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Silver phosphate (Ag;PO,) exhibits excellent photocatalytic performance but has limitation in its stability and reusability. To
overcome the issue of reusability, composites of silver phosphate nanostructures are tailored. This paper elucidates the photo-
catalytic study of silver phosphate-anchored hydroxyapatite (HA) (Ca;o(PO4)s(OH),) on the degradation of commercial textile
dye, Sunfix Red (SR) S3B 150% by changing the experimental parameters such as catalyst concentration, dye concentration, and
pH of the dye solution under the sunlight. Silver phosphate-anchored HA (HA_Ag;PO,(x)) was prepared via a two-step process.
HA was synthesized by a simple wet chemical precipitation and silver phosphate-anchored HA (HA_Ag;PO,(x)) via in situ ion-
exchange method. The synthesized photocatalysts were subjected to characterization studies such as X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, transmission electron microscopy (TEM), ultraviolet—visible spectroscopy, and
X-ray photoelectron spectroscopy (XPS). All the synthesized composites exhibited the bandgap of 2.34 eV and degraded SR in
45 min with the rate constant 0.07168 min~" under sunlight. The trapping tests for radicals were done to study the role of free
radicals in the degradation of the dye, SR, and the possible degradation mechanism was proposed. The postphotocatalytic analysis
of XRD showed that the structure of Ag;PO, remained intact declaring its structural stability. It was observed that the concentra-
tion of AgNO; precursor influenced the number of nucleation over the surface of HA and the particle size of Ag;PO,.
The applicability of the synthesized material was extended to other organic dyes such as Sunzol Black (SB) DN conc., methylene
blue (MB), and rhodamine B (RhB) by the prepared composite and the findings were presented.

1. Introduction

Exploitation of all kinds of natural resources and their replen-
ishment is the major considerations in this age. Among these
issues, water pollution and scarcity are making the situation
hectic since water is an essential element of social and eco-
nomic development. Therefore, many efforts have been
devoted in order to conserve and sustain water resources.
Urbanization and industrialization are not only exploiting
the water resources, but also releasing effluents into water to
such an extent that it is creating a great threat to the flora
and fauna as well as humankind. The water contaminants
include a wide range of chemicals, pathogens, and physical

factors such as temperature, etc. [1, 2]. Textile industry is an
important water-contaminant source as it consumes huge
quantity of water and releases massive effluents. For the
past decades, the researchers are paying much attention to
the removal of textile organic pollutants by various methods
which include biodegradation, electrocoagulation, photode-
gradation, oxidation, adsorption, and ultrafiltration [3-8].
Among them, photocatalysis has proved to be an excellent
method to decompose the organic effluents being highly
efficient and cost-effective [9, 10]. Due to photocatalytic
efficiency and cost-effectiveness, TiO,-based photocatalysts
have been of research interest yet their practical application
is limited because of their higher bandgap energy which
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falls in the UV region [10]. Many researchers focus on other
intriguing materials such as g-C;Ny-, SnO,-, and ZnO-
based heterostructured photocatalysts owing to their tun-
able bandgaps and photocatalytic efficiency [6, 8, 11].

For recent years, Ag;PO, is being an intriguing candidate
for photocatalytic degradation. Ag;PO, possesses high photo-
catalytic efficiency and its quantum efficiency is nearly 90%
[12]. In addition to that, the bandgap of Ag;PO, is 2.34¢V,
which makes it suitable for solar-light-driven photocatalysis.
In this regard, Ag;PO, can be undoubtedly an interesting
candidate to be studied. Nevertheless, its higher solubility
and poor stability hinder its vast application [9]. Ag;PO, is
vulnerable to photocorrosion. However, Ag;PO,-based hetero-
geneous composites have been gaining substantial attention due
to their enhanced physical and chemical properties, which make
them outstanding photocatalysts [13, 14]. Hydroxyapatite (HA)
is the inorganic mineral phase of biological hard tissues and is
abundant in nature. HA is a remarkable candidate in biomedical
as well as environmental applications due to its exceptional
biocompatibility, nontoxicity, structural flexibility, facile synthe-
sis, and cost-effectiveness [15, 16]. HA is being tailored with
tunable characteristics in a variety of applications owing to (1)
the flexibility of the apatite structure that enables HA to host
almost half of the elements in the periodic table, (2) an effortless
ion-exchange process facilitates the replacement of Ca®* ions in
HA by a wide range of ions, and (3) substitution of both anions
and cations is possible, i.e., PO,”~ and OH functionalities in
the apatite structure can be easily replaced by a variety of species
like SeO5*~, VO,>~, SiO,*~, CO5% and halides [17-19]. More-
over, HA can be a prominent substrate for a photocatalyst like
Ag;PO, for the following features: (1) adsorption capability of
the catalyst is very crucial in photocatalysis process and HA can
serve this being a well-known adsorbent for inorganic and
organic matters, (2) mass transfer limitations can be reduced,
(3) hinders the photogenerated electron—hole recombination by
effective separation, (4) heterostructures can easily be tailored,
and (5) possesses excellent thermal stability, biodegradability,
and nontoxicity [9, 15, 20].

In this work, HA_Ag;PO, composites were synthesized
in two steps in which neat hydroxyapatite was synthesized
via chemical precipitation technique and Ag;PO, nanopar-
ticles were anchored on hydroxyapatite via a facile and at the
same time very effective postsynthesis process, ion-exchange
method [21]. Still, more studies are required in order to
explore the behaviors of the photocatalyst for different
dyes. In this work, the photocatalytic behavior of Ag;PO,
composite in the degradation of the commercial textile dye
Sunfix Red (SR) S3B 150% for the first time was studied, and
also the degradation under different experimental conditions
was investigated. Moreover, the applicability of the prepared
composites on other commercial dyes was examined.

2. Experimental

2.1. Materials. All the reagents of analytical grade were pur-
chased and used without further purification. Calcium nitrate
tetrahydrate (Ca(NO3),-4H,0), diammonium hydrogen
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phosphate ((NH,),HPO,), silver nitrate (AgNO;), and
NH,OH 25% were obtained from Merck, Germany.

2.2. Preparation of Neat HA. The neat HA was prepared by
wet chemical precipitation technique reported elsewhere [22]
which initially involves the preparation of 0.5M calcium
nitrate solution and 0.3 M diammonium hydrogen phos-
phate solution. Then, the phosphate solution was added to
the calcium precursor at temperature 60°C. The pH of the
reaction solution was maintained at 10.5 by adding sufficient
amount of ammonium hydroxide and was stirred for 2 hr at
60°C followed by 24 hr aging. Later, the precipitate was fil-
tered and washed many times with deionized water and
ethanol. Subsequently, the precipitate was dried at 70°C for
24 hr. The chemical reaction is given as follows:

10Ca(NO;), + 2H,0 + 6(NH,),HPO, + 8NH;
i CalO(PO4)6(OH)2 + 20NH4NO3.

(1)

2.3. Preparation of Ag;PO,-Anchored HA (HA_Ag;PO,(x)).
Ag;PO,4-anchored HA was synthesized via in situ ion-
exchange process reported elsewhere [14] and the schematic
illustration is given in Figure 1. A hundred milliliters of
AgNO; solution of appropriate concentration (0.02, 0.05,
0.08 M) was added dropwise into the aqueous dispersion of
HA (3 gin 100 mL of deionized water). Subsequently, it was
subjected to a vigorous and continuous stirring for 4 hr under
dark condition. Then, the composite was separated by centri-
fugation, washed repeatedly with distilled water, and dried at
60°C in vacuum oven overnight. By this way, the nanocom-
posites were prepared with different AgNO; concentrations
of 0.02, 0.05, and 0.08 M and named as HA_Ag;PO,(a),
HA_Ag;PO,4(b), and HA_Ag;PO,(c), respectively.

