images depicted highly porous Bi2O3 NPs with little agglomeration.
Utilizing diffused reflectance spectra (DRS) data, the energy bandgap (Eg) value of 3.3 eV was deduced for Bi2O3 NPs, and
their semiconductor behavior has been confirmed. Two dyes, methylene blue (MB) and acid green (AG) were utilized for
degradation studies using Bi2O3 NPs under UV light irradiation (from 0 to 120min). The photocatalytic degradation was
found to be maximum for MB (93.45%) and AR (97.80%) dyes. Cyclic voltammetric (CV) and sensor studies using the
electrochemical impedance spectroscopy (EIS) were performed. The specific capacitance value of 25.5 Fg-1 was deduced
from the cyclic voltammograms of the Bi2O3 electrode in 0.1N HCl with a scan rate of 10 to 50mV/s. From the obtained
EIS data, the Bi2O3 electrode showed pseudocapacitive characteristics. The prepared electrodes also exhibited high
sensitivity towards the detection of ascorbic acid and lead. Hence, sonochemically synthesized Bi2O3 NPs are possibly
hopeful for excellent photocatalytic and electrochemical sensing of biomolecules.

1. Introduction

With the rapid escalation of industrial activities by mankind,
environmental remediation of pollutants has become an issue
of global concern. Many industries such as textile, food pro-
cessing, pharmaceuticals, tannery, papermaking, and electro-

plating are the source of dyes in the water bodies leading to
the contamination of water [1, 2]. A significant amount of
industrial waste is being released into the environment as the
chemical industry grows, and this waste has a high likelihood
of causing adverse reactions in human beings, such as immu-
nological dysfunction and reproductive system abnormalities,
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as well as neurological and behavioral abnormalities. Because
the therapy or cure for many diseases, such as diabetes, is still
in the early stages of development, it is critical to control the
living conditions associated with the disease. The monitoring
of heavy metals such as lead andmonitoring of the drug ascor-
bic acid is necessary to induce the welfare of humans as well as
water bodies. As a result, the development of novel sensors for
the detection of substances at trace quantities has emerged as a
highly essential area of research. Electrochemical detection
methods have a number of advantages over other conven-
tional procedures. Electrochemical sensors are one of the fields
that are growing at the fastest rate. Amperometric sensors use
the voltage difference between a reference and an electrode to
cause the oxidation or reduction of an electroactive species in a
reaction [3–6]. A large number of nanometal oxides have been
applied to degrade many pollutant dyes for many decades [7].

There are numerous transition metal oxides such as
ZnO, Mn2O3, Fe3O4, TiO2, and Fe2O3, which have been
applied to degrade the plenty of dye molecules [8–11]. Each
of these metal oxides exhibits good degradation efficiency,
but still face serious drawbacks such as fast electron-hole
recombination, agglomeration, and inefficient band gap
values. Thus, to find an alternative metal oxide for the effec-
tive photocatalytic degradation, Bi2O3 has been chosen in
this work due to its environmental friendly applications in

solid oxide fuel cells, gas sensors, photocatalyst, energy,
and medicine [12–14]. It is well known that bismuth oxide
has six polymorphic forms, denoted by α-Bi2O3 (mono-
clinic), β-Bi2O3 (tetragonal), δ-Bi2O3 (face-centered cubic),
γ-Bi2O3 (body-centered cubic), ῳ-Bi2O3 (orthorhombic),
and Bi2O3 (triclinic), respectively [15, 16]. Among them, α-
and δ-phases are stable both at low temperatures as well as
at higher temperatures, respectively, but the others remain
in a metastable phase at high temperatures Bi2O3 has a lot
of peculiar physical and chemical properties, such as a wide
energy gap change (from 2 to 3.96 eV), high metal oxide ion
conductivity properties (1.0 s/cm), high refractive index,
dielectric permittivity, addition to that, and excellent photo
conductivities and photoluminescence properties [17, 18].

Modified nanoelectrodes have been utilized for the
determination of paracetamol in pharmaceutical prepara-
tions including electrodeposition attachment of metal nano-
particles such as Au, Ru, and Cu. In addition, fullerene and
carbon nanotube-based electrodes also showed high sensitiv-
ity with a low detection limit [19, 20]. Generally, the modi-
fication of the electrode is needed for a sensitive and
selective determination of overdose levels of paracetamol in
whole blood or urine samples [21–23]. Bismuth oxide NP
modified carbon electrode has been employed for the deter-
mination of heavy metal ions present in drinking water,
mineral water, and urine samples [24, 25]. The fabrication
of chemically modified nanoelectrode (CMNE) has been
widely used to improve the sensitivity and selectivity of
amino acids, vitamins, drugs, DNA, and many more
[26–28].

Many researchers have reported different methods for
the synthesis of NPs, such as thermal decomposition using
organic solvents which create hampers. The combustion
method is one of the fast methods for the synthesis of NPs,
but in the combustion method, it is difficult to control the
agglomeration of the NPs. The other method for the fast
and better yield is the coprecipitation method where there
will be no control over the size distribution of the NPs.
The probe-sonication method was proven to be the best
due to its accuracy and capacity to form nanosized small
particles. The synthesis of NPs by the application of ultra-
sonic waves exhibited various advantages like fast rate of
reaction, high purity, and narrow distribution of particle
sizes [29]. Several authors have reported the synthesis of
many NPs through the sonochemical method.

In the present work, we aimed to synthesize Bi2O3 NPs
by using the probe sonication method. This method is usu-
ally applied for the preparation of nanometal oxides. This
method usually differs from other traditional procedures.
In recent times, this method has also been applied to prepare
binary metal oxides. Probe sonicationally synthesized pow-
dered Bi2O3 nanomaterials using Bi(NO3)3.5H2O offer many
advantages like a good degree of crystallinity, well-
established morphology, and high purity. After the calcina-
tion, the obtained pure powders of Bi2O3 NPs were charac-
terized by the techniques like PXRD, FTIR, SEM, and
TEM. To the best of our knowledge, no one has reported
the improvement of electrocatalytic oxidation of paraceta-
mol using nanoparticle bismuth oxide modified by graphite
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Figure 1: PXRD patterns of Bi2O3 NPs.

Table 1: FWHM values, d-spacing, and Miller indices for Bi2O3.

Miller indices
(hkl)

2θ
(degree)

FWHM
(degree)

d-spacing
(nm)

Crystal size
(nm)

102 24.9 0.17 0.43 55.78

002 25.8 0.20 0.37 52.00

120 27.5 0.13 0.33 65.78

012 27.9 0.15 0.39 53.13

-122 33.1 0.19 0.40 63.11

212 35.2 0.14 0.32 59.21

112 37.6 0.16 0.35 60.14

041 46.4 0.21 0.42 61.21

Average crystallite size = 58:79 nm.
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carbon electrode. The characterization of a known amount
of Bi2O3 NPs that could catalyse the oxidation process of
paracetamol in an acidic medium was investigated.

2. Experimental

2.1. Synthesis of Bismuth Oxide Nanoparticles (Bi2O3 NPs).
The synthesis of Bi2O3 NPs by probe sonication method
from the precursors, bismuth nitrate pentahydrate (Bi
(NO3)3.5H2O), and sodium hydroxide (NaOH) taken in
the ratio of 1 : 2 was carried out with the support of ultra-
sound radiation. All the chemicals were used as received in
analytical reagent (AR) grade. 1.0M solution of bismuth
nitrate pentahydrate (4.85 g) was added to a mixture of
5mL of concentrated nitric acid (HNO3) and 45mL of
deionized water with continuous stirring. Then, 0.5M solu-
tion of sodium hydroxide (1 g) was added dropwise to the
above precursor solution under stirring. This solution was
bombarded with high-intensity ultrasound radiation at
40°C for 1 hr by using a microprocessor unit controlled
ultrasonic probe of 13mm diameter made up of high-grade
titanium alloy (model PRO-550, 20 kHz, 500W), operated
at 20% amplitude, 20 kHz frequency with 100W theoretical
power dissipation [30]. On completion of the reaction pro-
cess, a light yellow precipitate was formed. Then, the solu-
tion was centrifuged and the obtained precipitate was
washed with distilled water and ethanol to remove excess
NaOH. The precipitate was dried in a hot air oven at
100°C for 1 hr and calcined at 600°C for 2 hrs to get greenish
coloured Bi2O3 NPs.

2.2. Instrumentation. The structural analysis, functional
group analysis, morphological studies, and optical analysis
were carried out using, X-ray diffractometer (Shimadzu)
(CuKα-1.541Å) with a scan rate of 20 per minute, Perkin

Elmer FTIR (Spectrum-1000) spectrometer in the range of
4000-400 cm−1, JEOL transmission electron microscopy
(TEM) (JEM-2100 (accelerating voltage up to 200 kV, LaB6
filament)), and Shimadzu UV–Vis spectrophotometer
model 2600 in the range of 200–800 nm, respectively. The
cyclic voltammetric and impedance measurements were exe-
cuted on an electrochemical analyzer CHI608E potentiostat
and in a tri-electrode system.

2.3. Preparation of an Electrode from Carbon Paste. The
working electrode was made by blending Bi2O3 NPs with
graphite powder (conducting carbon) and silicon oil
(binder) in the weight ratio of 15 : 70 : 15 and made into a
consistent slurry by physically grinding [31, 32]. Finely
grounded material was filled into a teflon cavity tube (home-
made) and confirming a fitted packing and the packed car-
bon paste surface was then smoothened.

3. Results and Discussion

3.1. Powder X-Ray Diffraction Studies. Figure 1 reveals the
PXRD patterns of Bi2O3 NPs synthesized by the probe son-
ication method and calcined at 600°C for 2 hrs. The diffrac-
tion peaks appeared at 2θ values of 24.9°, 25.8°, 27.4°, 27.9°,
33.1°, 35.2°, 37.6°, and 46.4° are correlated to (102), (002),
(120), (012), (-122), (212), (112), and (041) planes which
are very well indexed to monoclinic structure and in compli-
ance with JCPDS card no. 01-076-1730 with phase group
P21/c [33]. The lattice parameters were found to be; a =
5:8499Å, b = 8:1698 Å, and c = 7:5123 Å and α = 90°, β =
112:988°, and γ = 90°. From Debye-Scherrer’s formula
(equation (1)), the crystallite size of Bi2O3 NPs was deduced
to be in the range between 55 and 60nm (Table 1).

D = kλ
β cos θ , ð1Þ

where β is full width at half maximum (FWHM) of the
diffraction peak, λ is wavelength of X-ray (1.5418Å), θ is
Bragg’s angle, and k is Scherrer’s constant (0.88–0.92); the
average value of 0.9 was used for the calculation.

The d-spacing can be deduced using the following equa-
tion

1
d2

= 1
sin2β

h2

a2
+ k2 sin2β

b2
+ l2

c2
−
2hl cos β

ac

" #
, ð2Þ

where a, b, and c are lattice parameters, ðh k lÞ is Miller
indices, and dhkl is interplanar spacing for ðh k lÞ.

FWHM values, crystallite sizes, d-spacing values, and
Miller indices for Bi2O3 NPs obtained from the probe soni-
cation method have been tabulated in Table 1.

Table 2: Estimated structural parameters of Bi2O3 NPs prepared from probe sonication method.

Plane for
Bi2O3

β × 10−3 D
(nm)

d
(nm)

V × 10−30 m3 n × 10−21 Dx × 104
(kgm−3)

δ × 1015
(kgm−3)−2

ε × 10−3 E
(GPa)

σ × 108
(Pa)

SF

(120) 0.13 65.78 0.33 20.0 6.47 8.63 22.32 8.650 119.2 3.41 0.35
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Figure 2: FT-IR spectrum of Bi2O3 NPs.
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Various other crystal parameters such as unit cell vol-
ume (V), the number of unit cells (n), X-ray density (Dx),
dislocation density (δ), microstrain (ε), stress (σ), and stack-
ing fault were determined using PXRD data (Table 2) and
following relationships [14, 21, 34]:

V = a3, ð3Þ

N = 4
3π D/2Vð Þ , ð4Þ

Dx = 16M
Na3

, ð5Þ

δ = 1
D2 , ð6Þ

ε = β cos θ
4 , ð7Þ
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Figure 3: (a) and (b) SEM images. (c) EDAX of Bi2O3 NPs.

Table 3: Compositional data obtained from EDAX.

Element Weight % Atomic %

O K 15.09 69.89

Bi L 84.91 30.11
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σstress = ϵE, ð8Þ

S:F = 2π2

45
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 tan θ

p , ð9Þ

where M is molecular mass, N is Avogadro’s number
(6:0223 × 1023 particles mol−1), and E is elastic constant of
the material.

3.2. Fourier-Transform Infrared Spectroscopy. The Fourier
transform infrared (FTIR) spectrum of Bi2O3 NPs was
recorded in the wavenumber range of 400–4000 cm-1 at
room temperature using KBr pellets Figure 2. The appear-

ance of two peaks at 691.5 cm-1 and 853.8 cm-1 corresponds
to the metal-oxygen (Bi-O) vibration [35]. After calcination
of Bi2O3 NPs at 500

°C, many peaks were assumed to have
disappeared because of the evaporation of most of the sol-
vent molecules and decomposition of the organic ingredient.
The additional peaks, at about 1291 cm−1 and 1247 cm-1, can
be attributed to Bi3+– O2−stretching.

3.3. SEM Analysis. SEM micrographs of Bi2O3 NPs as shown
in Figures 3(a) and 3(b) approve the formation of highly
porous and agglomerated nanoparticles with an irregular
morphology which is possibly due to the escape of a large
amount of gases during the probe sonication process [36,
37]. These NPs were found to possess active surface sites
and thus they can be suitably employed for applications in
electrochemical and supercapacitor devices. The EDX spec-
trum of Bi2O3 NPs is presented in Figure 3(c). The spectrum
confirmed the presence of only Bi and O elements (Table 3)
in Bi2O3 NPs confirming the purity of the NPs.

3.4. TEM Analysis. The surface morphology of the synthe-
sized Bi2O3 nanostructures was investigated using high-
resolution transmission electron microscopy (HRTEM),
and the morphology is depicted in Figure 4. Figures 4(a)
and 4(b) show that the morphology has been slightly
agglomerated, but SEM and TEM images show that the pre-
pared Bi2O3 has a sheet shape morphology, which is consis-
tent with previous findings [38]. It is possible that the sheet
shape morphology is caused by the nature of the laminar
structure. Clear fringes can be seen in Figure 4(d) with an
interplanar distance of 4.57 nm, which corresponds to the
plane of (120), and an interplanar distance of 5.76 nm

100 nm

(a)

20 nm

(b)

2 nm

(c)

5 1/nm

4 32 1

(d)

Figure 4: (a) and (b) TEM images, (c) SAED pattern, and (d) HR-TEM of Bi2O3 NPs.
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(Figure 4(c)), which corresponds to the plane of (-122). The
other planes, which are denoted by the numbers 3 and 4 in
the SAED pattern of prepared Bi2O3, correspond to the
planes of (112) and (041). The planes observed in the SAED
pattern are in excellent agreement with the planes observed
in the XRD pattern.