2.4. Characterization Techniques. The structural characteri-
zation was carried out through X-ray diffraction (XRD) pat-
tern of the sample, which was recorded by a PANalytical
X’Pert Pro X-ray diffractometer (1=1.5418 A) at room tem-
perature. The functional groups of the prepared samples were
identified using Fourier transform infrared (FTIR) spectrom-
eter (Perkin Elmer-Spectrum RX I). X-ray photoelectron
spectra (XPS) was recorded by a PHI VersaProbe III photo-
electron spectrometer and the surface chemical composition
and valence state of the prepared samples were studied. The
morphologies of samples were examined by JEOL-2100+
high-resolution transmission electron microscope. The opti-
cal properties of the samples were analyzed using the UV—vis
spectrometer (Thermo Fisher Evolution 220). The concentra-
tion of the dye solutions was studied by Electra photometer.

2.5. Analysis of Photocatalytic Performance of the Prepared
Composites. The photocatalytic behavior of the prepared
samples was investigated through the photodegradation of
the commercial organic dyes under sunlight. Initially, the
anionic organic dye SR S3B 150% (C44CoH,4N14NagO50Se)
was taken as a model and the photodegradation was evalu-
ated under different experimental conditions such as Ag;PO,
concentration, dosage of photocatalyst, and concentration of
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FIGURE 1: Schematic illustration of the experiment for preparing Ag;PO4-anchored HA.

the dye solution. In addition to these, the initial pH of the
solution also influences the adsorption and degradation pro-
cess and, hence, it is very essential for consideration [23].
Therefore, the photodegradation of the dye solution with
different initial pH values was also examined. Later, the
photocatalytic activity of the selected photocatalyst was also
extended to other organic dyes, namely, Sunzol Black (SB)
DN conc. (anionic), methylene blue (MB; cationic), rhoda-
mine B (RhB; cationic), and cocktail (CT) of the aforemen-
tioned four different dyes. The required concentration of dye
solutions was prepared and the initial pH of the dye solutions
were adjusted with 2 mol/l NaOH solution or concentrated
HNOj;. The appropriate amounts of catalysts were added to
the dye solutions and were magnetically stirred for 1hr in
dark condition to attain adsorption and desorption equilib-
rium before photocatalytic studies. After irradiation with sun-
light, the aliquots were collected in equal intervals and the
concentration of the centrifuged aliquots was determined
using UV-visible spectrometer. The decolorization rate of
the dyes (D%) were calculated by the following equation:

(G -0C)

0

D% = x 100, )

where C, and C were the initial and instantaneous concen-
trations of the dye solution, respectively.

The role of active radical species in the photocatalytic deg-
radation process was also examined by applying scavengers.
The scavengers such as isopropyl alcohol (IPA), disodium
ethylenediaminetetraacetate (EDTA), and ascorbic acid were
used to trap the hydroxyl (-OH), photogenerated holes (h*),
and superoxide (-O,”) radicals, respectively. The scavengers
were added to the organic dye solutions at a concentration of
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FIGURE 2: XRD patterns of neat HA and the nanocomposites.

1 mmol/L before the addition of photocatalyst and subjected to
the photocatalytic degradation as abovementioned.

3. Results and Discussion

3.1. Characterization of the Prepared Composites

3.1.1. XRD Analysis. The XRD patterns of as-prepared neat HA
and HA_Ag;PO,4(x) composites were presented in Figure 2.
The XRD patterns of all the samples were indexed against HA
(JCPDS# 009-0432) and AgsPO, (JCPDS Card#006-0505).
The XRD patterns of HA_Ag;PO,(x), as shown in Figure 2,
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evidence the presence of Ag;PO, in the background of HA.
Besides, the intensities of the peaks representing Ag;PO, get
increased with the increase in AgNO; molar ratio; meanwhile,
the characteristic HA peaks remain intact suggesting that the
ion-exchange process proceeded by retaining the structure
of HA. Further, it ascertains the composite nature of the
HA_Ag;PO,4(x).

3.1.2. FTIR Analysis. FTIR spectra of the prepared samples
are depicted in Figure 3 and are exhibiting the signature
bands of hydroxyapatite. The bending vibrational modes of
PO, are identified at 566 and 610 cm™" and the absorption
bands corresponding to 1,038-1,108 and 967 cm™" are ascribed
to the stretching vibration modes of PO,*~. The presence of
absorption peaks at 1,389 and 1,645 cm™" approves the incor-
poration of carbonate ions in HA structure. The presence of
hydroxyl group is confirmed by the absorption at 3,586 cm™"
and the broad band around 3,425 cm™ is due to the absorbed
water [24, 25]. The absorption regions (967 and 1,080 cm™) of
asymmetric stretching of P-O-P associated with Ag;PO, coin-
cide with the signature phosphate bands of HA and no metal
Ag-related bands in the observed FTIR spectra of the compo-
sites (b—d), as shown in Figure 3, were detected [26].

3.1.3. XPS Analysis. Neat HA and HA_Ag;PO,(c) were sub-
jected to the XPS analysis and Figures 4 and 5 display their
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corresponding spectra. The wide range spectra of neat and
composite HA exhibit the presence of the elements of
hydroxyapatite and additionally Ag in the composite. The
characteristic doublet at the binding energies 373.35 and
367.46 eV corresponding to Ag” was evidenced for the sam-
ple HA_Ag;PO,(c) (Figure 5(d)), which strongly suggests
the presence of Ag;PO, in the composite [27, 28]. While
examining the core level spectra of Ca and P in the samples
HA and HA_Ag;PO,(c), there is no significant shift found as
the corresponding binding energies to Ca 2p;/, and Ca 2p;,
were detected around 346.5 and 350 eV, and for P, it was
observed around 132.5eV [29]. The deconvolution of O 1s
core spectra of HA_Ag;PO,(c) discloses three distinct peaks.
The binding energy 529.5 eV is ascribed to the lattice oxygen
of AgsPO,, which is absent in that of neat HA. The other two
peaks are of binding energies 530.9 and 532.6 eV. The earlier
is assigned to the oxygen atoms in P=0O and the later can be
contributed by the oxygen from O-H [29].

In addition, the photoelectron peaks corresponding to C 1s
were also identified. It is quite common to get carbonated
hydroxyapatite since the synthesis method in open air facil-
itates the incorporation of atmospheric carbonates in the HA
structure. The photoelectron peaks around 284.5 and 286.1 eV
are representing to C—C and C-O-C of the absorbed hydro-
carbons, whereas 288.2 eV is ascribed to C=0 bonds in car-
bonate [30].

3.1.4. TEM Analysis. The morphological features of the syn-
thesized neat HA and HA-anchored Ag;PO, composites are
depicted in Figure 6. The neat HA prepared via simple
wet precipitation method exhibited nanorod morphology
(Figure 6(a)). While examining the TEM image of composite
HA_Ag;POy(a), the homogeneous distribution of Ag;PO,
spheres of size about 4 nm over the surface of hydroxyapatite
is evidenced (Figure 6(d)). The TEM investigation was also
extended to the composite HA_Ag;PO,(c) with the highest
Ag" concentration in the present study, which is presented in
Figures 6(e) and 6(f). Interestingly, Ag;PO, formations are
found to be greater in number than that could be observed in
the case of HA_Ag;PO,(a) (lower Ag" concentration). The
higher Ag" concentration (0.08 M) facilitated a larger
amount of nucleations over HA surface and also resulted
in the reduction of Ag;PO, particle size as indicated by
blue arrows in Figure 6(e). Due to the decline in particle
size, the surface area to volume ratio was expected to
increase, which is a more favorable condition for photocata-
lysis [27]. Meanwhile, few larger sized Ag;PO, spheres
around 5 and 15 nm were also observed on HA as indicated
by yellow arrows in Figure 6(e).

3.1.5. UV-Vis Diffuse Reflectance Spectroscopy. The
UV-visible diffuse reflectance spectra (DRS) of pure HA
and HA_Ag;PO,(x) are shown in Figure 7 and their band-
gaps are depicted in Figure 8. Investigation of the bandgaps
(Figure 8) gives the essential information about the photo-
catalytic behavior under visible light. The bandgap of neat
HA was found to be 3.4eV, whereas the composites
(HA_Ag;PO,(x)) exhibited bandgap energy of 2.34eV. The
narrowed bandgap (2.34eV) of the composites is due to the



Journal of Nanomaterials

Intensity (a.u.)

Ols
Ca2p \?‘/ g
oy oy
Cls P2p k= k=
T T T T T — T T T T T T T T T L B B DL B L B
1,000 800 600 400 200 0 538 536 534 532 530 528 526 124 126 128 130 132 134 136 138 140
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(a) (b) (c)
Ca2ps)
El El
= Ca2py), =
g g
2 2
= =
— T — T

340 342 344 346 348 350 352 354
Binding energy (eV)

(d)

FIGURE 4: XPS spectra of neat HA.

294 292 290 288 286 284 282 280 278
Binding energy (eV)

()

Intensity (a.u.)

Ca2p;),

Ca2py),

Intensity (a.u.)

P2p

Intensity (a.u.)

Y

1,000 800

400

340 342 344 346 348 350 352 354

124 126 128 130 132 134 136 138 140

FiGure 5: XPS spectra of HA_Ag;PO,(c).

600 200 0
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(a) (b) (c)
Ag3ds) Ols
3 Ag3ds 3 )
< < . ]
= = Lattice =
3 Z oxygen Z
< =) &
3 2 ot
= = =
T T T T T T T T T T T T T T T T T T T T T T T T T T T
362 364 366 368 370 372 374 376 378 536 534 532 530 528 526 294 292 290 288 286 284 282 280 278
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(d) (e) (f)



—_—

FiGUre 6: TEM images of neat HA (a); HA_Ag;POy(a) at different
magnifications (b—d); HA_Ag;PO,(c) at different magnifications
(e and f).

presence of Ag;PO, which is well matched with the reported
values of Ag;PO, [28] and enables the photocatalyst to per-
form under visible light.

In addition to the bandgap, the valence band and con-
duction band edge potentials were also estimated by the
following empirical formula:

EVB =X - EC + O.SEg, (3)
ECB == EVB - Eg, (4)

where Eyp and Ecp are the valence band and conduction
band edge potentials, respectively; y is Mulliken electronega-
tivity of Ag;PO, which is the geometric mean of the electro-
negativity of the constituent atoms and it was calculated to be
5.96eV; E° represents the energy of free electrons on the
hydrogen scale (—4.5eV); and E, is the bandgap energy of
Ag;PO,. Thus, calculated VB and CB potentials of Ag;PO,
are 2.63 and 0.29 eV, respectively.

3.2. Photocatalytic Degradation of Organic Dyes. The photo-
catalytic degradation of all the selected organic dyes in the
presence of the prepared photocatalysts were analyzed after
60 min adsorption and considered as 0 min for photocataly-
sis process in sunlight. First, photodegradation of the anionic
dye SR S3B 150% was carried out under different conditions
such as dye concentration, photocatalyst concentration, and
pH of the dye solution, and their influence on the degrada-
tion of the dye was investigated. In addition, blank dye solu-
tion in the absence of photocatalyst was also examined as a
control. For the better investigation of the photocatalytic
behavior of the prepared samples, zero-order, first-order,
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and second-order kinetic studies were carried out and the
rate constants were determined by the following equations:
zero-order kinetic equation:

C() - C - kot, (5)

first-order kinetic equation:

In (%) — kit (6)

second-order kinetic equation:

1 1

— — — = kyt, 7

cT gk (7)
where kg, ki, and k, are the rate constants of zero-, first-, and
second-order kinetics, respectively; Cy and C are the concen-
trations of the dye solution before and after irradiation at
time, t.

3.2.1. Effect of AgsPO, Loading on HA. The adsorption under
dark condition and photodegradation of the model dye pol-
lutant SR S3B 150% (20 ppm) under visible light (sunlight) at
a fixed dosage concentration of 0.5gL~" were studied and
presented in Figure 9. It is evidenced that the adsorption
capacity of the photocatalyst is increased with Ag;PO, con-
centration. The blank dye solution and with HA did not
show a significant degradation under sunlight irradiation,
whereas the composites HA_Ag;PO,(x) exhibited photocata-
lytic activity with an increasing trend with increase in Ag;PO,
concentration with rate constants 0.00515, 0.02178, and
0.07168 min~", respectively (Table 1). The composite
HA_Ag;PO,4(c) has the highest rate constant compared
with other photocatalysts used in this study and, hence,
HA_Ag;POy4(c) was selected for further photodegradation
investigations. The highest performance of HA_Ag;POy(c)
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Figure 8: Bandgaps of neat HA (a) and prepared composites (c—d).

can be explicitly understood that the higher amount of
Ag;PO, gives rise to higher active sites, which leads to higher
production of reactive radical species. This is also confirmed
by TEM image of HA_Ag;PO,(c) (Figure 6(e)), which
revealed the larger number of Ag;PO, particles on HA and
also it is in agreement with XRD result. Moreover, it is very
clear from TEM result that the Ag;PO, particles formed by
ion substitution on HA substrate have a declined particle size
compared with the lower Ag® concentration, which in turn
enhances the active surface area of the material. The surface
area of the photocatalytic material is one of the very important
parameters to influence photocatalysis [27].

3.2.2. Effect of Dosage of HA_Ag;PO,(c). From the above
findings, it is evident that the composite HA_Ag;PO4(c)

performed an excellent photocatalytic activity and, hence,
HA_Ag;PO,(c) was taken for further studies. The depen-
dence of HA_Ag;PO,(c) on dosage concentration in the
photocatalytic degradation of SR S3B 150% was examined.
The photocatalyst concentration range was selected from
0.25 to 2gL ™" at the dye concentration of 20 ppm and their
photocatalytic performances were examined for 1 hr, as depicted
in Figure 10. As the photocatalyst quantity increased, an
increasing trend of degradation of the dyes can be noticed.
It is general to have an increasing photodegradation as the
number of active sites on the surfaces of the photocatalyst
increases. Consequently, it gives rise to large number of reac-
tive radical species. At the end of the photocatalysis (60 min
irradiation), the lowest concentration of HA_Ag;PO,(c)
(025gL7") degraded the dye to 53%, while the other
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TasLe 1: Kinetics studies of the photocatalytic degradation of SR by the prepared photocatalysts.
Zero order First order Second order
Catalyst concentration Co—C=kot In (Co/C) =kyt (1/C) = (1/Cy) = kat
Catalysts 3
L) ko R ky R ky R
(min™ 1) (min™?) (min™?)
HA_Ag;PO,(a) 0.5 0.00133 0.99782 0.00515 0.99821 0.03895 0.58407
HA_Ag;PO,4(b) 0.5 0.00373 0.98861 0.02178 0.98989 0.0294 0.944
HA_Ag;PO,(c) 0.5 0.0055 0.89646 0.07168 0.98209 0.16905 0.92962

concentrations 0.5, 1 and 1.5gL~" degraded the dye
completely at 45, 30, and 15 min, respectively. The rate con-
stants obtained from In (Cy/C) versus time plot for the con-
centrations 0.25, 0.5, 1, and 1.5 are 0.009, 0.034, 0.046, and
0.0924, respectively. In the same time, the dye was completely
adsorbed at the maximum concentration of 2gL™" and the
sample dye solution became turbid. Hence, the concentration
of HA_Ag;PO,(c) is limited to 1.5gL™".

3.2.3. Effect of Initial Concentration of the Dye Solution. The
impact of initial concentration of the dye solution on photo-
degradation of SR S3B 150% was studied in the range from
10 to 50 ppm at a fixed photocatalyst concentration 0.5gL™",
which is presented in Figure 11. It was observed that the
percentage of degradation was declined with the increase
in dye concentration. The dye solution of concentrations
10ppm at 30min were undergone degradation of 100%
while the rest of the concentrations 20-50 ppm showed a
degradation of 66.6%, 53.8%, 47.2%, and 44%, respectively,
at 30 min. A declining trend in the rate constants for the
degradation process of increasing concentration was noticed
(10, 20, 30, 40, and 50 ppm—0.04621, 0.03662, 0.02613,
0.02246, and 0.01921 min~', respectively). This can be

clarified by two ways as follows: one reason can be the limi-
tation of the number of active sites on the photocatalyst
surface which may be insufficient to degrade the higher con-
centrations and the other can be explained in terms of amount
of adsorption of dyes. As the increase in dye concentration
leads to higher amount of dye to be adsorbed on the catalyst
surface, it shields the catalyst from the radiation and hinders
the photogeneration of the electron—hole pair which is
responsible for the degradation of the dye [23, 31, 32].