3.5. Diffuse Reflectance Spectroscopy (DRS) Analysis. The
value of Eg for Bi2O3 NPs was evaluated by using the UV–
vis reflectance spectroscopy is given in Figure 5 [39]. The syn-
thesized NPs exhibited a representative reflectance with a
strong transition in the UV region corresponding to the band-
gap transition of the Bi2O3 semiconductor. The Kubelka-
Munk function F(R) provides the diffused reflectance as a
function of absorption coefficient and can be utilized for
examining the powders as given by the following equation:
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Figure 6: (a) and (b) Absorption spectra of MB and AR dyes decomposition for Bi2O3 NPs.
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Table 4: Rate constants and kinetic studies of Bi2O3 for methylene
blue (MB) decolorization under UV light irradiation.

20 ppmMB + 60mgBi2O3 + UV light
t c c/co Log c/co -log c/co %D

0 20 1 0 0 0

15 16 0.8 -0.09691 0.09691 20

30 11.25 0.5625 -0.24988 0.249877 43.75

45 8.43 0.4215 -0.3752 0.375202 57.85

60 6.75 0.3375 -0.47173 0.471726 66.25

75 4.56 0.228 -0.64207 0.642065 77.2

90 3.06 0.153 -0.81531 0.815309 84.7

105 2.31 0.1155 -0.93742 0.937418 88.45

120 1.31 0.0655 -1.18376 1.183759 93.45

Rate = 0:018758 min−1.
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F Rð Þ = 1 − Rð Þ2
2R , ð10Þ

where R is reflectance and FðRÞ is Kubelka-Munk
functions.

The inset of Figure 5 shows the direct bandgap energy
was estimated by plotting ½ f ðRÞðhvÞ�2 vs. energy gap (eV).
The optical energy gap was calculated using the Tauc rela-
tion [40], as given by the following equation.

αhυð Þ = A hυ – Egð Þn, ð11Þ

where hυ; photon energy, α; absorption coefficient
(α = 4πk/λ); (k; absorption index or absorbance, λ; the wave-
length in nanometer), Eg; energy band gap, A; constant, n
= 1/2 for the allowed direct bandgap. The exponent “n”
depends on the type of transition, and it may have values
1/2, 2, 3/2, and 3 corresponding to the allowed direct,
allowed indirect, forbidden direct, and forbidden indirect
transitions, respectively [41, 42]. The optical energy gap thus
calculated for the synthesized Bi2O3 NPs is 3.3 eV and is
shown in the inset of Figure 5. This resulted in the genera-

tion of higher electron-hole pairs for better photocatalytic
efficiency.

3.6. Photocatalytic Studies. Spherical glass reactor with
176.6 cm2 surface areas and mercury vapor lamps UV light
source with 125W medium pressures were used to carry
out photocatalytic experiments. The emission wavelength
with the highest emission at 370nm (UVA) in the range of
350–400 nm was utilized, and no filters were used to exclude
the light of different wavelengths. In open-air conditions, at
a distance of 23 cm, the light was directly irradiated onto the
reaction mixture. Double distilled water was used to perform
all the experiments. The experiment was conducted using
60mg of photocatalyst sample Bi2O3 was dissolved in
250mL of 20ppm concentrated dye solution. Throughout
the experiment, the solution was stirred continuously by using
a magnetic stirrer. At definite time intervals, 5mL of the reac-
tion mixture was collected from the dye solution, and the cat-
alyst particles were removed using an external magnet [43, 44].

Photocatalytic activity (PCA) of the Bi2O3 NPs was
assessed by photodegradation of methylene blue (MB), a
cationic dye with maximum absorption at 664nm, and
acid red (AR), an anionic dye with maximum absorption
at 640 nm as shown in Figures 6(a) and 6(b). Initially,
the PCA experiments were carried out in the dark condi-
tion to see the photocatalytic activity for (MB) and (AG)
dye using the synthesized catalysts. The dyes did not
undergo any degradation, and hence, no change was
observed [45, 46].

As presented in Figures 7(a) and 7(b) after 120min of UV
light irradiation, the photodegradation rate of MB dye
(Tables 4 and 5) was found to be 93.45%, but, in the same
environment, the photodegradation rate of AR dye (Tables 6
and 5) was recorded to be 97.8%. This clearly indicates that
AR dye is more susceptible to decolorization than MB when
exposed to UV light for 120min. The obtained results are
superior compared to the earlier published work where the
dye degradation efficiencies were found to be 95.02% for Fast
Red acid dye [47] and 92.3 for methylene blue dye [48]. The
percentage of degradation was calculated from the following
equation,

Table 5: List of dyes.

Name of dye Type of dye Class of dye Structure Mol.wt (g/mol)

Methylene blue Basic dye Thiazine S

N

N
CH3H3C N

CH3 CH3

Cl

+ 319.9

Acid red Acid dye Azo dye

N
N

HO

HN

CH3

S ONa
O

O

O

S
ONa

OO

400.38

Table 6: Rate constants and kinetic studies of Bi2O3 for acid red
(AR) decolorization under UV light irradiation.

20 ppmAR + 60mgBi2O3 + UV light
t c c/co Log c/co -log c/co %D

0 20 1 0 0 0

15 16 0.8 -0.09691 0.09691 20

30 10.8 0.54 -0.26761 0.267606 46

45 7.77 0.3885 -0.41061 0.410609 61.15

60 6.22 0.311 -0.50724 0.50724 68.9

75 3.55 0.1775 -0.7508 0.750802 82.25

90 2.81 0.1405 -0.85232 0.852324 85.95

105 1.33 0.0665 -1.17718 1.177178 93.35

120 0.44 0.022 -1.65758 1.657577 97.8

Rate = 0:020392 min−1.
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%D = Co − C
Co × 100 , ð12Þ

where%D is photo-decolorization efficiency, Co and C are ini-
tial concentrations of the dye solutions and the residual con-
centration of the dye in solution after decolorization in
equilibrium, respectively.

Langmuir-Hinshelwood kinetic model was utilized to
discuss photocatalytic degradation Kinetics of MB and AR
by Bi2O3 NPs as shown in Figures 8(a) and 8(b), using the
following equation.

log c
Co

= −Kt, ð13Þ

where Co is concentration of MB and AG dyes initially,
C is concentration at time t, k is rate of first-order kinetics
(min −1), and t is time in seconds.

The slope of (log C/Co) vs. time (t) gives the rate con-
stant K . The rate constant values for Bi2O3 NPs are
0.018758min−1 (MB) and 0.020392min−1 (AG). First-order
kinetics was confirmed from the values calculated from the
direct relationship between log C/Co and k.

In Figures 9(a) and 9(b), the degradation half-life was eval-
uated in which 50% dye degradation was observed in a time
span of 37min for (MB) and 34min (AG). The results indi-
cated that bismuth oxide is prominent material for the degra-
dation of textile dye pollutants and is also useful for the
removal of secondary pollutants. A novel bismuth oxide-
based thin film as a photocatalyst recorded 98% degradation
under UV light irradiation for 8 hours while obtaining a
73.47%COD (chemical oxygen) reduction. The photocatalytic
degradation managed to degrade the smaller organic mole-
cules that were formed during the initial stages of degradation,
leaving behind the less decomposable by-products [49].

3.7. Mechanism of Photocatalytic Degradation. As the solu-
tion containing photocatalyst (Bi2O3 NPs) is irradiated by vis-
ible (Vis) radiation, electrons in the valence band (VB) of the
catalyst get transferred to the conduction band (CB) by creat-
ing a hole in VB (Figure 10) [46]. These holes and electrons
interact with H2O and O2 to yield OH• and O2•

-, respectively,
and then the hydroxyl radicals interact with dye molecules to
degrade to smaller molecules [50, 51]. Themain steps involved
in the reaction process of photocatalytic degradation under
visible light irradiation are as follows:
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Figure 9: (a) and (b) Time span of MB and AR dyes over Bi2O3 NPs.
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Figure 8: (a) and (b) Percentage decomposition of MB and AR dyes over Bi2O3 NPs.
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Bi2O3 + hv⟶ e– + h+, ð14Þ

O2 + e– ⟶O2, ð15Þ
OH– + h+ ⟶OH–, ð16Þ

OH– + O–
2 + Dyes⟶Decomposed product: ð17Þ

It contributed towards the practicality of the synthesized
Bi2O3 NPs as they could be applied in the degradation of other
organic pollutants.

3.8. Cyclic Voltammetric Studies. In order to characterize
the synthesized Bi2O3 NPs based sensor, a variety of elec-
trochemical measurements were performed in 0.1M HCl

using lead and ascorbic acid, including cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)
(Figure 11). For the cyclic voltammetry studies of the syn-
thesized Bi2O3, a standard three-electrode system in 0.1M
HCl was used. Using a scan rate ranging from 10mV/s to
50mV/s, this process was carried out in the absence of
lead and/or ascorbic acid. It has been determined that
the reduction and oxidation peaks observed at potentials
of -0.25V and -0.09V, respectively, when the potential
range was varied from -0.3 to +0.1, were caused by varia-
tions in the potential range from -0.3 to +0.1. With the
help of cyclic voltammograms, the specific capacitance of
the electrode (Fg-1) could be calculated using the following
equation,

e- e-e- e-e-e-e-e-

Recombination

Conduction band

e-

UV-Light(hv≥Eg)

h+h+h+ h+ h+ h+ h+ h+ h+h+

Valance band

O2

O2
∗_

Degradation of organic
dyes (MB & AR) CO2+H2O

HO∗

H2O

Figure 10: The mechanism of MB and AR dyes decomposition for Bi2O3 NPs.
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Figure 11: (a) Cyclic voltammogram of Bi2O3 NPs with different scanning rates. (b) EIS spectra with equivalent circuit of Bi2O3 NPs.
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Csp =
S

2mkΔV
: ð18Þ

The area under the CV curve can be represented by S,
as given in equation (18), where the mass of the material
was represented by m, voltage window was represented
by ΔV , and scan rate was given by k. The specific capac-
itance values were calculated using equation (18) and were
found to be 86.6, 55.7, 36.1, 29.8, and 25.5 Fg-1, respec-
tively, for scan rates of 10, 20, 30, 40, and 50mV in
0.1M HCl. It can be seen from the specific capacitance
values that as the scan rate increases, the specific capaci-
tance values decrease. This can be attributed to the fact

that the ions in the electrolyte will have sufficient time
to penetrate into the electrode material at a lower scan
rate, whereas at a higher scan rate, the ions will simply
collect on the electrode material’s outer surface [52]. This
results in a decrease in the values of specific capacitance
as a result of an increase in scan rate as well [53].

The Nyquist plot (Figure 11(b)) can be used to deter-
mine the electronic conductivity or charge transfer capacity
of the prepared electrode. This plot also provides informa-
tion on the capacitance behavior of the electrode. It is possi-
ble to divide the Nyquist plot into two main regions: the first
denotes the high-frequency region, which provides informa-
tion about the charge transfer process at the interface of
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Figure 12: Cyclic voltammogram of Bi2O3 NPs. Detection of (a) ascorbic acid and (b) lead concentration range 1–5mM.
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electrode and/or electrolyte, which is typically seen as a
semicircle [54, 55]. The other region represents the low-
frequency region, which denotes the capacitance of the elec-
trode and which was given the shape of a straight line in
order to represent it accurately. The charge transfer resis-
tance Rct was calculated from the diameter of the semicircle
in the Nyquist plot [56]. When the EIS technique was used,
it was possible to obtain the equivalent circuit of the system
which was given in Figure 11(b) inset.

The sensing capability of the synthesized nanomaterial
(Bi2O3) for ascorbic acid and lead was investigated using a
modified carbon paste electrode, and the obtained results
were presented in Figure 12. We experimented with different
concentrations of ascorbic acid/lead from 1 to 5mM in order
to better understand the sensing ability of synthesized Bi2O3.
According to the results, in the absence of ascorbic acid and
lead, the oxidation and reduction peaks were at -0.09V and
-0.2V, respectively, whereas in the presence of ascorbic acid
and lead, the oxidation and reduction peaks shifted to the
more positive side of the potential curve [57]. After the addi-
tion of ascorbic acid, the oxidation peak at -0.09V shifts to
0.019V, and an additional oxidation peak appears at
0.03V, whereas when the lead is added, the oxidation peak
at -0.09V shifts to 0.05V. After the addition of ascorbic
acid/lead, there is a complete disappearance of the reduction
peak in the voltammogram (Figure 12). We can infer from
the data that the synthesized material Bi2O3 can function
as a good sensing material for ascorbic acid and lead, which
is supported by the significant variation in the oxidation and
reduction peak positions of the material. Figure 13 shows the
concentration of ascorbic acid and lead vs. anodic peak cur-
rent plot obtained by LSV, which also shows an increase in
anodic peak current with increasing concentration of ascor-
bic acid and lead.

4. Conclusions

To summarize, in this research, we have used a well-known
probe sonication approach for the synthesis of Bi2O3 nano-
particles that is low in cost and highly calibrated. The pro-
duced nanoparticles were submitted to a number of
different characterization procedures in order to gain a bet-
ter understanding of their crystal structure, as well as their
morphological and optical characteristics. It was discovered
from the optical properties of the Bi2O3 nanoparticles have
a bandgap of 3.3 eV, which makes them excellent for the
degradation of dyes when exposed to ultraviolet radiation.
The SEM, TEM, and HRTEM analyses revealed that the
nanoparticles are highly porous materials with a small
agglomeration. MB and AR dyes were both subjected to
degradation under ultraviolet (UV) radiation in the pres-
ence of the catalyst, and it was observed that the degrada-
tion of MB and AR dyes was 93.45% and 97.80%,
respectively, and that the results were quite impressive.
In the electrochemical investigations, it was discovered
that the produced nanomaterial has the ability to detect
several heavy metals as well as the ascorbic acid medica-
tion. The specific capacitance of the sample was calculated
to be 25.5 Fg-1 in 0.1N HCl, according to the results of

the experiment. Hence, Bi2O3 nanoparticles can be used
as bifunctional materials for degradation and for sensing
applications.
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Aluminium alloy strengthened with the ceramic particle is widely utilized for numerous engineering usages owing to its less
weight, and superior mechanical and tribological behavior. The purpose of this research is to manufacture AA6063-Nano AlN
composites via stir casting (SC) process and to examine the mechanical, tribological, electrical, and thermal and CNC drilling
behavior. Nano AlN was mixed with AA6063 at 4, 8, and 12wt.%. The occurrence and dispersal of Nano AlN particles in
AA6063 matrix were inspected via Scanning Electron Microscope (SEM). The density and porosity were explored. The
mechanical studies on microhardness, tensile strength and yield strength, flexural strength, and compressive strength have been
done. SEM fractographic examination was made on the tensile fracture samples. The thermal conductivity, electrical resistivity
and electrical conductivity, and salt spray corrosion analysis were made on the produced composites. The tribological behavior
of the composites was studied using numerous parameters, reinforcement wt.%, load (L), sliding velocity (SV), and sliding
distance (SD). The worn surface examination was done via SEM. The CNC drilling behavior was done at different parameter
speed (S), feed (F), and depth of cut (DOC). Experiments were carried out according to the L9 orthogonal array (OA).
Optimal process parameter to attain higher material removal rate (MRR) and least surface roughness (SR) was identified via
Grey Relational Analysis (GRA). ANOVA outcomes revealed that feed rate is the foremost noteworthy parameter (45.89%)
influencing MRR and SR.