3.2.4. Effect of Initial pH of the Dye Solution. The initial pH of
the polluted solution is a crucial influencing factor in control-
ling the photodegradation process. The pH affects the surface
charge of the catalyst, pollutants adsorption onto the catalyst,
and the valence band oxidation potential [33, 34]. The photo-
catalytic behavior of the selected photocatalyst, in the degra-
dation of SR S3B 150% under a broad range of pH conditions
from 2 to 10 with two-step variation, was examined at a fixed
irradiation time of 15min. The results revealed that acidic
condition favored the enhanced photodegradation than neu-
tral condition. The maximum photodegradation of the
organic dye SR was observed to be 96.8% at pH 4 and also
at pH 2 and 6 comparable degradation efficiency (93.5% for
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Ficure 11: Effect of dye concentration on photocatalytic degradation of SR under visible light.

both) were noticed, but very low degradation efficiencies were
found at higher pH values. As shown in Figure 12(a), it is
evidenced that the higher adsorption facilitated higher photo-
degradation. At acidic conditions, Ag;PO, becomes positively
charged and the higher adsorption of the anionic dye SR
occurred due to the electrostatic attraction between the pol-
lutant and catalyst. In the same time, at basic conditions, the
deprotonated OH™ groups over the catalyst surface hinder the

adsorption of the anionic dye by electrostatic repulsion [35].
Even though the higher pH resulted in lower adsorption,
a faster degradation was observed at pH 10. This could be
due to the lowering of the oxidation potential of the dye and
eventually the dye can be degraded quickly [36].

3.2.5. Quenching Test. The free radicals employed in the
photocatalytic process, namely, such as hydroxyl (-OH),
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FIGURE 12: Photocatalytic behavior of HA_Ag;PO,(c) at different pH (a) and degradation percentage of the dye at different pH (b).

superoxide (-O,7), and photogenerated holes (h*) were
trapped by IPA, ascorbic acid, and EDTA, respectively,
under similar conditions. The scavengers were taken in the
concentration of 1 mmol/L and the concentrations of the dye
and the photocatalyst were fixed to 20 ppm and 0.5gL",
respectively, and irradiated by direct sunlight for 60 min
and the results are given in Figure 13.

From the free radicals trapping test, it can be noted that
the photocatalytic degradation was decreased from 100% to
82% with the addition of IPA which reveals that role played
by hydroxyl radicals in the degradation of the dye SR is only
to a small extend, while the other radical trappers EDTA and
ascorbic acid deteriorated the degradation of the dye signifi-
cantly (46% and 35%, respectively). It is clear that the super-
oxide radicals and holes took part actively in the photocatalysis
process.

3.2.6. Degradation of Other Dyes. The study of photocatalytic
behavior of the photocatalyst HA_Ag;PO,(c) on some other
anionic and cationic dyes was also extended. Anionic dyes
such as SR S3B 150% and SB DN conc., the cationic dyes
such as MB and RhB, and cocktail of all the four dyes were
subjected to photodegradation by HA_Ag;PO,(c) under sim-
ilar conditions and presented in Figure 14. The photocatalytic
experiments were carried out for 150 min at 20 ppm dye con-
centration and photocatalyst concentration of 1 gL™". All the
dyes showed different degradation rate, which is clear from
Figure 14. SR and SB were decomposed completely in 30 and
60 min, respectively, while MB and RhB were decolorized to
98.16% and 78.67%, respectively, at the irradiation time 1 hr
45 min. Meanwhile, the degradation of cocktail dye solution
was found to be 96.25% in 1 hr 45 min. The rate constants
of the degradation of the different dyes are observed in the
order ksg > ksp > kyp > ke > krnp which are depicted in
Table 2.

100%
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20 A
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Figure 13: Photocatalytic behavior
scavengers.

of HA_Ag;PO,(c) with

4. Possible Photocatalytic Mechanism in the
Degradation of Sunfix Red S$3B 150%

From the above findings, it can be noted that the concentration
of AgNO; precursor taken for the formation of HA_Ag;PO,
composite influenced the photocatalytic process in two ways.
First, as the concentration of AgNOj3 increased from 0.02 to
0.08 M, it showed an increasing order of photocatalysis due
to the increased number of active sites available. Meanwhile,
it can be seen from the TEM results that the higher concen-
tration of the Ag" precursor also resulted in reduction of
particle size which led to enhanced photodegradation of
dyes owing to increase in surface-to-volume ratio. In the
process of photocatalytic degradation, the photogenerated
electron—-hole recombination inhibits the photocatalysis
[27]. Hence, proper charge separation is required to make
them available to carry out the redox process. Many results
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FiGure 14: Degradation of different organic dyes by HA_Ag;PO,(c).

reported that heterostructures can inhibit electron-hole
recombination through creating a proper transfer channel
for the photogenerated charges [27, 37]. In the present
work, the adopted synthesis method has resulted in good
interfacial bonding between HA and Ag;PO, which has
been clearly noticed from the TEM result (Figure 6(f)).
This channel may facilitate an easy transfer of photogener-
ated electrons ecp~ from Ag;POj, to hydroxyapatite being a
good electron acceptor [38].

Based on the obtained results, the possible mechanism
of photocatalytic degradation is proposed (Figure 15). In
the presence of direct sunlight, the photocatalyst is excited
and electron-hole pairs are generated. The majority of
photogenerated holes (hyg") in the valence band directly

involve in the oxidation of the organic dye, while some of
them generate some -OH, which may contribute a weak
photocatalysis, which is confirmed from the quenching
test. It is also evident from the estimated value of conduc-
tion band potential (0.29eV) of Ag;PO, that it is more
positive than O,/-O,” (—0.33eV vs. NHE) and hence the
photoexcited electrons (ecg™) could not reduce the dis-
solved O, to superoxide radicals (-O,"). This may result
in the reduction of lattice Ag" to Ag metal which may
eventually suppress the availability of photogenerated elec-
trons for photocatalytic process [36]. However, hydroxyap-
atite in the composite captures the photogenerated electrons
and makes them available for photocatalysis. Moreover, the
transferred photogenerated electrons reduce the adsorbed
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Methylene blue (MB) 1 0.00989 0.821 0.03927 0.98461 0.40652 0.74271
Rhodamine B (RhB) 1 0.01059 0.98678 0.01343 0.93367 0.01983 0.77052
Cocktail (CT) 1 0.00462 0.74382 0.02544 0.96133 0.24373 0.69454
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4.1. Reusability. The reusability of the prepared composite
HA_Ag;PO,(c) was examined for four cycles and presented
in Figure 16. The sample after every cycle of photocatalytic

Time (min)

FIGURE 16: Recycle test of HA_Ag;PO,4(c).
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TasLE 3: Comparison of removal efficiency of HA_Ag;PO,(c).
S, no. Photocatalysts Catalyst corlclentratlon Dyes Dye concentration Time Removal efficiency References
gL ) (ppm) (%)
1 Ag;PO,/HAp@y-Fe,0; 1.67 MB 50 4hr 99 [39]
2 AgsPO,/HAp 1 RhB 10 30 min 99 [40]
3 Ag;PO,/AgBr/HAp 1.4 MB 10 40 min 100 (6]
4 HA-Ag;PO, 0.5 SR 20 45 min 100 Present work

degradation of the dye was regenerated by washing three
times with DI water and was dried at 60°C in a vacuum
oven and used for the next cycle. The performance of the
prepared composite declined gradually after each cycle and
the degradation efficiency reduced to 52% from 100% after
the fourth cycle of degradation. The photocatalyst after the
fourth run was subjected to XRD analysis to investigate
the stability and presented in Figure 17. The presence of
the peak at 38° is corresponding to pure Ag (111) plane
which reveals that the photocatalyst underwent slight photo-
corrosion after four cycles. The removal efficiency of the
prepared sample was also compared with the previous results
and presented in Table 3.