1. Introduction

Nowadays, metal matrix composites (MMC) reinforced with
ceramics have progressed as noteworthy focuses despite

their progressive usages equivalent to the traditional alloys.
Because of their excellent properties, MMCs are largely uti-
lized for different applications than traditional alloys [1].
MMCs can be finely strengthened with another material to
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enhance their properties. In MMCs, the alloy or metal is a
matrix phase and the reinforcement could be ceramic or
organic. Generally, metal is an important one for numerous
engineering applications; however, many attempts have been
put forth to improve its properties via utilizing appropriate
reinforcements [2, 3]. MMCs strengthened with particulates
are majorly utilized in various engineering fields’ aircraft and
structural parts because of their higher strength, good
toughness, better wear and corrosion opposition, etc. [4].
Currently, aluminium matrix composites (AMCs) are a
majorly utilized material in various engineering fields. Alu-
minium is a lightweight metal, but it possesses poor
mechanical properties. Furthermore, to improve the
mechanical property of aluminium, it is reinforced with dif-
ferent kinds of ceramics. Hence, the desired properties can
be attained [5]. Numerous engineering components need
good strength, hardness, and wear and corrosion resistance
materials with less weight. Despite this intention, alumin-
ium is mixed with harder ceramic particles via a liquid met-
allurgy process to manufacture AMCs [6]. AMCs have
aluminium or alloy as a matrix; nowadays, the usage of
these AMCs has been enhanced in industry because of their
superior properties. Because of these merits, aluminium
alloy is combined with different reinforcements to obtain
explicit properties [7]. Amid the numerous ceramics, AlN
has been accredited as a superior one because it exhibits
better mechanical, wear, corrosion, and thermal properties
[8]. Due to better wettability and higher stability tendency
of AlN with aluminium, it is attracted much more than
other ceramics; additionally, AlN has good hardness and
elastic modulus [9]. Several fabrication routes are available
to prepare MMC hot pressing, PM, and stir casting.
Amongst the different processes, stir casting (SC) has been
identified as a major operative one despite its easiness,
litheness, large capacity, fabrication capability, and econom-
ical [10]. SC process confirms the fine dispersal of rein-
forcements with the aid of a stirrer. The strength of
interfacial closeness amid reinforcement and alloys depends
on wettability, because it is a noteworthy factor, which
results in extreme enhancement of tribological and
mechanical properties [11]. Chellapilla et al. [12] developed
TiC strengthened AA6063 composites via in situ process
and stated that inclusion of TiC with AA6063 enhances
the composite properties. David Joseph et al. [12] produced
MoS2 reinforced AA6063 composites via PM route and
concluded that the addition of MoS2 to AA6063 enhances
the material property. Saravanan et al. [13] synthesized TiC
reinforced AA6063 matrix composites via the SC method,
and the outcomes displayed that particle-reinforced AMCs
increase the mechanical properties extremely. Mohanavel
et al. [14] examined the AlN strengthened AA7075 compos-
ite mechanical behavior prepared via SC process and
described that the increment of AlN reinforcement with
matrix increases the properties significantly. Ashok Kumar
et al. [15] explored the tribological behavior of AlN strength-
ened AA6061 composite and the results showed that a raise
in AlN particles rises the wear opposition. Zhao et al. [16]
manufactured AA6061-AlN composites by SC process and
studied the mechanical behavior, and the outcomes explored

that the inclusion of reinforcement particles improves the
properties. Mahesh Kumar et al. [17] analyzed the mechani-
cal properties of AA7079–AlN composites prepared via SC
route and stated that an increase in AlN wt.% enhances the
properties of the composites. Fale et al. [18] explored the ten-
sile, compressive, and wear behavior of Al-AlN composites
prepared via ex situ process and stated that inclusions of
AlN particles enhance the compressive and tensile strength
and increase the wear resistance. Shalaby and Churyumov
[19] fabricated AlN strengthened with A359 composites
and the outcomes displayed that a rise in AlN wt.% improves
the mechanical properties. Radhika and Raghu [20] explored
the hardness, tensile strength, and abrasion wear behavior of
Al-AlN composites and reported that dramatic improvement
in properties was achieved due to the addition of AlN parti-
cles. Radhika and Raghu [21] studied the tensile strength;
hardness and wear behavior of AlN strengthened LM13 com-
posite and indicated that the inclusion of AlN particles
enhances the properties of the composites significantly. Basa-
varajappa et al. [22] studied the drilling characteristics of
AA2219-15SiC-3Gr composites prepared via SC route and
burr height, thrust force, and surface roughness that were
analyzed. Rajmohan and Palanikumar [23] explored the
CNC drilling characteristics of Al356-SiC composites and
concluded that the feed rate is a major significant parameter
to affect the thrust force, burr height, tool wear, and surface
roughness. Rajmohan et al. [24] investigated the CNC dril-
ling parameters of Al356-SiC-mica composites, and the
results revealed that the feed rate and addition of rein-
forcement wt.% were the major noteworthy parameters.
Elango and Annamalai [25] examined the CNC machining
characteristics of Al-SiC-Gr composites, and the results
showed that cutting speed is the major influencing param-
eter to attain least surface roughness. Yahya Altunpak
et al. [26] explored the drilling characteristics of alumin-
ium composites, and the outcomes showed that the feed
rate is the most substantial one to attain the least surface
roughness.

Till now, various examinations have been conducted to
study the mechanical, tribological, and CNC drilling behavior
of AMC-based composites, but very little work has been done
by utilizing Nano AlN particles as reinforcement. Therefore,
this work made an effort to manufacture AA6063-Nano AlN
composites via the SC process and studied the behavior of
the prepared composites.

2. Materials and Methods

AA6063 chemical compositions are Si:0.2-0.6, Fe:0.35,
Cu:0.1, Mn:0.1, Mg:0.45-0.9, Zn:0.1, Ti:0.1, Cr:0.1, and
Al:Balance. AA6063 was preferred as matrix and Nano
AlN (4, 8, and 12wt.%) as reinforcement. The desired
amount of AA6063 and Nano AlN was measured via elec-
tronic weighing equipment. AA6063 was liquefied at 750°C
temperature [27]. Nano AlN particle was preheated at
400°C before being added into the liquefied metal [14]. The
least amount of magnesium was added to raise the wettabil-
ity [28]. Stirring was conducted at 400 rpm for 15min [17].
Finally, the molten metal was transferred into a mould of
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the requisite dimensions. Microstructure exploration was
made via SEM on the manufactured samples. By utilizing
Archimedes’ principle, the density was calculated and poros-
ity was also measured. The prepared samples’ hardness was
determined as per ASTM E92 using a Vickers hardness
machine [29]. According to ASTM E8–04 standard, a tensile
test was done using computerized universal testing equip-
ment [29]. As per ASTM E9-89a, a compression test was
done utilizing computerized universal testing equipment
[30]. The flexural strength was conducted according to
ASTM standard C1161 via three-point bending equipment
[13]. The thermal conductivity analysis was done at room
temperature via a thermal diffusivity analyzer. Electrical
conductivity examination was done via the four-point probe
technique. According to ASTM B, the 117 standard salt
spray corrosion test was conducted utilizing a salt spray
chamber in 5% NaCl for 72 hours. Later, the specimens are
washed with water and air-dried up before measuring weight
loss. The tribological behavior of the prepared composites
was analyzed concerning ASTM G99 via a pin-on–on-a–a-
disc instrument (Ducom Instruments Pvt Ltd). The parame-
ters for tribological experimentation are (1) speed of
300 rpm, (2) time of 1000 s, and (3) sliding velocity 0.5–
2.0m/s at an interval of 0.5. The CNC drilling process was
done using Siemens CNC lathe (MTAB) to analyze the
MRR and SR. The MRR was found by determining the
weight of samples previously and later machining, and SR
was measured using the surface roughness tester TR110.
Overall, the experimental scheme is given in Figure 1.

3. Results and Discussion

3.1. SEM Examination of Composites. Figures 2(a)–2(d)
show the SEM images of AA6063-4wt.%Nano AlN,
AA6063-8wt.%Nano AlN, and AA6063-12wt.%Nano AlN

composites. Figures 2(b)–2(d) display the occurrence and
even dispersal of Nano AlN particles in the AA6063 matrix.
From the SEM images (Figures 2(b)–2(d)), while increasing
the wt.% from 4 to 12, more amount of particle dispersal can
be seen in Figure 2(d); it indicates that fine dispersal was
attained in the composites. Furthermore, no voids, cracks,
pores, and clustering of particles are witnessed in any of
the composites. The composites possess good bonding amid
matrix and particle; this is owing to the matrix boundary
that becomes hardened initially; then, Nano AlN reinforce-
ment left out via solid/liquid boundary which leads Nano
AlN particles becomes separated at the interdendrite
zone [17].

3.2. Density and Porosity Analysis. Figure 3 displays the den-
sity and porosity examination of AA6063-Nano AlN com-
posites. From Figure 3, it is clear that experimental density
is lesser than the theoretical density when increasing the
reinforcement from 0 to 12wt.%. The increment in theoret-
ical density is due to the hard tendency of Nano AlN parti-
cles and additionally excellent bonding occurred amid the
matrix and reinforcement. It is witnessed from the SEM
images (Figures 2(b)–2(d)). Furthermore, the density of
Nano AlN is higher than that of AA6063, this might be
one of the reasons for density enhancement. While increas-
ing the wt.% of Nano AlN from 4 to 12, the porosity of the
composites reduced gradually; this is because no pores,
voids, and cracks were found in any of the composites; it is
clear from the SEM images (Figures 2(a)–2(d)).

Due to the selection of suitable stir casting process
parameters, uniform dispersal of reinforcement and matrix
was occurred.

3.3. Influence of Nano AlN on Microhardness. The influence
of Nano AlN wt.% on microhardness was studied, and
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Figure 1: Experimental details of the present work.
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Figure 4 shows the AA6063-Nano AlN composites micro-
hardness. The microhardness of AA6063-Nano AlN com-
posites was enhanced when increasing the Nano AlN wt.%
from 4 to 12. This is owing to the high hardness of Nano
AlN particles than the AA6063 matrix and proper bonding
amid the matrix and reinforcement; it is witnessed by SEM
images (Figures 2(b)–2(d)). Despite grain enhancement,
the particle strengthening and load-bearing ability of hard
reinforcement particle to matrix hardness of the composites
improved. The surface area was improved due to inclusion
of Nano AlN reinforcement into AA6063 matrix; addition-
ally, the grain size of the matrix was reduced. However, more
amount of reinforcement in the matrix hints to improved
dislocation density all through the solidification owing to
the thermal absurdity amid the matrix and reinforcement
[17]. The least hardness attained was 64HV for the

AA6063 matrix, and the higher hardness attained was
92HV for the composites AA6063-12wt%. Nano AlN. The
30.43% of improvement in hardness was achieved when
12wt% of Nano AlN were added to AA6063 matrix.

3.4. Influence of Nano AlN on Tensile and Yield Strength.
The effect of Nano AlN wt.% on the tensile and yield
strength of AA6063 matrix composites is shown in
Figure 5. It is witnessed that AA6063 matrices possess the
least tensile and yield strength than that of AA6063-Nano
AlN composites. From Figure 5, it is clear that increasing
the Nano AlN wt.% from 4 to 12, a gradual enhancement
in tensile and yield strength was attained. The various rea-
sons for the enhancement in tensile strength are the grain
refinement obtainable via Nano AlN; Nano AlN particles
act as obstacles to the motion of displacements which results

(a) (b)

(c) (d)

Figure 2: (a–d) SEM images of AA6063-4wt.%Nano AlN, AA6063-8wt.%Nano AlN, and AA6063-12wt.%Nano AlN.
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in enhanced tensile strength [14]. Even the dispersal of Nano
AlN takes the conversion of smeared load from matrix to
Nano AlN particles; moreover, coefficient of thermal devel-
opment amid matrix reinforcement originates an enormous
amount of dislocation density about the surface of reinforce-
ment particles, and the one major reason is dispersal
strengthening mechanism [8]. The lowest ultimate tensile
strength attained was 13.51MPa for AA6063 matrix, and
the extreme ultimate tensile strength obtained was
297.21MPa for the AA6063-12wt.%Nano AlN composites.
The 54.4% of enhancement in ultimate tensile strength was
attained when 12wt.% of Nano AlN were added to
AA6063 matrix.

Figure 5 displays yield strength (YS) of AA6063-Nano
AlN composite. Figure 5 surely displays that AA6063 matrix
exhibits the least yield strength after the addition of Nano
AlN particle to AA6063 matrix increase in YS of the pro-
duced composites acquired. The occurrence of Nano AlN
particles in matrix frontrunners due to diminished matrix
grain size. Reference to Hall-Petch correlation yield strength
is in reverse relational with grain size. Likewise, yield
strength of the AA6063-Nano AlN composites rises [14].
The least yield strength 97.59MPa was attained for
AA6063 matrix, and the maximum yield strength 205.60
was attained for the AA6063-12wt.%Nano AlN composites.

3.5. Influence of Nano AlN on Compressive Strength. The
influence of Nano AlN wt.% on the compressive strength
of AA6063 matrix composites is shown in Figure 6. It is
observed that AA6063 matrix exhibits minimum
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compressive strength than that of AA6063-Nano AlN com-
posites. From Figure 6, it can be understood that a raise in
Nano AlN wt.% from 4 to 12 an enhancement in compres-
sive strength was obtained. The existence of Nano AlN par-
ticles in matrix performs as a hindrance to the movement of
dislocation pointer with an additional enhancement in com-
pression strength. The enhanced dislocation instigated via

CTE divergence is one of the reasons for the increment in
compression strength. The major important reason for com-
pressive strength enhancement is the fine and even scatter-
ing of Nano AlN particles in matrix [31]. The lowest
compressive strength achieved was 153MPa for AA6063
matrix, and the extreme compressive strength attained was
219MPa for the composites AA6063-12wt.%Nano AlN.

(a) (b)

(c) (d)

Figure 7: Tensile fracture surface of AA6063, AA6063-4wt.%Nano AlN, AA6063-8wt.%Nano AlN, and AA6063-12wt.%Nano AlN
composites.
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Therefore, it can be clearly implicit that 12wt.%Nano AlN
composites possess superior strength than that of the unre-
inforced alloy.

The influence of Nano AlN wt.% on the flexural strength
of AA6063 matrix composites was shown in Figure 6. It is
detected that AA6063 matrix exhibits the least flexural
strength than that of AA6063-Nano AlN composites. From
Figure 6, it is clear that the increment in Nano AlN wt.%
from 4 to 12 results in increased flexural strength. This
may be ascribed to an enhanced dislocation density triggered
via thermal coefficient growth conflict amid the matrix and
reinforcement, which results in the improvement of the flex-
ural strength [32]. Besides, the boundary amid matrix and
Nano AlN reinforcement transports the load from the
matrix to reinforcement particle outstandingly.

3.6. SEM Examination of Tensile Fractures. Figures 7(a)–
7(d) show tensile fracture of AA6063 and AA6063-Nano
AlN composites. Figure 7(a) clearly shows the large dimples,
this dimple formation is despite of the ductile nature of the
AA6063 matrix, and Figure 7(a) specifies that uniformly dis-
persed voids display a ductile nature. From Figures 7(b)–
7(d), it might be implicit that the void sizes of the produced
AA6063-Nano AlN composites are smaller when compared
to the matrix alloy (Figure 7(a)). The fractured surface rep-
resents a moderately flat presence, which shows macroscop-
ically breakable fractures and microscopically malleable
fractures. A smaller void formation occurred when the Nano
AlN particles reinforced with AA6063 matrix, which devel-
oped the grain size and ductility decreased. Furthermore, it
is witnessed that Nano AlN particles left over the whole in
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some locations on the fracture surface, which provides con-
firmation for the occurrence of enhanced bonding amid
AA6063 matrix and reinforced Nano AlN particles.

3.7. Thermal Conductivity. The influence of Nano AlN par-
ticles on the thermal conductivity of AA6063 matrix is
shown in Figure 8. The addition of Nano AlN to AA6063
reduces the thermal conductivity. The AA6063-Nano AlN
composite thermal conductivity reduces while adding wt.%
from 4 to 12. The thermal conductivity of the composites
is commonly pretentious by weight percentage and kind of
reinforcement, density, or porosities, and fabrication routes
utilized are vital factors, which affect the thermal conductiv-
ity values. However, in this investigation, it is clear that the
thermal conductivity of AA6063 matrix is higher than Nano
AlN particle, and this is the major cause for the decline in
the composite thermal conductivity. Therefore, the inclusion
of Nano AlN with AA6063 furthermore declines the com-
posite thermal conductivity. From the investigations, it is
clear that 12wt.%Nano AlN reinforced AA6063 composites
possess less thermal conductivity when compared with other
composites. The major cause might be interference of oxide
particles could improve the mechanical properties. However,
it reduces the thermal conductivity. The obtained outcomes
are finely matched with the earlier results of different
researchers [33, 34].

3.8. Electrical Conductivity. The effect of Nano AlN particles
on the electrical resistivity and conductivity of AA6063
matrix is shown in Figure 9. It is clearly visible from
Figure 9 that addition of Nano AlN to AA6063 improves
the electrical resistivity. The major reason for the enhance-
ment in electrical resistivity is grain size reduction. Simulta-
neously, the addition of Nano AlN to AA6063 decreases the
electrical conductivity. The reason for the decline in electri-
cal conductivity is despite of the oxidative nature of Nano
AlN particles in addition to that Nano AlN particles possess
less electrical conductive nature.

3.9. Salt Spray Corrosion Analysis. The effect of Nano AlN
particles on the corrosion behavior of AA6063 matrix is
shown in Figure 10. It is indeed noticeable from Figure 11
that inclusion of Nano AlN with AA6063 improves the cor-
rosion resistivity of the composites. This is because of the

mechanical and hard nature of the Nano AlN particles. In
addition to that, even distribution of Nano AlN particles in
AA6063 matrix is also one of the reasons for the improved
corrosion resistance which is clear from SEM analysis
(Figures 2(a)–2(d). While increasing the reinforcement
weight percentage from 4 to 12, oxide layers formed over
the AA6063 matrix surface reduced the weight loss. The
oxide film guards the basic surface from extra corrosion out-
break [35]. Because of the above-mentioned reasons, the
weight loss of AA6063-12wt.%Nano AlN composite is less
when compared to other composites.

3.10. Tribological Analysis. Figures 10 and 12 display the influ-
ence of Nano AlN particles on the tribological behavior of the
prepared composites. Figure 10 displays the wt.% of NanoAlN
vs. mass loss amid wear analysis. AA6063 matrices attained
higher mass loss, and 12wt.% reinforced Nano AlN compos-
ites attain the least mass loss. It can be clearly witnessed that
hard Nano AlN particles strengthened with AA6063 matrix
lead to noteworthy enhancement in mass loss. It could be
understood from the Arched equation that materials wear
opposition is straightly linked to hardness [36]. From the
obtained results, it is clear that the higher mass loss was
attained for AA6063-12wt.%Nano AlN composites and this
is because of the effect of Nano AlN particle. The other major
cause for the decline in mass loss while the wt.% range is
despite of the greater hardness of Nano AlN particles. With
reference to the rule of mixtures, a raise in hard reinforcement
particles results in better wear opposition.

Figure 12 displays the graph for SV and mass loss of
AA6063-Nano AlN composites. It is clear from the graph
(Figure 9) that the decline in mass loss was obtained while
increasing the SV from 0.5 to 1.5m/s. Increment in mass
loss for AA6063 was attained while increasing the SV up
to 2m/s. The cause for the enhancement in mass loss at a
SV of 2m/s might be owing to the maximum temperature
expansion at maximum SV. However, the maximum tem-
perature expansion reduces the stress and strain rate amid
sliding [36].

3.11. Worn Surface Examination. Figures 13(a)–13(d) show
the worn surface examination of AA6063-Nano AlN com-
posites. The SEM analysis of AA6063-Nano AlN composites
displays some craters, grooves, pullouts, and plastic

Table 1: Input parameters and output results.

Ex. No CS (rpm) FR (mm/rev) DOC (mm) MRR (g/min) SR (μm)

1 1000 0.05 0.2 0.073 1.88

2 1000 0.15 0.3 0.097 1.68

3 1000 0.25 0.4 0.118 1.75

4 2000 0.05 0.3 0.081 2.02

5 2000 0.15 0.4 0.104 2.25

6 2000 0.25 0.2 0.124 2.09

7 3000 0.05 0.4 0.09 2.17

8 3000 0.15 0.2 0.112 1.59

9 3000 0.25 0.3 0.147 1.80
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deformation. The Nano AlN particles occurred in the crater
display few fragmented particles, and from the surface
dragged out particles was found. The outcome specifies the
abrasive wear mechanism, which is an outcome of Nano
AlN particles wide-open over the worn surface and loose
fragments amid surfaces. The inclusion of Nano AlN parti-
cles repels the delamination process (Figures 13(a)–13(c).
The raise in Nano AlN wt.% from 4 to 12 enhances the wear
resistance. It is witnessed that AA6063 matrix and 4wt.%
reinforced Nano AlN composites exposed to extreme plastic
deformation compared to 12wt.% reinforced Nano AlN.

3.12. Drilling Behavior of AA6063-Nano AlN Composites.
MRR and SR analysis was done to predict the optimal
parameters to acquire higher MRR and SR for manufactured
samples through GRA. Tests were conducted with reference
to L9 OA. The results are displayed in Table 1.

3.13. Effect of Process Parameter on MRR and SR.
Figures 14(a)–14(c) display the contour plot for MRR and
SR (a) CS vs. FR, (b) FR vs. DOC, and (c) DOC vs CS. It
is perceived that higher MRR and least SR were obtained
while improving the feed rate. From Figures 14(a)–14(c) ,
it can be understood that FR 0.25mm/rev is the major
influencing parameter than that of CS and DOC. The
MRR and SR is in the order of 3000 > 2000 > 1000 feed rate
mm/rev.

3.14. Grey Relational Analysis (GRA). A GRA is a newer
technique for estimate, establishing relational examination,
and in choice making in various fields of fabrication indus-
tries [37]. To acquire higher MRR and SR for drilling of
AA6063-Nano AlN composites, appropriate process param-
eters should be chosen for that GRA is the most suitable
optimization process. Table 2 displays the normalized S/N
ratio and deviation sequence for MRR and SR. Table 3 shows
the GRC, GRG with rank for 9 trials. From Table 3, it is clear
that the 9th trial is the optimal one to attain higher MRR and
SR. From Table 4, it is seen that 0.2407 is the boundary of
max-min regard (Figure 15). From Table 4, it is clear that
FR is the substantial parameter tracked by CS and DOC.
The series of influencing parameters is in the order as num-
bered FR (0.2407), CS (0.2130), and DOC (0.3182).

3.15. Analysis of Variance. The outcomes of the process
parameters inducing several lead features are inspected
through ANOVA. To predict the major extensive parame-
ters, ANOVA for GRG is shown in Table 5. It is clearly wit-
nessed from Table 5 that FR is a noteworthy parameter
(subsidizing 45.89%). The FR possesses major influence
multienactment characteristics for AA6063-Nano AlN com-
posites lagged behind by CS (32.96%) and DOC (14.83%).

4. Conclusions

(i) AA6063-Nano AlN composite was efficaciously
manufactured via SC process

(ii) The effects of Nano AlN particles on AA6063
matrix on the microstructure and properties were
analyzed

(iii) SEM analysis shows the existence and even dis-
persal of Nano AlN particles in AA6063 matrix

(iv) The inclusion of Nano AlN particles with AA6063
enhances the density and reduces the porosity

(v) The 12wt.% addition of Nano AlN particles into
AA6063 matrix improves the complete mechanical
behavior of the composites

(vi) The tensile fracture analysis was done on the
AA6063-Nano AlN composites using SEM

(vii) The thermal conductivity examination was carried
out and stated that the inclusion of Nano AlN par-
ticles into AA6063 matrix reduces the thermal
conductivity

Table 4: Response table for means.

Level CS (rpm) FR (mm/rev) DOC (mm)

1 0.5518 0.4025 0.5656

2 0.4339 0.5868 0.6026

3 0.6469 0.6432 0.4644

Delta 0.2130 0.2407 0.1382

Rank 2 1 3

Table 3: Evaluated GRC and GRG rank.

Ex. No
GRC

GRG Rank
MRR SR

1 0.333333 0.532258 0.432796 6

2 0.425287 0.785714 0.605501 4

3 0.560606 0.673469 0.617038 3

4 0.359223 0.434211 0.396717 8

5 0.4625 0.333333 0.397917 7

6 0.616667 0.39759 0.507129 5

7 0.393617 0.362637 0.378127 9

8 0.513889 1 0.756944 2

9 1 0.611111 0.805556 1

Table 2: Normalized S/N ratio and deviation sequence.

Ex. No
Normalized S/N ratio Deviation sequence
MRR SR MRR SR

1 0 0.560606 1 0.439394

2 0.324324 0.863636 0.675676 0.136364

3 0.608108 0.757576 0.391892 0.242424

4 0.108108 0.348485 0.891892 0.651515

5 0.418919 0 0.581081 1

6 0.689189 0.242424 0.310811 0.757576

7 0.22973 0.121212 0.77027 0.878788

8 0.527027 1 0.472973 0

9 1 0.681818 0 0.318182
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(viii) The electrical resistivity and electrical conductivity
analysis was conducted and found that an increase
in Nano AlN particles with AA6063 matrix
enhances the electrical resistivity and declines the
thermal conductivity

(ix) Tribological behaviors of AA6063-Nano AlN com-
posites were analyzed and concluded that the
inclusion of Nano AlN particles with AA6063
reduces the mass loss

(x) The worn surface analysis was done on the
AA6063-Nano AlN composites via SEM to predict
the wear mechanism

(xi) The CNC drilling behavior of AA6063-Nano AlN
composites was studied via GRA and the optimal
parameters to acquire higher MRR, and the least
SR was determined as FR 0.25mm/rev, CS
3000 rpm, and DOC 0.3mm

(xii) To determine the influencing parameters on the
responses FR, CS, and DOC, ANOVA was utilized
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CBD-deposited cadmium selenide nanoparticles in acidic medium production at pH value of bath solution was stayed constant at
6.5 using EDTA as complexing agents; sodium selenosulfite acts as a source of Se2- ion and cadmium acetate as source of Cd2+ ion.
The nanoparticles of binary compound CdSe were also grown at different concentrations of sodium selenosulfite, and the
influence of this parameter on the behaviours of the nanoparticles was studied. The as-synthesized cadmium selenide
nanoparticles are investigated by scanning electron microscopy (SEM), X-ray diffraction (XRD), and PL absorption
spectroscopy. Cadmium-selenide nanoparticles were produced using various concentrations as 10, 15, and 20 milliliters on a
microscopic glass plate by chemical technique at a growth temperature of 90 degree Celsius. Microstructural constraints
realized from the X-ray diffraction pattern decrease in grain size with an increase of concentration (8.25 nm–0.01 nm). It
witnessed that the synthesized nanoparticle has a cubic crystal structure with favoured direction towards the (111) Miller
indices’ plane. The oriented peak was investigated from the planes (311) and (111). From patterns of PL emissions, it was
detected that in increasing concentration of sodium selenosulfate intensity, the nanoparticles with small crystal size could
represent maximum luminescence intensity associated with the larger crystal size. This is due to the fact that the amount of
ions on the nanoparticle surface rapidly increases as the crystal size of the nanoparticles reduces. Additionally, the transporter
recombination ratio was increased as the size of the transporter reduces resulting in an increase in the overlap between the
electron and hole wave functions. SEM inspection of produced nanoparticles reveals that the surface is free of cracks and that
the grains are spherically formed. The surface is coated with granules of consistent size and shape. There are no fractures or
holes visible inside the thin films under examination.

1. Introduction

The usage of nanostructure instruments for optoelectronic
tools, containing light-emitting diodes, laser-diodes, photo-

detectors, and photovoltaic panels, has newly concerned sig-
nificant attention because of their distinctive geometry.
Nanostructures in narrow length could be effortlessly assim-
ilated into numerous technological platforms, giving new
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physiological and chemical behaviours for maximum enact-
ment of optoelectronic devices. The misuse of new nano-
structures, as well as their optical and electrical
characteristics, is important for their developing applied
instrumental applications [1]. In recent years, CdSe nano-
particles have been very interesting in the study community

with their maximum demands regarding their application in
optical electronics. CdSe was a largely used semiconductor
compound because of its direct bandgap (1.74 ev) at a nor-
mal temperature radius of 5.6 nm from Bohr’s theory [2,
3]. The size of cadmium selenide increased the volume ratio;
so, it can be found vastly in different fields from light-
emitting diode to photovoltaic cells. A lot of journalists are
demanding to study different properties of CdSe, which is
a kind of (II-VI) semiconductors in cost-effective ways [4].
CBD is a somewhat inexpensive method for the deposition
of nanomaterials as it does not need extremely cultured
materials. Cadmium selenide nanostructures have been pro-
duced by numerous scientists by using different methods
such as microwave deposition, sputtering, precipitation,
sonochemical, and solvothermal [4, 5]. In order to prepare
for nanostructure temperatures of deposition, annealing
and the volume ratio of source solution have a vital role in
the behaviours of the samples to be produced [6]. The crystal
size of the nanoparticle is once more solely relying on the
nucleation hotness/coldness and the other listed factors.
The previous ways of synthesizing CdSe nanoparticles cause
pollution of the environment and can lead to greenhouse
effect and drought except for chemical bath deposition tech-
niques which are sometimes known as green synthesis.

It is a very difficult maximum quality production of
CdSe nanoparticles by using basic chemical atmospheric
infusion unless the problems of CdSe synthesization are
overcome [7]. The influence of hydroxide is reduced when
CdSe nanoparticles are prepared in an acidic medium. For
most metal ions widely used in CBD, it is fair to conclude
that no hydroxide is available under such conditions and
also that deposition occurs through ion-by-ion processes
[8]. The aim of this research was to look at CdSe nanoparti-
cles grown under various concentrations for optoelectronic
applications. Having this in consideration, we have depos-
ited cadmium selenide nanoparticles with various concen-
trations of sodium selenosulfite via chemical bath
deposition techniques.