5. Conclusion

Ag;PO,-anchored hydroxyapatite was synthesized via a fac-
ile in situ ion-exchange method. From the results, it was
found that the particle size of Ag;PO, can be tuned by the
concentration of AgNO; precursor solution. The photocata-
Iytic performance on an anionic dye SR S3B 150% under
visible light was carried out at different experimental condi-
tions and found satisfactory results. The photodegradation
studies were also extended for other organic dyes such as SB,
MB, RhB, and cocktail of all four dyes. The studies revealed

that the synthesized composites can be a proficient photo-
catalyst for the degradation of studied organic dyes.
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Nanotechnology is an evolving interdisciplinary field of research interspersing material science and nanobiotechnology. Nano-
particles are studied extensively for their specific catalytic, magnetic, electronic, optical, antimicrobial, theranostic, diagnosis,
wound healing, and anti-inflammatory properties. ZnO nanoparticles (NPs) have many applications owing to their unique
characteristics, which include low cost, nontoxicity, abundance in nature, and the ability to prepare compounds with varying
morphologies having different properties. The main aim of the study is to biosynthesis of ZnO nanoparticles coated with silver
from the aqueous extract of Ganoderma lucidum (Curtis) P. Karst and to evaluate its antidiabetic potential by performing alpha-
glucosidase inhibition and alpha-amylase inhibition assays and to evaluate the anticancer potential by cytotoxicity (MTT) assay
against human breast cancer MDA-MB 231 cell lines. The biosynthesis of ZnO nanoparticles coated with Ag was characterized by
UV-vis spectroscopy, Fourier transform infrared spectroscopy, energy dispersive X-ray analysis, scanning electron microscope,
and transmission electron microscopy. An increasing concentration in the biosynthesized ZnO nanoparticles coated with Ag
produces strong antidiabetic activity through enzyme inhibition effect and anticancer activity through the reduction of cell
viability. The present study recommended that the “Biological” method of biological nanoparticle production is a promising
approach that allows synthesis in aqueous conditions, with low energy requirements and low costs. In the future, the mycosynthe-
sized nanoparticles might be used in the medical arena to treat and prevent diseases.

1. Introduction

In the sphere of research, nanotechnology has become
increasingly essential. Nanotechnology is a field of science
and technology that works with tiny molecules and is com-
monly employed for therapeutic purposes in underdeveloped

nations. Nanoparticles are defined as particles with a diame-
ter of fewer than 100 nm [1].

ZnO, also known as zincite, is a versatile material with a
wide range of applications in technology, including electro-
magnetic shielding, LEDs, and other light-emitting devices
[2]. Many research investigations have focused on ZnO NPs,
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and they have a wide range of industrial uses, including tex-
tiles, cosmetics, water treatment, and UV emitting devices;
ZnO NPs play a vital role in therapeutic as well as pharma-
ceutical areas because of having fewer side effects. ZnO NPs
have a huge surface area, which allows them to have an effec-
tive target action on cancer cells [3].

The coating is a process in which the metals such as gold,
silver, chromium, etc., are doped with the main synthesized
nanoparticles to stabilize the particles and also avoid agglom-
eration. The coating can be used to expand the advantages of
any metal nanoparticles [4]. The three most common ways of
creating nanoparticles are physical, chemical, and biological.
Among all the methods of nanoparticle synthesis, we chose to
proceed with the green synthesis because of its rapid, cost-
effective, eco-friendly procedures, and avoiding the produc-
tion of undesirable or harmful byproducts [5].

Ganoderma lucidum (Curtis) P. Karst is a medicinal mush-
room belonging to the family of Ganodermataceae. G. lucidum
is also known as Lingzhi in China, and it has been dubbed the
“mushroom of immortality.” In Asian countries, it was tradi-
tionally used to enhance the immune power and treat various
diseases [6]. There is a huge number of bioactive components
including triterpenes, polysaccharides, sterols, and peptides
found in the G. lucidum. Those identified compounds have
numerous health benefits and are also used to treat the dis-
eases, such as cancer, diabetes, asthma, arthritis, etc. [7, 8].

There are no studies on the mycosynthesis of ZnO nano-
particles coated with Ag from G. lucidum that we are aware
of. Therefore, we aimed to synthesize the silver-coated ZnO
nanoparticles and evaluate their antidiabetic and anticancer
potential through some respected assays [9].

2. Materials and Methods

2.1. Sample Collection. G. lucidum was gathered from the
Maruthamalai foothills (11°2'46” N, 76°51’7”E) in the
Western Ghats, Coimbatore, Tamil Nadu, India. The Mycol-
ogy Division of the Indian Forest Genetics and Tree Breeding
Institute, Coimbatore, validated G. lucidum, and the voucher
specimen (RT-25406/9-1-2016) was kept in our laboratory for
future reference.

2.2. Preparation of Aqueous Extract. Deionized water was
used to completely clean the mushroom sample, removing
dirt and other contaminants. It was then air-dried for 5 days
in the shade at room temperature. The dried mushroom
sample was crushed into a fine powder after being cut into
small pieces. In an Erlenmeyer flask, 3 g of mushroom pow-
der was mixed with 300 ml deionized water and heated in a
mantle for 2 hr at 80°C, then cooled and filtered using What-
man no. 1 filter paper. As a reducing agent, the filtrate aque-
ous extract is employed [10].

2.3. Synthesis of Silver-Coated Zinc Oxide Nanoparticles. To
make silver-coated zinc oxide nanoparticles (Ag—ZnO NPs),
450 ml of G. lucidum aqueous extract was mixed with 45 ml
of 1 mM zinc nitrate solution in a 1,000 ml Erlenmeyer flask.
The precipitate was separated from the reaction solution by
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centrifugation at 10,000 rpm for 15min and the pellet was
collected; the centrifugation process was then done twice
more and the remaining pellet was collected. Pellets were
dried in a hot air oven until all liquid ingredients were evap-
orated, then kept in airtight bottles for future research [11].

2.4. Silver Coating. Five milliliters of 10 mM silver nitrate was
added drop wisely with the mixture of aqueous extract of
G. lucidum and 1 mM zinc nitrate solution under constant
stirring. The mixture was stirred for 2—3 hr with the use of a
magnetic stirrer. Then the mixture of the aqueous solution
was placed in the open shaker to improve the synthesis of
Ag-7ZnO NPs [12, 13].

2.5. Characterization of Biosynthesized Ag-Coated ZnO NPs.
The obtained Ag—ZnO NPs from G. lucidum were character-
ized by using UV-vis spectrometry, FTIR analysis, EDX,
SEM, and TEM analysis.

UV/VIS 3000+ double beam UV visible ratio—recording
scanning spectrophotometer from Lab India (SKU:174-
0020) with dimensions of (WDH)/weight = 540440390 mm/
36 kg was used to study the optical absorption spectra of
Ag-7ZnO NPs. FTIR is a qualitative analysis and it shows
the presence of different functional groups, which give rise
to the well-known signatures in the IR region of the electro-
magnetic spectrum. The presence of Ag-coated ZnO nano-
particles was confirmed by an energy-dispersive analysis X-
ray (EDX) spectrum using an X-ray microanalyzer (Oxford
Instruments, UK). The structural characterization of the ZnO
nanoparticles coated with Ag was carried out by SEM (JEOL
JEM 2100) and TEM (JEOL JEM 2100). The sample was
prepared by air-drying drops of diluted solutions of the pre-
parations on carbon films supported by copper grids.