During this work, we have a tendency to gift the result of
bimetallic precursor concentration on morphological, struc-
tural, and optical properties of CdSe nanoparticles deposited
from chemical containing Cd acetate, hydroxyl acid ammo-
nia, and metallic element selenosulfite, at a temperature of
90°C and a pH of 6.5. To make our investigation effective,
cadmium-acetate is often primarily used because of the sup-
ply of Cd ions in reaction with hydroxyl acid as a complex-
ing agent for the deposition of Cd selenide films at a
concentration of selenosulfite 10, 15, and 20ml.

2. Experimental Details

2.1. Cleaning Materials. Cleaning laboratory instruments are
a serious side that can give to nanoparticle observance. The
microscopic glass plate, bath beaker, small beakers for mea-
surements, and spoons were purified in weak acid over a day
and successively put in ethanol for 40min, at that moment;
ultrasonically washed with deionized water; and got dehy-
drated underneath ambient temperatures before being used
for the synthesis [9, 10].
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Figure 1: The patterns for CdSe nanoparticles generated with
varying concentrations.

Table 1: Parameters obtained from XRD results.

Concentration (ml) 2 theta (degree) FWMH (radians) D (nm)

10 53 107807 8.25

15 15 54626.62 0.18
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Figure 2: Photoluminescence emission spectrum of cadmium
selenide nanoparticles for different concentrations of sodium
selenosulfate as (a) 10ml, (b) 15ml, and (3) 20ml.
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2.2. Sample Preparation (Cadmium Selenide Nanoparticles).
In synthesization of cadmium selenide films, water bath
was arranged by adding 20-milliliter (0.4) molarity of
cadmium-acetate [Cd (CH3COO)2·2H2O] deeds as cad-
mium ion bases; 10ml (0.5M) ethylenediamine (EDTA) acts
as a complex agent, in a 150ml beaker. To this, adding dif-
ferent one molarity of sodium selenosulfate (Na2SeSO3)
was used for a source of selenide ion (Se-2) at ordinary tem-
perature. The total volume was kept to be 70 milliliters by
filling with distilled water. The pH value of the mixture solu-
tion was accustomed to be around 6.5 by using some drop-
lets of sulfuric acid (H2So4), and the bath temperature
adjusted to 313 Kelvin. Glass beaker was then set aside in a
water bath. Then, a magnetic stirrer revolves at a continuous
rate per second (rps). Likewise, the systems adjusted three
times, keeping all parameter values the same and varying
the volume of concentration of sodium selenosulfite as 10,
15, and 20 milliliters; this is to be done for the first time
for 120 minutes without troubling. Finally, cadmium sele-
nide nanofluids were deposited. After 120min bath beaker
was taken from the heater, by using a syringe, the bath solu-
tion was fetched gently, and nanofluid left on the bottom
side of the beaker was transferred on a pure glass plate and
dried in the warm air; finally, CdSe nanoparticles were kept
in the oven for characterization.

3. Results and Discussion

The characterization of samples is an integrated process with
nanoparticle deposition. Various methods were used for the
characterization of the nanoparticles. The samples of CdSe
nanoparticles were structurally characterized by using a Bru-
ker D8 X-ray diffractometer functioning at 45 kV and 40mA

with Cu Kα monochromatic radiation (λ = 0:15406nm) in
the Bragg-Brentano geometry [11].

Figure 1 shows the patterns for CdSe nanoparticles gener-
ated with varying concentrations of nonmetallic precursor
values and deposited for 120 minutes; X-ray diffraction pat-
terns were observed. Figure 1 demonstrates the XRD spectra
of the CdSe nanoparticles deposited at different concentration
values. Because of this, it can be concluded that the XRD phase
of the CdSe nanoparticles as generated by the chemical bath
deposition approach is polycrystalline in nature. According
to the samples, the observed d-values and the corresponding
noticeable peak that were obtained are in the best accord with
the data [12]. This revealed that the synthesized nanoparticle
has a cubic crystal structure with a favoured orientation
towards the (111) Miller indices’ plane. The oriented peak
was investigated from the planes (311) and (111) for the
20ml of sodium selenosulfate concentration; other little inten-
sity peak was performed at2θ = 14degrees. The angle of the
diffraction peak in relation to the (400) plane is in good agree-
ment with the permissible limit that was previously men-
tioned. Thus, it was determined that the CdSe nanoparticles
generated from a 20ml concentration exhibited good crystal-
lite formation. In the diffraction phase, there have been no
peaks associated with contaminants that could be detected.
Raising the volume ratio of sodium selenosulfate did not alter
the cubic structure of the produced cadmium selenide nano-
particles. Furthermore, the XRD results are in agreement with
reported data [13].

The crystalline size (D) was calculated from XRD data
and calculated by using the Scherrer formula, given by

D = 0:9λ
βCosθ , ð1Þ

20 ml

10 ml

15 ml

Figure 3: The scanning electron microscope images of cadmium selenide nanoparticles synthesized fewer than three different
concentrations of sodium selenosulfite.
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where λ is the wavelength and β is denoted for FWHM in
radian θ position angle of diffraction. Some parameters
obtained from XRD are summarized in Table 1.

The photoluminescence properties of the prepared
nanoparticles are shown in Figure 2. From the patterns of
photoluminescence emissions, it was detected that increas-
ing concentration of sodium selenosulfate intensity of pho-
toluminescence emission peaks was confirmed because of
the wide area to volume ratio for the small-size crystals.
Therefore, the nanoparticles having small crystal sizes can
reflect the maximal luminescence intensity associated with
the larger-crystal-size nanoparticles [12, 14]. This is due to
the fact that the amount of ions on the nanoparticle surface
rapidly increases as the crystal size of the nanoparticles
reduces. Moreover, the transporter recombination ratio as
high as the size of the transporter reduces due to the increase
in the overlap between the electron and hole wave functions
[12]. The external topography of deposited CdSe nanoparti-
cles was characterized using a scanning electron microscope
(SEM) since it substitutes an enormously authoritative
attractiveness on the outcome of cell. SEM is a favourable
and very important method to investigate and evaluate the
surface morphology of nanoparticles. The SEM micrograph
of cadmium selenide is depicted in Figure 3. This demon-
strates that there are no fissures on the surface and that the
grains are spherically formed. The surface was covered with
granules of consistent size and shape. There have been no
fractures or holes visible inside the thin films under exami-
nation. So as to supplementarily show the aspect and crystal-
line segment of the nanoparticle, image became taken and is
represented in Figure 3. The obtained photograph of synthe-
sized nanoparticles is composed of globular crystallites of
approximately 60 nm. The grains were cumulative in formed
clusters, and this agreed with previous report [15].

4. Conclusion

CdSe nanoparticles were deposited for the first time via low-
cost chemical bath methods in the acidic bath at a pH value
of 6.5. The influence of sodium selenosulfate concentrations
on microstructural, surface morphology, and optical proper-
ties of prepared nanoparticles was studied. The XRD analy-
ses revealed that the cubic structure could be found in all of
the grown samples. With the rising of the concentration of
nonmetallic precursors, the crystal size declined. The differ-
ence in the optical behaviour of cadmium selenide nanopar-
ticles was caused by the quantum size effect, which could
have occurred as a result of the concentration of selenide
ions in the ion source. The scanning electron microscope
micrographs revealed that surface morphology of nanoparti-
cles was composed of nearly cubic formed grains via chan-
ged sizes. There were blue variations in the
photoluminescence spectrum caused by the crystal size,
and these shifts were noticeable. All of these findings sup-
ported studying the concentration of precursor deliveries
for the production of high-quality cadmium selenide nano-
particles by chemical bath approach for the applications of
nanotechnology.
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In the current investigation, silver/gold nanoparticles (NPs) were synthesized using two methods: chemical and biological, and
then characterized colloidal solutions of both NPs using UV-Vis, transmission electron microscopy (TEM) and zeta potential
analyzers, X-ray powder diffraction (XRD), and energy dispersive X-ray (EDX) as well as the ToxTrak test for in vitro toxicity
and antibacterial activity against Gram-positive bacteria (B. subtilis) and Gram-negative bacteria (E. coli). The plasmon peak of
chemical synthesized silver NPs (CH-AgNPs) and gold NPs (CH-AuNPs) was observed at 414 and 530 nm, respectively, while
the sharp plasmon peak of biological synthesized silver NPs (Bio-AgNPs) and gold NPs (Bio-AuNPs) was observed at 410 and
525 nm. Under transmission electron microscopy (TEM), the average sizes of CH-AgNPs and CH-AuNPs were 50.56 and
25.98 nm, respectively. Bio-AgNPs and Bio-AuNPs, on the other hand, had average sizes of 25.25 and 16.65 nm, respectively.
The stability of NPs was also investigated using the zeta potential. The crystalline structure of AgNPs was confirmed through
XRD, and EDX results confirm the element compositions. In the ToxTrak test, the toxic effect value/percentage inhibition
(TEV/PI) was calculated. The results showed that CH-AgNPs have the highest TEV/PI value (85.45% for B. subtilis and
83.77% for E. coli) when compared to Bio-AgNPs (55.75% for B. subtilis and 54.42% for E. coli). CH-AuNPs, on the other
hand, were 33.51% toxic to B. subtilis and 36.85% toxic to E. coli, compared to Bio-AuNPs, which were 23.36% toxic to B.
subtilis and 24.46% toxic to E. coli. The antibacterial activity of Ag/Au NPs was tested and monitored; zone of inhibition (mm
in diameter) against B. subtilis and E. coli, with the following pattern emerging: CH-AgNPs (24.80) had the highest
antibacterial activity followed by Bio-AgNPs (22.80)<CH-AuNPs (10.60)<Bio-AuNPs (09.00), whereas the control sample
(tetracycline antibiotic) revealed a 25.08mm, zone of inhabitation. Overall, Bio-AgNPs and Bio-AuNPs are the most effective
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pathogen-killing materials with the lowest toxicity. Our suggestion is that such materials instead of chemical synthesized NPs can
be used to coat antibiotic drugs and could be a game-changer for the pharmaceutical industry in terms of effectively controlling
the pathogenic bacteria.

1. Introduction

Silver, gold, and titanium dioxide nanoparticles have long
been used for its antibacterial properties. The famous historian
Herodotus first wrote about the use of silver to keep water
fresh in the 5th century BC, and Hippocrates was using silver
for treating wounds and ulcers [1]. The prevalence of silver
nanoparticles has increased significantly, but it is still unclear
what antimicrobial properties with toxicity estimation make
it attractive and attentive. Nowadays, biological substances
such as plants, bacteria, yeast, actinomycetes, and viruses are
commonly employed in the green synthesis of silver nanopar-
ticles [2–4]. Nanosilver has been widely used to paints, dye
degradation and clothing [5–8], children toys, cosmetics and
medicinal products [2, 9], food storage and handling con-
tainers [10], bacterial contaminations [11–13], and other
applications [14]. The interest in nanomaterial stems from
their nanoscale properties that differ from their properties in
bulk. For example, bulk gold has an unmistakable yellow
hue. Gold nanoparticles, on the other hand, change in colour
depending on their size; small NPs are red, medium NPs are
purple, and giant NPs are blue, and the differences are not
purely visual. In contrast to their bulk counterparts, the gold
NPs are good catalysts, have a decreased melting temperature,
are reactive in nature with magnetic properties, and change
from metal to a semiconductor [15]. Toxicity is also impacted
by size [16]. A harmless material in bulk can become toxic at
the nanoscale. Another aspect of nanomaterial toxicity is their
sensitivity to synthesis method, seemingly minor changes,
batch-to-batch, can have drastic impacts of the resulting NP.
These changes include size and shape changes, coatings, and
charges [17, 18]. In an in vitro comparative study of silicon
dioxide (SiO2) and TiO2, SiO2 NPs exhibited significant proin-
flammatory activity for human monocyte, while TiO2 had less
activity [19]. Some studies were conducted in rat liver cells to
assess nanosilver as an in vitro toxicity assay, and the results
showed that low levels of silver NP exposure resulted in oxida-
tive stress and impaired mitochondrial function [20]. Nowa-
days, green synthesis of NPs by using plant extracts is
popularizing due to more safety features. The phenolic com-
pounds and other secondary metabolites present in the plant
extracts improve the specific bioactivity (for example,
improvement in antimicrobial activity) of synthesized NPs.
Gram’s positive and negative aspects B. subtilis and E. coli,
both facultative anaerobic and rod-shaped bacteria, are com-
monly found in the human lower intestine and account for
0.1% of gut flora [13, 21]. These gut microbes known as pro-
biotics and enhance immunity of the body and allowing the
organism to tolerate extreme environmental conditions. The
authors of the current study employed chemical and biological
methods to synthesis silver and gold nanoparticles, which
were then tested for toxicity and antibacterial activity against
pathogenic bacteria including B. subtilis and E. coli.

2. Materials and Methods

2.1. Sample Preparation. Tetrachloroauric acid, silver nitrate,
trisodium citrates, nutrient agar, and resazurin dye of AR
grade were used and obtained from Sigma and Merck for
chemical synthesis of Ag/Au NPs. Fresh plant leaves of
Hibiscus Rosa sinensis (gurhal) were collected from the Insti-
tute campus for biological synthesis of Ag/Au NPs. For the
study of toxicity and antibacterial activities, B. subtilis
(Gram-positive) and E. coli (Gram-negative) cultures were
collected from the microbiology laboratory of this Institute.

2.2. Extraction Preparation. To obtain the extract, the plant
leaves were thoroughly washed three times with double dis-
tilled water and 10 g leaves were ground. The 10mL extract
was combined with 90mL deionized water and boiled for
15 minutes at 90°C. The extracts were centrifuged for 10
minutes at 10000 rpm.

2.3. Chemical Synthesis of Silver/Gold Nanoparticles. 38mM
trisodium citrate dehydrate (Na3C6H5O7·2H2O) and
0.75mM silver nitrate used for synthesis CH-AgNPs.
50mL AgNO3 mixed with 10mL trisodium citrate into
dropwise method and heated up to 90°C and CH-AgNPs
obtained with chemical degradation and gradually by the
erosion and the transparent light color turned to brownish
black indicating the presence of AgNPs. On the other hand,
the chemical synthesis of AuNPs, the 1% trisodium citrate
dehydrate solution, and 1.0mM HAuCl4 were used for
CH-AuNPs. Continuous rolling boiled with magnetic stir
bar 20mL of chloroauric acid mixed with 1% trisodium cit-
rate dihydrate solution of 2mL. In this process, trisodium
citrate reduces the gold solution and solution turned light
reddish violet in color. The light reddish violet color indi-
cates the formation of AuNPs.

2.4. Biological Synthesis of Silver/Gold Nanoparticles. 95mL
plant leaf extract (supernatant) in conical flasks and added
5mL of 0.75mM AgNO3 aqueous solution as a precursor
for obtaining Bio-AgNPs. This solution was incubated in
incubator shaking at 30°C of 150 rpm up to 72 h. Under
incubation time, the extract of this solution act as a reducing
and stabilizing agent and silver ions may be changes into
colloidal silver solution. During this process the changes in
color pale yellow to blackish brown indicates the synthesis
of Bio-AgNPs. The same process applied for synthesis of
gold NPs. 95mL plant leaf extract (supernatant) in conical
flasks and added 5mL of an aqueous solution of tetrachlor-
oauric acid solution as a precursor for obtaining Bio-
AuNPs. The 100mL solution was incubated in incubator
shaking of 150 rpm at 30°C for 72h. In this process, change
in color pale yellow to purple reddish indicates the synthe-
sis of Bio-AuNPs.
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2.5. Characterization Techniques of Ag/AuNPs. The CH-Ag/
AuNPs and Bio-Ag/AuNPs in the form of colloidal solutions
were primary characterized with visible spectrophotometry,
transmission electron microscopy (TEM), XRD, and zeta
potential analyzers were also carried out. TEM was used to
examine the size and morphology of the NPs. An accelerat-
ing voltage of 200 kV was used in the microscope. After
diluting the silver samples (1 : 10) in distilled water, an
aliquot (20 L) was applied to a carbon-coated grid. The solu-
tion was then left for 1 minute before being blotted with
filter paper to remove any excess from the grid. Before imag-
ing, the grids were placed in the grid box for two hours to
dry. The zeta potential is a physical property determined
by the net surface charge of NPs. A Coulomb explosion
occurs between the charges of these particles when they repel
each other in a solution, resulting in no tendency for the par-
ticles to agglomerate. When the zeta potential values ranged
from higher than +30mV to lower than -30mV, the criteria
for NP stability were measured [22]. The laser zeta meter
was used to measure surface zeta potentials, and using NaCl
as a suspending electrolyte solution, liquid samples of NPs
(5mL) were diluted with double distilled water (50mL)
(2 × 10−2M NaCl). After that, the pH was adjusted to the
desired level. For 30 minutes, the samples were shaken.
The zeta potential of the metallic particles was measured,
and the equilibrium pH was recorded after shaking. The sur-
face potential of NPs was determined using a zeta potential.
An average of three separate measurements was reported in
each case. When the zeta potential values ranged from
higher than +30mV to lower than -30mV, the criteria for
NPs stability were measured [23]. The crystalline structure
of AgNPs was confirmed through XRD analysis and EDX
results confirm the element compositions.

2.6. Toxicity of Metal Nanoparticles through ToxTrak Test.
Toxicity of CH-Ag/AuNPs and Bio-Ag/AuNPs was assessed
using the ToxTrak test, and the toxic effect value/percentage
inhibition (TEV/PI) was calculated after a minor modifica-
tion to the previously published protocol [24]. 10 culture
tubes of broth for 48 hours, each containing 25 g/mL solu-
tions of B. subtilis and E. coli cultures, divided into two
groups: k1 for B. subtilis and k2 for E. coli. The first test tube
of the k1 group was designated as a control sample for deter-
mining the toxicity of Ag/Au NPs against B. subtilis. The
second and third culture tubes were labelled as chemically
synthesized NPs, and 1mL of CH-AgNPs and CH-AuNPs
were added to each culture tube. The Bio-AgNPs and Bio-
AuNPs were added to the 4th and 5th culture tubes, which
were labelled as biologically synthesized NPs. The 6th cul-
ture tube of the k2 group was designated as a control sample
for determining the toxicity of Ag/Au NPs against E. coli.
Chemically synthesized NPs were added to the 7th and 8th
culture tubes, respectively, with 1mL of CH-AgNPs and
CH-AuNPs. The ninth and tenth culture tubes were labelled
as biologically synthesized NPs, and 1mL of Bio-AgNPs and
Bio-AuNPs, respectively, was added to them. In both groups
(k1 and k2), 40μL resazurin dye was added to each culture
tube, and the tubes were incubated for 0 to 4 h [25]. The
absorption was measured in all culture tubes of the k1 and

k2 groups immediately after adding the dye, from 0 to 4 h
after 1 h intervals.

2.6.1. In Vitro Toxic Effect Value (TEV) Evaluation. The
ToxTrak test was used to assess the toxicity of chemical
and biologically synthesized Ag/AuNPs [24, 26]. At 603nm
wavelength, we calculated the percentage inhibition (PI/
TEV) of B. subtilis (k1) and E. coli (k2) in this test [13, 24].
The final result of the PI reaction is known as the toxic effect
value (TEV), and the PI is written as follows:

PI = –
ΔAsample

ΔAcontrol

� �
× 100

� �
, ð1Þ

where ΔA = Initial absorbance value − final absorbance value
in this equation.

The differences (decrease) in absorbance for the con-
trol samples and chemical and biologically synthesized
Ag and AuNPs were used to calculate the PI/TEV value
in percentage [27].

2.6.2. Methods for Calculating Absorbance Differences
(Decreases)

(i) ΔAcontrol is used to present the control sample, and
the control value is -2.7151 (k1) and -2.6915 (k2)

(ii) CH-AgNPs resembling with ΔACH−AgNPS and absor-
bance values of -0.3952 (k1) and -0.4368 (k2)

(iii) CH-AuNPs interacting with ΔACH−AuNPS and absor-
bance values of -1.8072 (k1) and -1.3396 (k2)

(iv) Bio-AgNPs resembling with ΔABio−AgNPs and absor-
bance values of -1.2026 (k1) and -1.2269 (k2)

(v) Bio-AuNPs representing with ΔABio−AuNPs and
absorbance values of -2.0829 (k1) and -2.0330 (k2)

2.7. Antibacterial Potential of Ag/AuNPs. The antibacterial
potential of CH-Ag/AuNPs and Bio-Ag/AuNPS was deter-
mined using the standard disc diffusion method against B.
subtilis and E. coli [28]. The bacterial pathogens were taken
from the microbiology lab of this Institute and kept on
nutrient agar media. The colloidal solution of Ag/AuNPs
synthesized by chemical and biological methods was prepared
prior to use by dissolving Ag/AuNPs in 5%dimethyl sulfoxide
(DMSO, 1000 g/mL) and sonicating the samples at 30°C for
15 minutes. The assay was performed using filter paper discs
containing 50 g of Ag/AuNPs per disc. Tetracycline, a com-
mon antibiotic, was used as a positive control at 5 g/disk,
while 5%DMSOwas used as a negative control. For the assay,
overnight grown cultures of tested bacteria were diluted to 1
× 10−7 colony-forming unit. After 24 h of incubation at
37°C, the diameter of zones of inhibition was measured to
determine the antibacterial activity of the Ag/AuNPs.

2.8. Statistical Analysis. The data in this paper was analyzed
using Statistica, release 7.0 StatSoft an advanced analytics
software system.
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3. Results

Silver/gold nanoparticles (NPs) were generated employing
two ways in this study: chemical and biological. The chemi-
cal process of Ag/AuNPs can begin with AgNO3 and Aucl4,
respectively, and be followed by the use of trisodium citrate
dehydrate as a capping and chelating agent, which plays a
critical role in chemical degradation and the production of
Ag and Au ions. On the other hand, the presence of phyto-
chemicals in the plant extract as capping agents initiates the
biological process (green synthesis) of Ag/AuNPs, the leaf
extract also plays a significant role as a reducing agent after
being exposed to only the precursors of AgNO3 and Aucl4
without using any intermediate chemicals. After being
exposed to AgNO3 and Aucl4 with the trisodium citrate
dehydrate, the amount of Ag and Au ions obtained with
chemical degradation and gradually by the erosion the trans-
parent color turned to brownish black, indicating the pres-
ence of CH-AgNPs (Figure 1(b)), and light reddish violet
color in CH-AuNPs (Figure 2(b)). In the biological method
of Ag/AuNPs, the amount of Ag and Au ions in the leaf
extract is reduced via phytochemicals present in the plant
extract after being exposed to precursor AgNO3 and Aucl4
and the pale-yellow color of plant extract changed to black-
ish brown, indicating the Bio-AgNPs (Figure 3(b)) and pur-
ple reddish color in Bio-AuNPs (Figure 4(b)), respectively.
The surface plasmon resonance phenomenon in Ag/AuNPs
NPs [29, 30] as a result of the excitation of free electrons
in NPs (K. [31]) causes this color change. Similar results
have been reported in previous studies [32–36], indicating
that the reaction between extracts and AgNO3 is complete.
After 24h, there were no more color changes, indicating that
the reduction process was complete. This is consistent with
previous research [37], which showed that Hibiscus Rosa
sinensis leaf extract was used to synthesize Ag/Au NPs in just
24 h. In aqueous medium, surface plasmon vibrations cause
AgNPs to appear yellowish brown [38]. Similar color shifts
have been observed in previous studies [34, 39].

3.1. UV–Vis Spectroscopy. In the UV-Vis spectra of CH-
AgNPs and CH-AuNPs, the plasmon peak was found at
414nm with absorption of 0.77 and 530nm with absorption
of 1.20, respectively (Figures1(a) and 2(a)). The surface plas-
mon peak in Bio-AgNPs and Bio-AuNPs was observed at
410nm with absorption of 3.52 and at 525nm with an
absorption of 0.98, respectively (Figures 3(a) and 4(a)). In
CH-AgNP, the broadening of the peak indicated that the
particles are polydispersed. The formation of polydispersed
large NPs due to slow reduction rates was indicated by
broadening of the peak [40–44].

3.2. TEM Analysis of Nanoparticles. The morphology, parti-
cle shape, size, and distribution profile of Ag/AuNPs was
revealed by TEM images. Figure 5(a) depicts CH-AgNPs in
cuboidal, hexagonal, and spherical shapes, with spherical
shapes being the most common and average sizes of
50.56 nm at 100nm scale and 200 kV accelerating voltage
analysis. CH-AuNPs, on the other hand, had an average size
of 25.98 nm at 100nm scale with 200 kV accelerating voltage

analysis and appeared to have a spherical morphology
(Figure 5(b)). When sodium citrate was used as the reducing
agent, spherical and ellipsoidal AgNPs with sizes ranging
from 20 to 60nm were obtained [45]. On the other hand,
Bio-AgNPs and Bio-AuNPs with cubic, hexagonal, and
spherical shapes with average sizes of 25.25 and 16.65 nm
were obtained, respectively (Figure 6(a) and 6(b)). Biological
synthesized AuNPs with size ranges of 15 to 55 nm with
pseudospherical, triangular, and hexagonal [46–50]. All
observed NPs are uniformly distributed in various sizes
without significant agglomeration.

3.3. Zeta Potential Analysis. Surface zeta potentials were
measured using a zeta analyzer in order to study the stability
of NPs, which is critical for many applications. The pH of
liquid NP samples (5mL) was adjusted to the required value
by diluting them with double distilled water (50mL). For 30
minutes, the samples were shaken. The zeta potential of the
metallic particles was measured after shaking. The surface
potential of NPs was determined using a zeta potential.
The CH-AgNPs and CH-AuNPs solutions had zeta poten-
tials of -29.18mV and -18.30mV, respectively, with a single
peak indicating the presence of repulsion among the synthe-
sized NPs (Figures 7(a) and 7(b)). Meanwhile, the zeta
potential of the Bio-AgNPs and Bio-AuNPs solutions was
-23.19mV and -23.90mV, respectively (Figures 8(a) and
8(b)). When all of the particles in a suspension have a large
negative or positive zeta potential, they repel one another
and have no tendency to clump together. There will be no
force to keep the particles from colliding and flocculating if
their zeta potential values are low (S. [51]). The zeta poten-
tial of chemical and biosynthesized Ag/AuNPs was found to
be negative, indicating that they repel each other and
increasing the formulation’s stability.
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Figure 1: (a) UV-Vis absorption spectrum (A) of CH-AgNPs
produced by AgNO3 solution reduction. (b) Beakers showing
chemical degradation and erosion, with the transparent light
color gradually turning brownish black (B), indicating the
presence of silver nanoparticles.
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3.4. XRD Analysis. The powder XRD of silver nanoparticles
reveals their crystalline nature. The crystalline structure of
silver nanoparticles in powder form was investigated using
XRD, and the results are consistent with previous research
that revealed plausible silver metal peaks in Figure 9(a)
[52–54]. At 40°, 49°, 66°, 77°, and 83°, AgNPs display Bragg
diffraction 2θ peaks, which correspond to 111, 200, 220,
311, and 222, respectively.

3.5. EDX Analysis. The elemental composition of AgNPs was
shown in Figure 9(b). EDX investigation of silver nanoparti-
cles at 3 keV detects the presence (10.01%), P (0.65%), S
(0.45%), and Cl (0.46%). The studied sample also included

the highest peak of C (88.43%). The Ag elemental peaks were
identified at 1.00 and 3.00 keV.

3.6. Antibacterial Activity. Antibacterial activity was
measured in zone of inhibition (mm in diameter), and the
CH-AgNPs had high antibacterial activity of 24:80 ± 1:50
and 23:98 ± 0:89, whereas the CH-AuNPs had moderate
antibacterial activity of 10:60 ± 0:82 and 12:80 ± 0:90 against
B. subtilis (Figure 10(a)) and E. coli (Figure 10(b)), respec-
tively. Bio-AgNPs, on the other hand, had also excellent
antibacterial activity 22:80 ± 1:80 and 23:40 ± 1:20, whereas
Bio-AuNPs had poor antibacterial activity 09:60 ± 1:91 and
10:70 ± 1:22 against B. subtilis (Figure 10(a)) and E. coli
(Figure 10(b)), respectively. Similar results were also
reported for photosynthesized silver and gold NPs [42, 49,
55–57]. Tetracycline, a positive control and standard antibi-
otics, at 5μg/disk, has good inhibitory activity 18:45 ± 1:67
and 18:09 ± 0:50 against B. subtilis and E. coli pathogens
(Table 1). Our findings suggest that Bio-Ag/Au NPs have
good antibacterial activity with low toxicity and could be a
good antibiotic replacement. Despite the fact that NPs are
widely used as antimicrobials, their mechanism is still
unknown. Interference with cell wall synthesis, inhibition
of protein synthesis, interference with nucleic acid synthesis,
and inhibition of a metabolic pathway are all possible anti-
microbial mechanisms [58, 59]. Nanomaterials can increase
cell membrane permeability, interfere with DNA replication,
denature bacterial proteins, and release silver ions within the
bacterial cell [60].

3.7. Calculation of Toxic Effect Value (TEV) in Percentage.
By plugging absorbance values into equation-X (see Section
2.6.1.), TEV of chemical synthesized NPs was calculated in
both the k1 and k2 groups.

CH-AgNPs of k1: PI = ½1 − ð−0:3952/−2:7151Þ� × 100 =
PI = 85:45%, ðTEV = 85:45Þ,
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Figure 2: (a) UV-Vis absorption spectrum of CH-AuNPs by
reduction of HAuCl 4 solution (A). (b) Vials showing that the
gold solution is reduced by trisodium citrate and the solution
turn light reddish violet in colour (B), indicating the formation of
Au nanoparticles.
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showing colour changes (B), from pale yellow to blackish brown,
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Figure 4: (a) UV-Vis absorption spectrum of Bio-AuNPs with the
aqueous extract of Hibiscus Rosa sinensis (gurhal). (b) Vials with
colour changes ((B) pale yellow to purple reddish) indicate Bio-
AuNP synthesis.
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CH-AgNPs of k2: PI = ½1 − ð−0:4368/−2:6915Þ� × 100 =
PI = 83:77%, ðTEV = 83:77Þ,

CH-AuNPs of k1: PI = ½1 − ð−1:8072/−2:7151Þ� × 100 =
PI = 33:51%, ðTEV = 33:51Þ,

CH-AuNPs of k2: PI = ½1 − ð−1:3396/−2:6915Þ� × 100 =
PI = 36:85%, ðTEV = 36:85Þ:

The data on toxicity clearly shows that CH-AgNPs are
more toxic than CH-AuNPs.