2.6. Antidiabetic Activity of Silver-Coated Zinc Nanoparticles

2.6.1. In Vitro Alpha-Glucosidase Inhibition Assay. Matsui
et al. [14] used an adapted approach to investigate the effect
of ZnO NPs coated with Ag on alpha-glucosidase inhibition.
The stock solution of alpha-glucosidase (0.5 U/ml) was also
prepared in 20 mmol/l sodium phosphate buffer (pH 6.9) in
96 well plates. Alpha-glucosidase has been prepared by varying
concentrations of Ag-ZnO NPs and acarbose standard drug
(1-5 pg/ml), respectively. The mixture was incubated at 37°C
for 15min, and 100 ul of 4-nitrophenyl-$-p-glucopyranoside
(PNPG) was added further. The reaction mixture was incu-
bated for 10 min at 37°C. To stop the reaction, 750ml of
Na,COj3 (0.1 M) was added, and the OD values of spectropho-
tometer (UV-100 Cyber Lab, USA) readings were taken
at 405 nm in triplicate. Acarbose alone was used as reference
and controls for assay contain only 4-nitrophenyl-f-p-gluco-
pyranoside (PNPG). The percentage of alpha-glucosidase inhi-
bition was measured as follows:

A405 of sample — A405 of controls

A405 of control
X 100,

% Activity of sample =

(1)
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FIGURrE 1: Mycosynthesis of Ag-coated ZnO NPs from G. lucidum: (a) initial and final color of Ag-coated ZnO NPs; (b) Ag coated with the

mixture of G. lucidum extract and zinc nitrate solution.

To prevent the action of the alpha-glucosidase by 50%
(IC50), the inhibitory concentration of the gold nanoparti-
cles was calculated graphically [10, 14].

2.6.2. In Vitro Alpha-Amylase Enzyme Inhibition Assay. The
approach was used to determine the activity of alpha-
amylase (Hansawasdi et al. [15]). In each tube, 2 mg of starch
azure was suspended in 0.2ml of 0.5M Tris—HCI buffer
(pH 6.9) and 0.01 M CaCl,. The tubes holding the substrate
solution were boiled for 5min before being incubated for
5min at 37°C. Ag—ZnO NPs were taken in each tube con-
taining different concentrations of dimethyl sulfoxide (10,
20, 40, 60, 80, and 100 g/ml) [15].

PPA from the porcine pancreas was dissolved in Tris—HCl
buffer to a concentration of 2 units/ml, and 0.1 ml of this
enzyme solution was added to each of the tubes stated above.
The absorbance of the resulting supernatant was measured at
595 nm using a spectrophotometer (UV—vis spectrophotom-
eter UV-2450, Shimadzu). The alpha-amylase inhibitory
activity was calculated as follows:

[(Ac+) - (Ac—)] - [(As — Ab)]
[(Ac+) - (Ac-)]

X 100, (2)

where Ac+, Ac—, As, and Ab are defined as the absorbance
of 100% enzyme activity (only solvent with enzyme), 0%
enzyme activity (only solvent without enzyme activity), a
test sample (with enzyme), and a blank (a test sample with-
out enzyme), respectively.

2.7. Anticancer Activity of Silver-Coated Zinc Nanoparticles

2.7.1. MTT Assay. The cytotoxic effects of Ag—ZnO NPs
against MDA-MB 231 cell lines were determined using the
MTT test. The cell lines were seeded in 96-well microtiter
plates, which were then filled with the appropriate amounts
of Ag-ZnO NPs stock solutions and cultured at 37°C for
48hr. As a control, cells that had not been treated were
utilized. The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide, tetrazole) colorimetric assay was
used to test the cultivated cell. MTT (5mg/ml, 201) was
added to each group of cells, and the plates were incubated

for another 4 hr. The medium was then withdrawn, and
DMSO (200L, Sigma—Aldrich, USA) was added to dissolve
the formazan crystals formed by metabolically active cells
reducing the tetrazolium salt [16].

MTT is reduced into metabolically active cells to yield an
insoluble purple formazan product. The cell suspensions were
dispensed (100 1) in triplicate into 96-well culture plates at
optimized concentrations of 1Xx 105 cells/well for each cell
line, after a 24 hr recovery period. Assay plates were read using
a spectrophotometer at 560 nm. The absorbance of the sam-
ples was measured using a microplate (ELISA) reader [17].

Trypan blue assay was performed to quantify the dead
cells following the treatment of cytotoxic stimuli using try-
pan blue dye.

3. Results and Discussion

3.1. Visual Observation. Analysis of ZnO nanoparticles was
made by coating Ag particles, the aqueous solution of
G. lucidum was then mixed with the solution of zinc nitrate.
Later, the silver nitrate slowly started to change its nature
which resulted in the color change. This color transition
served as evidence for the synthesis completion [18]. The
final brownish color change is shown in Figure 1, which
exhibited the reduction of zinc nitrate to zinc oxide and it
occurs due to the excitation of the surface plasmon reso-
nance effect [11]. The observation was alike to the green
synthesis of silver nanoparticles from an aqueous extract of
brown seaweed of Padina boergesenii, which was completed
by Chikkanna et al. [19].

3.2. UV=Visible Spectral Analysis. UV—vis spectroscopy was
used to confirm the formation of synthesized nanoparticles
in the initial stage. The dark brownish sample of ZnO NPs
was coated with Ag nanoparticles, which were synthesized
from the extract of G. lucidum. The synthesized ZnO NPs
were scanned by using UV—vis spectroscopy under the range
between 300 and 600nm [20]. The result obtained from
UV-vis spectral analysis showed (Figure 2) a high-absorption
peak at 370 nm, which corresponds to synthesized ZnO NPs.
Also, this intense response of ZnO NPs could be due to the
surface plasmon resonance effect. The synthesized product is
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FiGURE 2: UV—vis absorption spectra of Ag-coated ZnO NPs synthe-
sized from G. lucidum.

TasLe 1: FTIR analysis of Ag-coated ZnO NPs.

Sr. No. Wavenumber (cm™?) Stretch Functional groups
1 1,991 NH, Primary amides
2 1,644 N=0 Nitrogen group
3 1,515 CO, Carbonyl group
4 1,392 C=C Alkenes

5 958 C-S Alkyl sulfides

confirmed to claim ZnO NPs coated with Ag because no other
peaks were observed in the UV spectrum region [21]. A simi-
lar observation was also reported earlier by Siva Vijayakumar
et al. [22] in the green synthesis of zinc oxide nanoparticles
from the extracts of leaf, stem, and in vitro grown callus of
Mussaenda frondosa L.: characterization and their applications.

3.3. Fourier-Transformed Infrared (FTIR) Spectral Analysis.
The FTIR absorption spectra of the water-soluble extract
before and after reduction of Ag-coated ZnO NPs showed
the capping ligand of the silver-coated zinc oxide nanopar-
ticles which may be due to the linkage of an alkenes, alkyl
sulfides groups, carboxyl groups, primary amides, and nitro
groups as described in Table 1 and Figure 3. FTIR analysis of
the synthesized Ag—ZnO NPs exposes strong bands at 1,991,
1,644, 1,515, 1,392, and 958 cm™'. We confirmed that the
strong peak was focused at 1,515cm™", which corresponds
to the carboxyl groups from amino acid residues, and that
proteins had the highest ability to bind metals, based on the
FTIR results. This intercalation might explain why proteins
create metal oxide nanoparticles (ie., capping of silver-
coated zinc nanoparticles) to avoid agglomeration and main-
tain the medium. It has already been reported in the green
synthesis of ZnO nanoparticles using Solanum nigrum leaf
extract, that the same functional groups of phytochemicals
induce the nanoparticles were synthesized using amines,
alkanes, and carboxyl ions that are widely seen in secondary
metabolites such as terpenoids, flavonoids, and alkaloids.

3.4. Scanning Electron Microscope Analysis. The silver-coated
zinc nanoparticles synthesized with the aid of G. lucidum
extract were scanned using SEM in order to determine the
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morphology, polydispersed shape, and size of the synthesized
nanoparticle. SEM images (Figure 4) showed that the particles
formed were spherical, hexagonal, and triangular. The nano-
particles formed were in the range of 20-100 nm in size. The
obtained SEM results were similar to the synthesis of ZnO NPs
from the leaves of Passiflora caerulea L. (Passifloraceae), which
was reported earlier by Santhoshkumar et al. [23].