By plugging absorbance values into equation-X (see Sec-
tion 2.6.1.), TEV of biologically synthesized NPs were calcu-
lated in both the k1 and k2 groups.

Bio-AgNPs of k1: PI = ½1 − ð−1:2026/−2:7151Þ� × 100 =
PI = 55:75%, ðTEV = 55:75Þ,

Bio-AgNPs of k2: PI = ½1 − ð−1:2269/−2:6915Þ� × 100 =
PI = 54:42%, ðTEV = 54:42Þ,

Bio-AuNPs of k1: PI = ½1 − ð−2:0829/−2:7151Þ� × 100 =
PI = 23:36%, ðTEV = 23:36Þ,

Bio-AuNPs of k2: PI = ½1 − ð−2:0330/−2:6915Þ� × 100 =
PI = 24:46%, ðTEV = 24:46Þ:

CH-AgNPs had the highest TEV, with 85.45% and
83.77%, compared to Bio-AgNPs, which had 55.75% and
54.42% for both the k1 and k2 groups, respectively. In the
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Figure 5: TEM monograph of chemical synthesized nanoparticles (a) CH-AgNPs and (b) CH-AuNPs.
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Figure 6: TEM monograph of biological synthesized nanoparticles: (a) Bio-AgNPs and (B) Bio-AuNPs.
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Figure 7: Zeta potential distribution pattern: (a) CH-AgNPs (-29.18mV) and (b) CH-AuNPs (-18.30mV).
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k1 and k2 groups, CH-AuNPs have 33.51 and 36.85%,
whereas Bio-AuNPs have 23.36% and 24.46%, respectively.
A nonsignificant difference in TEV of CH-Ag/AuNP
(Figure 11(a)) and Bio-Ag/AuNP (Figure 11(b)) solutions
was found in both the k1 and k2 groups. The following is
the pattern of the TEV of CH-Ag/AuNPs and Bio-Ag/
AuNPs in decreasing order.

CH-AgNPs for the k1 group > CH-AgNPs for k2 group
>Bio-AgNPs for k1 group > Bio-AgNPs for k2 group >
CH-AuNPs for k2 group > CH-AuNPs for k1 group > Bio-
AuNPs for k2 group > Bio-AgNPs for k1 group. When
comparing silver NPs to gold NPs, as well as chemical vs
biological methods, biologically synthesized (Ag and Au)
NPs have lower toxicity than chemically synthesized (Ag
and Au) NPs Figures 11(a) and 11(b). On the other hand,
the chemical vs. biological method, AgNPs vs. AuNPs, and
bacterial species k1 vs. k2 group, finding results were
depicted in Figures 12(a) and 12(b). When comparing
AgNPs vs. AuNPs in both bacterial species k1 and k2, a
significant TEV difference was observed in the chemical vs.

biological method. The process of whole organisms’ uptake
and accumulating NPs was less well understood. However,
it is clear how whole organisms will react to NPs in their
bodies, but how can a possibility of translocation within
the body be left to fat droplets [61, 62]. NPs can enter cells
by diffusing into the cell membrane via adhesion and
endocytosis, according to some studies [63–65]. In higher
organisms, such as marine invertebrates, where silver bioac-
cumulation is relatively quick compared to other trace
metals, endocytosis appears to explain silver NP toxicity.
Silver can be taken up by transporters in the ionic form
because its properties are most similar to sodium and copper
ions [66, 67]. The mechanism by which the gut community
(gut microbiota) induces its effect is not through transloca-
tion, but rather dysbiosis. This process occurs naturally as
a result of aging. Aerobic bacteria dominate the gut at birth
and are altered in the first weeks to form an anaerobic dom-
inated environment. By adolescences, the gut has the highest
proportion of Bifidobacteria and Clostridia that it ever will
and will then begin to stabilize throughout adulthood. In
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Figure 10: A comparison of antibacterial potential between zone of inhibition (mm) and no. of replicates of CH-Ag/AuNPs, Bio-Ag/
AuNPs, and a standard control tetracycline antibiotic against (a) B. subtilis and (b) E. coli.

Table 1: Antibacterial activity of CH-Ag/AuNPs and Bio-Ag/AuNPs against B. subtilis and E. coli.

S.no. Name of the organism
Zone of inhibition (mm in diameter)

CH-AgNPs CH-AuNPs Bio-AgNPs Bio-AuNPs HLE-hibiscus (Aq.) PC-1

1 B. subtilis 24:80 ± 1:50 10:60 ± 0:82 22:80 ± 1:80 09:00 ± 1:96 8:90:50 ± 1:50 25:00 ± 0:19

2 E. coli 24:00 ± 1:32 12:80 ± 0:96 23:40 ± 1:20 10:80 ± 1:25 07:40 ± 1:20 25:90 ± 0:48

CH-AgNPs: chemical synthesized silver nanoparticles; CH-AuNPs: chemical synthesized gold nanoparticles; Bio-AgNPs: biological synthesized silver
nanoparticles; Bio-AuNPs: biological synthesized gold nanoparticles; HLE: hibiscus leaf extract (aqueous); PC-(1): positive control (tetracycline).
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Figure 11: A comparison of toxic effect values (TEV) using the ToxTrak test as an in vitro. (a) CH-Ag/AuNPs vs. both bacterial species B.
subtilis and E. coli. (b) Bio-Ag/AuNPs vs. both bacterial species B. subtilis and E. coli.
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old age, the gut community shows a decrease in Bifidobac-
teria (genus) and Bacteroidetes (phylum), an increase in Fir-
micutes (phylum), and overall shows an increase in the
number of facultative anaerobes. The percentage inhibition
of invitro toxicity of chemical and biological synthesized
Ag/Au NPs was investigated in this study, and it was discov-
ered that biological synthesized both Ag/AuNPs are less
toxic, more friendly and biocompatible to human gut micro-
bial community probiotics as compared to chemical synthe-
sized Ag/AuNPs. Our findings corroborate previous
research, which found that CH-AgNPs are more toxic than
Bio-AgNPs from different plant species and algae [68–71].
Our findings suggest that, in comparison to chemically syn-
thesized Ag/AuNPs, biologically synthesized Ag/AuNPs
may be a good alternative for coating antibiotic drugs for
pharma industries. The upper coatings of nanoparticles on
the drugs may be more effective for killing pathogenic bacte-
ria and safe for humans because biologically synthesized Ag/
AuNPs are very less toxic and also less harmful to probiotics
present in the human gut in the form of probiotic bacteria.

4. Conclusion

In this work, silver and gold nanoparticles were synthesized
using two methods: chemical and biological. The nanoparti-
cles were characterized by UV-Vis spectroscopy, TEM,
XRD, EDX, and zeta potential analyzers. The ToxTrak test
was applied as in vitro to measure the toxicity of synthesized
nanoparticles as well as antibacterial activity against Gram-
positive (B. subtilis) and Gram-negative (E. coli) bacteria
after satisfactory characterization. The ToxTrak results show
that CH-AgNPs are more hazardous than Bio-AgNPs,
having a higher TEV/PI value. Similar patterns were seen
with CH-AuNPs, which had somewhat higher TEV than
Bio-AuNPs. When Ag/Au NPs were examined for antibacte-
rial activity, the following pattern emerged: CH-AgNPs <
Bio-AgNPs < CH-AuNPs < Bio-AuNPs, whereas the control
sample (tetracycline antibiotic) revealed a highest zone of

inhabitation. Overall, Bio-AgNPs and Bio-AuNPs are the
most effective pathogen-killing materials with the lowest
toxicity. Our findings show that biologically synthesized
Ag/AuNPs might be a suitable alternative to chemically syn-
thesized Ag/AuNPs for coating antimicrobial medicines in
the pharmaceutical industry. Because biologically synthe-
sized Ag/AuNPs are less toxic and also less destructive to
probiotics present in the human gut in the form of probiotic
bacteria, the upper coatings of nanoparticles on the drugs
may be more effective for destroying pathogenic bacteria
and safe for humans.
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Recently, nontoxic origin-mediated synthesis of copper oxide nanoparticles acquires further recognition because of the key role of
bioapplications. The plant Cissus quadrangularis is one most prominent herbs used in the treatment of diabetes, asthma, tissue
regeneration, etc. In this study, we tested the process of copper oxide nanoparticle synthesis and their role in many functions
from Cissus quadrangularis. The synthesis of copper oxide nanoparticles uses plant extract and characterization by X-ray
diffraction, thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FT-IR), atomic force microscope
(AFM), and scanning electron microscope (SEM). The synthesized nanoparticles were analyzed for their biomedical
applications such as antibacterial, antifungal, antioxidant, antidiabetic, and anti-inflammatory activity and antiproteinase
action. The results show that the C. quadrangularis plant-mediated nanoparticles may be used in many biomedical applications
related to arthritis, diabetes, and the production of various antimicrobial products in the future.

1. Introduction

The biosynthesis of nanoparticles is the collaboration of
both fields of biotechnology and nanotechnology which
involves biomaterials commonly used for the synthesis due
to various advantages, but most importantly is due to its
environment friendly nature [1].The importance of green
nanotechnology has become a latest trend among the
researchers lately, as it does not require any utilization of
hazardous chemical or reagents; these reducing or stabilizing
agents are nontoxic, biocompatible to the environment as
well as for any biomedical applications. These agents include
microorganisms, parts of plants, enzymes, or green chemi-
cals like chitosan [2], curcumin [3], and chitin [4]. Copper
nanoparticles are slightly toxic in nature. To curb in toxicity

sulfidation of CuNP can be performed to form copper oxide
nanoparticles [5]. Copper sulfide is an interesting area of
research because of its ability to mould into various mor-
phologies; it is a member of transition metal chalcogenides,
and behaves like a p-type semiconductor where copper
vacancies act as acceptor sites like digenite (Cu1.8S), sulphur
rich covellite (CuS), copper rich chalcocite (Cu2S), anilite
(Cu1.75S), or djurleite (Cu1.95S). The ability to form nonstoi-
chiometric phases is because of the variable valence states of
copper which has a formula of CuxSy [6, 7]. Various
methods have been employed for the synthesis of these
nanoparticles like laser induction [8], pulse laser ablation
[9], solvothermal [10], phase-controlled synthesis [11],
sonochemical [12], or electrobiosynthesis [13]. The major
setback of these mentioned methods is the requirement of
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complicated or expensive equipment and external usage of
stabilization agents along with reducing agents. This can
result in irregular impact in our surroundings; therefore,
the utilization of phytochemicals from plants can be better
alternative to this issue, which can act as both reducing
and capping agent [14].

The antimicrobial evaluation is important to be considered
as it has become a major threat to human via contaminated
water or food. The demand for disinfectants has increased tre-
mendously, then protection against food contamination which
can be done by packaging, or the development of antibiotics
that can be used against pathogenic agents or new formulation
against multidrug-resistant (MDR) pathogens [15]. Oxidative
stress is caused due to high generation of ROS, which may lead
to chronic inflammation; therefore, production of anti-
inflammatory agents that can act as antioxidant agents which
reduces the oxidative stress caused is also mandatory now [16].

This paper suggests the exploitation of copper oxide
nanoparticles using fresh leaves of Cissus quadrangularis
through various biomedical applications like antimicrobial,
antioxidant, and anti-inflammatory or analyzing the anti-
proteinase activity.

2. Materials and Methods

For the synthesis of nanoparticles, the fresh leaves of Cissus
quadrangularis were collected from Vellore district. The
doubled-distilled water was used for the entire experiments.
All the reaction was completed with glassware washed and
rinsed by distilled water and dried in hot air oven [17].
The filtration was done by Whatman No.1 filter papers.

2.1. Plant Details. Cissus quadrangularis in South Indian
treebine is a climbing, foetid shrub. The outermost layer of
the stem is blackish to reddish; division of stem is densely
pubscent, swollen at node (hold one or more leaves), and 4
petals are present [18]. It acts as a drug for local tissue injury
that is better remedy and relief from wound problems and
swelling issues.

Herbal plants have medicinally important components
in their various kinds of parts like stem and leaves [19].
The synthesis of nanoparticles by plants depends upon the
nature of plant that is their phytochemical compounds, spe-
cific adaptation, and medicinal values. In this study, we
report the eco-friendly and cost-effective green synthesis of

copper oxide nanoparticle using leaf extract of Cissus
quadrangularis.

Botanical name: Cissus quadrangularis
Family: VITACEAE (grape family)

2.2. Preparation of Plant Extract. The fresh Cissus quadran-
gularis leaves were collected and thoroughly washed several
times using normal water. Then, it was allowed to dry

CuSO4Filtration

Figure 1: Synthesis of copper oxide nanoparticles using plant
extract.

Table 1: Phytochemicals screening of the plant extract Cissus
quadrangularis.

S/No. Phytochemicals Results

1 Carbohydrates Reddish colour

2 Tannins Greenish blue

3 Flavonoids Yellow

4 Alkaloids Greenish

5 Anthraquinone Pink

6 Anthacyanaside Negative

7 Steroids Red colour layer

8 Terpenoids Negative

9 Saponins Foam layer

A B C D E F G 

Figure 2: Phytochemical screening of plant extract Cissus
quadrangularis.
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Figure 3: C. quadrangularis-mediated synthesis of copper oxide
nanoparticles.
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sunshades. The dried leaves were grained as fine powder
[17]. This plant powder was used for the further process of
synthesis of nanomaterials.

2.3. Phytochemical Screening of Plant Extract. Medicinal
plants are the richest biosource of drugs of traditional sys-
tem, pharmaceuticals, neutraceuticals and food source, and
chemical synthetic drugs. Extraction is the separation of
medicinal active parts and tissues of plants with using of sol-
vents by standard procedure [17]. The plant extracts and
methanolic, ethanolic solvents were assessed for the phyto-
chemical screening of carbohydrates, tannis saponins, flavo-
noid, alkaloids, anthraquinone, anthocyanside, steroids, and
terpenoids by using standard methods.

2.4. Synthesis of Plant-Mediated Nanoparticles. The fine
dried powder of Cissus quadrangularis extract were used
for the synthesis. 1 g of plant powder was dissolved in
100mL of double-distilled water and kept for boiled in oven
2 minutes. This mixture was filtered by Whatman filter
paper. The 20mL of filtered solution was mixed with
80mL of distilled water [20]. Then, 10mM of copper sul-
phate was added to this mixture and kept in shaker for 24
hours. After incubation, the solution was centrifuged for 10
minutes at 10000 rpm. Then, the pellet was collected and
dried by hot air oven as shown in Figure 1 [17].

Table 2: Particle sizes of nanoparticles by Debye-Scherrer equation.