3.5. Energy Dispersive Diffraction Analysis. The elemental
composition of mycosynthesized ZnO NPs coated with Ag
from G. lucidum was investigated using EDX to confirm the
presence of Zn in the nanoparticle solution that was purified
using the ultracentrifugation process. The EDX findings
(Figure 5) revealed a significant peak of zinc and silver in
the suspension, confirming its existence [24]. The presence of
silver alongside zinc shows that biomolecules were involved in
the creation of ZnO nanoparticles coated with Ag and that
they may have also functioned as stabilizing molecules to
ensure the nanoparticles’ stability. The obtained result from
EDX was similar to the study of Santhoshkumar et al. [23]. In
his study, the synthesis of zinc oxide nanoparticles was using
the plant leaf extract of Passiflora caerulea L. (Passifloraceae),
in which Zn was elevated in the nanoparticles suspension
which was visible in the result of EDX analysis.

3.6. Transmission Electron Microscopy (TEM) Analysis. TEM
analysis was carried out for further confirmation of the syn-
thesized ZnO NPs coated with Ag from G. lucidum. The
findings of the TEM are shown in Figure 6, which showed
that the produced particles were mostly polydistributed and
were spherical, hexagonal, and triangular. The selected area
electron diffraction (SAED) pattern also reveals the crystal-
line structure of the ZnO nanoparticles coated with Ag. The
particle sizes varied from 10 to 20 nm [25, 26]. In previous
kinds of literature, it was observed that nanoparticles ranging
from 2 to 20 nm are assumed to be good characteristics of a
nanoparticle. So, the resultant product also has the same men-
tioned range in size, which was enough to conclude the
good formation of synthesized ZnO NPs coated with Ag. A
similar observation has been reported in the green synthesis of
zinc oxide nanoparticles using flower extract of Nyctanthes
arbor-tristis by Jamdagni et al. [27].

3.7. Alpha-Amylase Inhibition Assay and Alpha-Glycosidase
Assay. Antidiabetic activity of synthesized ZnO NPs coated
with Ag was evaluated by the inhibition assays of alpha-
glucosidase and alpha-amylase enzymes. The results obtained
from both enzyme inhibition assays shown in Tables 2 and 3
exhibited the concentration of both Ag—ZnO NPs and stan-
dard drug (acarbose) on their respective enzymes. It reveals
the carbohydrate digestive enzyme inhibition effect of syn-
thesized Ag—ZnO NPs from G. lucidum. So, the results
exhibited the significant antidiabetic potential of Ag-ZnO
NPs. With an increasing concentration of Ag—ZnO NPs, the
enzyme inhibition level was automatically elevated remark-
ably, so it might be used to prepare effective antidiabetic
drugs without any harmful actions. Thus, the Ag-ZnO NPs
seem to be a promising and effective antidiabetic agent that
can induce a significant reduction of enzymes. A similar
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FiGure 3: FTIR spectrum of Ag-coated ZnO NPs synthesized from G. lucidum: (a) control water-soluble extract (G. lucidum); (b) Ag-coated
ZnO NPs with water-soluble extract of G. lucidum.
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FIGURE 4: SEM analysis of Ag-coated ZnO NPs synthesized from G. lucidum: (a) synthesized nanoparticles; (b) enlarged portion of Ag-coated

ZnO NPs.
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FiGure 5: EDAX spectrum of Ag-coated ZnO NPs synthesized from G. lucidum.

FiGure 6: TEM analysis of Ag-coated ZnO NPs synthesized from G. lucidum.

carbohydrate digestive enzyme inhibition effect was reported
earlier in the antidiabetic activity of Ag NPs from green syn-
thesis using Lonica japonica leaf extract by Balan et al. [28].

3.8. Cytotoxicity—-MTT Assay. MTT assay was performed on
chemoresistance breast cancer MDA-MB 231 cell lines
to investigate the anticancer activity of Ag-ZnO NPs syn-
thesized from G. lucidum. The attained results shown in
Figure 7 exhibits that the cell viability was significantly

decreased when increasing the concentration of both ZnO
NPs coated with Ag synthesized from G. lucidum and crude
extract of G. lucidum on cell lines. Trypan blue assay resulted
in maximum quantity of more than 90% of dead cells stained
by trypan blue assay counted using a hemocytometer on a
basic upright microscope. Nanoparticles are a good therapeu-
tic agent in anticancer therapy. G. lucidum is a good antican-
cer medicine since ancient days [29]; so, nanoparticle and
G. lucidum will be a good combination in treating breast
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TaBLE 2: Alpha amylase inhibition assay effect of Ag-coated ZnO NPs synthesized from G. lucidum.

Percent (%) inhibition of

Sr. No. Concentration (ug/ml) alpha-glucosidase activity Standard (acarbose)
1. 10 32.334+0.01 13.06 +0.01

2. 20 46.52 +0.10 20.09 +0.01

3. 40 58.90 +0.01 39.30 +0.01

4. 60 75.324+0.01 53.59+0.03

5. 80 82.21 4+ 0.06 70.78 +0.01

6. 100 94.37 +0.06 85.34 +0.02

7. IC 50 (ug/ml) 24 39

Values are mean = SD (n=6), values not sharing a common letter differ significantly at <0.05 by DMRT.

Taste 3: Alpha-glucosidase inhibition effect of Ag-coated ZnO NPs synthesized from G. lucidum.

Percent (%) inhibition of

Sr. No. Concentration (ug/ml) alpha-amylase activity Standard (acarbose)
1. 10 14.01 £0.01 18.17 £0.01

2. 20 28.67 +0.01 21.344+0.01

3. 40 37.254+0.01 31.2140.02

4. 60 4534 +£0.02 42.78 £0.01

5. 80 68.12+0.01 60.34 +0.03

6. 100 79.24 4+ 0.01 74.71 +0.01

7. IC 50 (ug/ml) 47 50

Values are mean =+ SD (n=6), values not sharing a common letter differ significantly at <0.05 by DMRT.

% of cell viability

Concentration (ug/ml)

m Crude extract
= Nanoparticles

FIGURE 7: Percentage of cell viability for crude extract and synthesized ZnO NPs coated with Ag based on the MTT assay.

cancer. Our synthesized Ag—ZnO NPs might be an alternative
treatment and therapeutic approach against cancer because
other treatments include chemotherapy, radiotherapy, and
drugs are potentially cause severe side effects like pain, strain,
etc. In the future, the production of drugs by using natural
sources instead of toxic chemicals will play a major role in
pharmaceutical industries [30]. Currently, several studies are
going on with the combination of nanoparticles and other

therapeutic techniques like infrared laser light for treating
the various types of cancers. In those researches, the positive
results are appearing in the animal models which were proved
by many researchers. Hence, more clinical trials are needed
to successfully approve nanoparticle-related treatments for
testing on humans [31]. In this study, Ag—ZnO NPs and crude
extract of mushroom were treated on human chemoresistance
breast cancer MDA-MB 231 cell lines.



4. Conclusion

The biosynthesis method used in this study exhibited a sim-
ple, eco-friendly meanwhile budget-friendly process when
compared to other methods. Thus, the results of the present
study successfully proved the antidiabetic and anticancer
potential of our mycosynthesized Ag-ZnO NPs. The effect
of Ag—ZnO NPs on chemoresistance breast cancer MDA-
MB 231 cell lines revealed promising cytotoxicity. Due to
nontoxic and less usage of chemicals, these kinds of bio-
synthesized Ag-ZnO NPs will predominantly take their
place in the pharmaceutical field.
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Nanoparticles being the backbone of nanotechnology gain more attention nowadays as they are entirely different from the colloids
and also exhibit unique electrochemical, physical, and optical properties corresponding to their dimensions and shape. The core
concept of getting nanoparticles from metal colloids lies on the traditional approach that is applied in both conventional and
mechanical methods these days. Among those, the techniques that rely on the biological systems for the generation of
nanoparticles have more merits and precedence over other environmental mechanisms as this mitigates the expense as well as
toxicity. Considering both nutritional and medicinal values of mushrooms, they were properly managed, adopted, and
accustomed in distinct skills to get desired products of nanosizes. Gold is commonly known as a noble metal, and it owns
enormous medicinal values since long time in history. Here, a mycosynthesis approach was applied; by the way, the mushroom
Laetiporus versisporus and gold ions collaborate to bring out gold nanoparticles (AuNPs) were synthesized by the involvement
of Laetiporus versisporus. Mycosynthesis deals with an environmentally friendly process that leads to the extracellular synthesis
of AuNPs. The Laetiporus versisporus were collected from hills of Kodaikanal, Tamil Nadu. The gold source turned into
ultrafiner particles which were then computed and monitored through UV-Vis spectrophotometer and Fourier-transform
infrared (FTIR) spectroscopy, and the texture of particles was affirmed with the help of peaks originated in X-ray diffraction
(XRD). Transmission electron microscopy (TEM) techniques and scanning electron microscope (SEM) unveiled spherical
AuNPs, and the overall scale of which was figured as 10nm. Various concentrations of AuNPs by the concentration of
extracted Laetiporus versisporus were evaluated for antioxidant activity using the standard in vitro methods like ferrous ion
chelating effect, nitric oxide (NO) scavenging assay, and DPPH assay activity.