Samples 2 theta Crystalline size Particles size

C. quadrangularis-mediated synthesis of CuO NPs 32.61 0.192 43 nm
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Figure 4: XRD patterns of plant-mediated synthesis of copper
oxide nanoparticles.
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2.5. Characterization. Characterization is essential to deter-
mine the average size, shape, and features of the synthesised
nanoparticles. These bioactive nanomaterials are analysed by
UV-Vis spectrophotometer, X-ray diffraction (Bruker–D8
advance, Germany model), thermogravimetric analysis
(SDT Q600 V20.9 build 20), Fourier-transform infrared
spectroscopy (FT-IR), atomic force microscope (AFM),
and scanning electron microscope (SEM) [21].
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Figure 8: AFM data for C. quadrangularis-mediated copper oxide NPs.
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Figure 9: SEM and EDAX data for C. quadrangularis-mediated copper oxide NPs.

Table 3: Antibacterial activity against plant-mediated synthesis
CuO NPs.

Clinical isolates Ab Ab+NP NP

Staphylococcus aureus 16 21 11

Streptococcus sp. 15 18 26

Seratia marscenes 8 10 20

Escherichia coli 25 26 R
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2.6. Applications

2.6.1. Antibacterial-Enhanced Method. Antimicrobial activ-
ity of copper oxide-mediated synthesis of nanoparticle acts
against pathogenic bacterial strains (Staphylococcus aureus,
Streptococcus, E. coli, and Serratia marcesecens [17]). To
determine the zone of inhibition was observed using MHA
agar [22]. Muller Hinton agar was prepared and sterilized
at 120 lbs for 45 minutes. Media were poured on the respec-
tive plates; after solidification, the disc was placed and kept
for incubation at 37°C for 24 hours. After incubation, the
zone of inhibition was measured [23].

2.6.2. Antifungal Activity. Antifungal activity of biosynthe-
sised copper oxide nanoparticle was determined against four
fungal strains (Candida albicans, Aspergillus niger, Aspergil-
lus flavus, Aspergillus aculeatus). This action was done by
disc diffusion method using potato dextrose agar [24]. Pour
the sterilized media on the plates allowed to solidification.
The disc was placed on the plates and kept for incubation
at 25°C for 48 hours after treated with UV radiation [25].

2.6.3. Antioxidant Activity. Antioxidant activity was per-
formed by DPPH (1,1diphynyl-2 picryl hydrazyl) assay to
CuO nanoparticle [26]. Antioxidants play a major role in
health protecting factor; it is reducing the chronic disorders
[27]. This method gives the antioxidants possible potential
of quadrangularis-mediated synthesis of NPs. Free radical
scavenging activity of different concentration (50μg/mL,
100μg/mL, 150μg/mL, and 200μg/mL) of nanoparticles by
0.01Mm of DPPH (39.432 g/mol) were prepared dissolved
in ethanol [27]. The prepared DPPH solution was incubated
for 30 minutes at dark place. Then, solution (2mL) was
added to the different concentration NPs, and 2mL of etha-
nol was added and incubated for 30 minutes. The reference
standard (positive control) compound being used was ascor-
bic acid, the absorbance measured at 517nm [28].

2.6.4. Antidiabetic Activity. Diabetes mellitus is a chronic
disorder which leads to severe tissue damage and vascular
damage due to insulin sufficient. The herbal products are
playing major role in drug development [29]. Here, the Cis-
sus quadrangularis-mediated synthesis of NPs was used to
determine the efficiency against diabetes characterized by
alpha amylase activity. To take the different concentrations
of NPS (50μg/mL, 100μg/mL, 150μg/mL, and 200μg/mL),
add the 500μL of phosphate buffer containing alpha amylase
(0.5mg/mL) solution. The mixture was incubated for 10
minutes at RT. Then, 500μL of 1% starch-containing phos-
phate buffer solution was incubated for 10 minutes. Then,
add the 1mL of DNSA (containing 0.5 g of dinitro salicylic
acid, 15 g of sodium potassium tartrate diluted in 50mL of
distilled water). It was kept for 5 minutes in water bath
[29]. The reaction mixtures make up into 5mL of distilled
water, and optical density was observed at 540nm.

2.6.5. Anti-inflammatory Activity. Inflammation in biologi-
cal response from damage cells (local tissue injury) is a diffi-
cult response that prevent the tissue damage and invasion of
microbes through the small cuts, scratch, and abrasions [30].

The membrane stabilization assay was performed by O pos-
itive blood. 10mL of blood were collected with equal volume
of Alsever solution (1 g of dextrose, 0.8 g of sodium citrate,
0.025 g citric acid, and 0.21 g sodium chloride in 50mL) cen-
trifuged at 3000 rpm, then the cells were separated and
washed with isosaline (0.9 g of Nacl in 100mL of distilled
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Figure 10: Antibacterial activity of copper oxide nanoparticles
against Staphylococcus aureus, Streptococcus, E. coli, and Serratia
marcesecens.

Table 4: Antifungal activity against plant-mediated synthesis
copper oxide NPs.

Clinical isolates Ab Ab+NP NP

Candia albicans 7 22 17

Aspergillus niger 7 16 R

Aspergillus flavus 7 8 R

Aspergillus aculeatus 11 14 R
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water). Then, the different concentrations of NPs were
mixed with HRBC (0.5mL), phosphate buffer (0.5mL),
and 2mL of hyphosaline (0.4 g Nacl in 100mL). The mixture
of solution was incubated at 37°c for 30 minutes and centri-
fuged at 3000 rpm. Then, the absorbance of haemoglobin
content was estimated at 560 nm [31].

2.6.6. Antiproteinase Action. The herbal-mediated synthesis
of nanoparticle was studied for anti-inflammatory activity
by antiproteinase action. The reaction mixture contains
0.06mg of trypsin,1mL of test Mm tris Hcl buffer, and dif-
ferent concentration (50μg/mL, 100μg/mL, 150μg/mL,
and 200μg/mL) of nanoparticle. These mixtures of solution
were incubated at 37°C for 5 minutes [30]. After incubation
1mL of 8% (W/V) casein was added and incubated for 20

minutes. The 2mL of percholoric acid was added. The
cloudy suspension were centrifuged, and the absorbance of
nanoparticles were taken at 210nm [32].

2.7. Statistical Analysis. All the data are represented as
mean ± SD. The standard one-way ANOVA was used for
standardization with p value < 0.05 which is considered as
statistically significant.

3. Results and Discussion

3.1. Phytochemical Screening. The collected plant material
was analysed by the phytochemical screening to check the
presence of amino acid like carbohydrates and other com-
pounds. Table 1 and Figure 2 shows the positive and nega-
tive result of the plant extract.

3.2. Characterization

3.2.1. UV–Visible Spectrophotometer. The characterization of
nanoparticles begins with the UV-Visible absorbance, which
depends upon the principle of SPR (surface plasmon reso-
nance), where the conducting electrons get excited, and the
absorbance is measured. The absorbance of nanomaterials
observed ranges between the 300 and 700nm. In this case, the
copper ions reduced to nanoparticulate forms using the extract
of Cissus quadrangularis. The reaction time taken was 4h with
maximum absorbance of 340nm as shown in Figure 3 [22].

Table 5: C. quadrangularis-mediated synthesis of CuNo4 NPs.

Concentration Standard Control NPs
Scavenging
activity

IC 50

50μg/mL 0.084 0.934 0.245 73.76874

100μg/mL 0.095 0.934 0.856 8.351178 264.69

150μg/mL 0.102 0.934 0.867 7.173448

200μg/mL 0.108 0.934 0.871 6.745182

y=0.934
R2=#N/A

y=0.1546x+0.372
R2=0.9143
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Figure 12: Antioxidant activity of copper oxide NPs.
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3.2.2. X-Ray Diffraction Analysis. The size of the nanoparti-
cles was calculated according to these peak values and
crystalline size [33]. The synthesised herbal and fungal
nanoparticles by copper sulfide size were found by the
Debye-Scherrer equation from the 2θ values and crystal-
line size from Table 2 and Figure 4.

D = kλ/B cos θ Particle Sizeð = 0:9 × λð Þ/ d cos θð Þ
K = 0:9 constantð Þ: λ = 1:54060 constantð Þ ; 2θ = 29:72 ;
θ = 12:86 ; B = 0:187 = 0:9 × 1:5406 × 10−10/0:187

× cos 12:86 × 0:01744

D = 42nmB = Full width half maximum radianð Þ ð1Þ

3.2.3. TGA Analysis. From this result, to evaluate the loss
of weight and peak of the temperature was observed [34,
35]. To find the weather, the nanoparticles increase or
decrease their weight by TGA. The analysis of room tem-
perature was observed from 800°C. The differential ther-
mal analysis shows the (CuO-plant) 2.2060mg ranges for
synthesised materials. The thermal gravimetric analysis
gave the weight loss of material at a particular temperature
as shown in Figures 5 and 6.

3.2.4. Fourier-Transform Infrared Spectroscopy. The func-
tional groups of Cissus quadrangularis plant-mediated syn-
thesis of copper oxide nanoparticles is 3269.34 cm−1 N-H
stretch band due to presence of amine group. This primary
amine produces two N-H absorptions, 2920.23 cm−1 belongs

to alkene group (C-H bond), and 1602.85 cm−1 and
1438.90 cm−1 have an aromatic compounds (C=C bond).
From this analysis, it is suggested that antioxidant enzymes
with amines, ethyl Ester, aromatic compounds, alkenes,
and acetic acids might be absorbed on biosynthesized copper
oxide nanoparticle as shown in Figure 7.

3.2.5. Atomic Force Microscope. Figure 8 shows the AFM
images and express their surface size such as for scanned
area range of C. quadrangularis-mediated synthesis of
copper oxide NPs 70 to 100nm. From this surface anal-
ysis, the particle size display the clusters of even line of
profile [36].

3.2.6. Scanning Electron Microscope. It was observed 90nm
copper oxide nanoparticles synthesized using Cissus quad-
rangularis. The plant extracts exhibit different shapes of
nanoparticles confirmed using SEM [37]. The presence of
copper nanoparticle was confirmed by the EDX analysis,
whereas the peaks gave the amount of particles in sample
as shown in Figure 9.

Table 6: C. quadrangularis-mediated synthesis of copper oxide NPs.

Concentration I II III MEAN STD DEV STD ERR Final

50 μg/mL 1.286 1.334 1.378 1.33 0.046014 0.03 11:07 ± 0:21
100 μg/mL 2.055 2.145 2.223 2.14 0.084071 0.05 11:07 ± 0:22
150 μg/mL 2.257 1.278 1.345 1.63 0.546912 0.32 11:07 ± 0:23
200 μg/mL 3.157 3.234 3.279 3.22 0.061695 0.04 11:07 ± 0:24
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Figure 13: Antidiabetic activity of copper oxide NPs.

Table 7: C. quadrangularis-mediated synthesis of copper oxide
NPs.

Concentration Standard NPs

50μg/mL 1.22 0.649

100μg/mL 2.403 0.198

150μg/mL 2.311 0.248

200μg/mL 2.363 0.246
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3.2.7. Antibacterial Activity. The antibacterial activity of the
copper oxide nanoparticle was observed by the antibacterial-
enhanced method using control as streptomycin. Different
formulations which involve the different mode of preparation

or surface-decorated biomolecules of antimicrobial agents are
produced which is cost effective, safe, and can also be treated
against many MDR cultures [38]. The antibacterial activity
was evaluated against Staphylococcus aureus, Streptococcus,
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Figure 14: Anti-inflammatory activity of copper oxide NPs.

Table 8: C. quadrangularis-mediated synthesis of copper oxide nanoparticles.

Concentration I II III MEAN Std. dev Std. err Final

50 μg/mL 1.426 1.467 1.521 1.47 0.047648 0.03 11:07 ± 0:21
100 μg/mL 1.836 1.895 1.921 1.88 0.043555 0.03 11:07 ± 0:22
150 μg/mL 2.422 1.491 1.567 1.83 0.516972 0.30 11:07 ± 0:23
200 μg/mL 3.191 3.245 3.456 3.30 0.140037 0.08 11:07 ± 0:24
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Figure 15: Antiproteinase activity of copper oxide NPs.
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E. coli, and Serratia marcesecens. The zone of inhibition mea-
sured between the three different modes such as in each space
contains the antibiotic disc, antibiotic disc with nanoparticles,
and nanoparticles. From the result, the nanoparticle copper
oxide (26mm) has a high effect against E. coli, the form of
antibiotics with NPs as shown in Table 3 and Figure 10. The
need to develop novel antibacterial agents has become an
important task amongst researchers as a problem of resistance
against bacterial cultures is being generated. The mechanism
behind its antibacterial potential is explained by the interac-
tion of the nanoparticles with outer surface of the cell mem-
brane of the cultures, which eventually leads to disruption of
the integrity of the membrane by producing pits in them,
and increase of permeability causes a release of lipopolysac-
charide molecules or other protein materials, and this results
in cell death [39, 40].

3.2.8. Antifungal Activity. The antifungal activity of copper
oxide NP against Candia albicans, Aspergillus niger, Asper-
gillus flavus, and Aspergillus aculeatus was executed; the
result has a good antifungal agent. The green synthesised
copper oxide nanoparticle acts as better antifungal agent
compared to earlier report and commercially available stan-
dards as shown in Table 4 and Figure 11.

3.2.9. Antioxidant Activity. Antioxidant activity of copper
oxide NP was determined by DPPH assay through the free
radical scavenging activity. The ascorbic was used as a stan-
dard and methanol act as a negative control. From the calibra-
tion curve, the IC 50 values denoted the inhibition of
concentration in scavenge 50% of the DPPH free radical activ-
ity as shown in Table 5 and Figure 12.

Scavenging activity = A0 −A1/A0 × 100
A0 = Absorbance of the control
A1 = absorbance of the test sample
Y = 0:153x + 0:362 mx + cð Þ

IC 50 = 50 − 0:362/0:153
Y = 324:42

ð2Þ

3.2.10. Antidiabetic Activity. Alpha amylase activity of copper
oxide NP was assessed by the DNSA method. The triplicate
values of amylase assay confirm the information in the mea-
surement process which gave the mean of average the 3 values
and standard deviation for exact variation in the samples of
nanoparticles as shown in Table 6 and Figure 13.

3.2.11. Anti-inflammatory Activity. The anti-inflammatory
activity of copper oxide NPs shows the values about the inhi-
bition of the concentration. Stabilization of membrane will
produce the various disorder related to the inflammation
due to release of lysosomal enzymes (as shown in Table 7
and Figure 14).

3.2.12. Antiproteinase Action. Antiproteinase action is one of
the assessments of anti-inflammatory activity. It played an
important role in the tissue damage during the inflammation

action. This analysis is done by triplicate, and the results
were calculated through the mean and standard deviation
to fine the variables between the samples as shown in
Table 8 and Figure 15.

4. Conclusion

The nanoparticle screening confirms the presence of phyto-
chemicals such as carbohydrates, saponins, tannins, flavo-
noid, alkaloids, and steroids. Characterization of NPs gave
the structures and size for XRD evaluated by the Debye-
Scherrer formula, and for FTIR, the presence of functional
group distinguishes by value of peaks. For microbial studies,
the result of antibacterial and antifungal activities was
observed by the zone of inhibition. Other potentials of cop-
per oxide nanoparticles were also evaluated like antioxidant,
antidiabetic, and anti-inflammatory activity and antiprotei-
nase action. Therefore, the mechanism behind its action is
yet to be researched, but these nanoparticles can also be an
agent which fills the criteria of eco-friendly, nontoxic, and
easy production in larger scale.
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