1. Introduction

Mushrooms, an omnipresent creature, are macrofungi, which
can be found in the woodland and be cultivated on farmland.
Some types of mushrooms like Lentinus edodes, Lentinus poly-
chrous, Pleurotus ostreatus, Pleurotus florida, and Cordyceps
militaris have medicinal benefits like targeting and defeating
the cancer cells and proteins, antioxidant, antimicrobial, anti-
diabetic, antihypercholesterolic, and antiarthritic activities [1].

Antioxidants have an extraordinary contribution in promot-
ing the well-being of human by depleting the free radicals
when they are supplemented every day. In recent days, there
is an attentiveness towards the realization of antioxidant
capacity of food stuffs. Edible mushrooms contain immense
primary and secondary metabolites, which are responsible
for their nutritional and medicinal properties. Antioxidants
say an alkaloid, flavonoid, steroid, protein, or an amino acid
prevent oxidative stress caused by the unstable compounds,
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i.e., free radicals [2]. However, in recent years, interest in the
biological and pharmacological activities of mushrooms is
grown. Nanotechnology deals with the nanomaterials derived
from natural resources and their impact with the same. It is a
field that connects various networks of science and technol-
ogy. Nanoparticles are the sole representatives in nanoworld,
and their application in diverse fields makes them more influ-
ential. Many nanoparticles are presented, and among those
nanoparticles, the gold nanoparticles (AuNPs) have many
benefits. A present-day research finds the fact that the nano-
particles synthesized biologically are preferred as it is inte-
grated with the phytoconstituents [3]. The nanoparticles
have been widely used in high tech implementation [4]. Noble
metal nanoparticles like silver, platinum, gold, and lead are
explored and reviewed by various researches earlier [5, 6].
Among the abovesaid metal nanoparticles, the gold nanopar-
ticle is considered to be vital due to the medicinal use ranging
from cancer to arthritis dated back in history [7] Also, their
telescoping synthesis, with great biocompatibility and apopto-
sis with promising applications especially in the development
of novel antibacterial agents, makes AuNps more powerful
[6, 8]. Not only in tumor targeting and imaging, gold nanopar-
ticles (GNPs) made an impact in electronic applications,
photothermal therapy, and photonics due to their unique sur-
face plasmon resonance effect [9]. This individuality makes
them more enhancing in the fields of medical science, bioengi-
neering, and industrial applications [10]. AuNPs extend their
implementation in endocytosis, chemical catalysts, gene
expression, pharmacokinetics, sensors, and fuel cells [11].
Above all, gold is time honored as it has uses as remedial,
restorative, and ornamental roles since primitive days. “Solu-
ble gold” is a phrase which was pioneered in two different
countries in different continents: Province of China during
the 4th century and Egypt in the 5th century BC [12].

Gold nanoparticle (AuNP) obtained from the plants is a
customary method that produces ultrafine particles, which
have discrete benefits in the desired fields [13]. Physical
and chemical methods of synthesizing metal nanoparticles
often lead to some hazardous results such as the toxicity
and excess time taken to get the end product, though the
nanoparticles are almost pure and stable. To overcome the
disadvantages of unconventional methods, living organisms,
their components, and byproducts are being used for the
production of nanoparticles that has steady and firm activity
in an energy eflicient way [14]. Exploiting natural resources
to produce nanomaterials is quite common in today’s world
which is concise with the use of chemicals and that too are
not dangerous [15]. The green mushroom nanoparticles
were investigated as antimicrobial, antioxidant, and antitu-
mor agents [16]. Using mushrooms in the formation of
metallic nanoparticles, lean on the fruiting bodies, mycelia,
and enzymes that are produced and nurtured in massive
quantity and also in prescribed laboratory conditions [17].
As the nanoparticles were reared by some chemical and
physical means, their usage in health science is limited due
to the ill effects given out by them [18]. Several studies
examined the antioxidant activity raised by the gold nano-
particles proved to be evident in different concentrations
and at varied environmental factors [19]. This research
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study presented the mycosynthesis of gold nanoparticles
and a comparative analysis of different antioxidants.

Balakumaran et al. [20] described the antimicrobial
properties of gold and silver nanoparticles from Aspergillus
terreus (soil and food mold) harvested from hills located in
the southern region of India. The reaction conditions were
optimized, for the mushroom Aspergillus terreus strain Bios
PTK 6 to develop nanoparticles that are highly firm and
sturdy in a day or less. FTIR analyses gave a detailed idea
about the proteins that were bound and capped during the
reaction. The nanoparticles were responsible for the deterio-
ration of bacterial cells which was portrayed in SEM image
showing the damage of bacterial membrane of human
pathogens Staphylococcus and Bacillus species [21] and con-
cluded that the obtained nanoparticles have antimicrobial
activity as that of the antibiotic which was already used
against the growth of those pathogens.

Madakka et al. [22] reported Fusarium and Aspergillus
species were indulged in the generation of silver nanoparti-
cles extracellularly. Maximum absorption spectra were
obtained between 420 and 450 nm in UV-visible spectros-
copy, whereas the nonclustered spherical conformation was
illustrated in SEM image. Nanoparticles obtained from fungi
inhibit the growth of bacteria like E.coli and Staphylococcus
species and Pseudomonas species with a great pharmacoki-
netic activity thereby promoting the silver nanoparticles to
the next level in pharmacology.

A perennial plant, Coleus forskohlii, was utilized by [23]
to show its yield of gold and silver nanoparticles in one pot
synthesis method so as to avoid the drawback of synthetic
resources. The crystal structure, size, and shape of the newly
formed gold (AuNps) and silver nanoparticles (AgNps) were
studied characteristically. UV-visible spectrophotometer
followed the principle of SPR which then leads to the display
of maximum band. High-resolution transmission electron
microscopy (HR-TEM) and particle size analysis (PSA) led
out the size of particles. Fourier-transform infrared spectros-
copy (FTIR) exposed the active molecules behind the reduc-
tion of colloids and ions to nanoparticles. GC-MS analysis
performed in the sample gave a clear picture to understand
the phytoconstituents present in the plant. Moreover, DPPH
assay deduced the antioxidant ability. Nanoparticles showed
apoptotic effect by resisting the growth of liver cancer cells
that was determined by formation of formazan crystals via
MTT assay.

Certain polymers were also used by some researchers to
undergo the synthesis of metal nanoparticles. Shuai et al.
[24] carried out a procedure which supports the production
of gold nanoparticles from chitosan being the reducer.
Deacetylation and molecular weight were the major factors
during the course of the reaction. At 0.1% of concentration
of reaction mixture, they tend to give polygonal nanoparticles.
Assays like ABTS, DPPH, and FRAP were done in order to
find the capability of antioxidants in the sample and the novel
nanoparticles generated from chitosan. It was understood that
the antioxidant activity and the shape of the nanoparticles
were correlated with each other. Spherical gold nanoparticles
and gold colloids with 0.3% of concentration exhibited
maximum antioxidant activity rather than the others.
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Cornus mas, an ornamental and adaptable shrub, has the
potential of serving as a reducer and stabilizer in the process
of getting metallic nanoparticles at room temperature. Filip
etal. [25] investigated the relative analysis of polyphenols from
the shrub. Size and shape of the nanomaterials were examined
by individual medium for characterization. Anti-inflammatory
level of the coinage metal nanoparticles is inspected in paw tis-
sues of Wistar rats at different intervals: 2 hours, 24 hours, and
48 hours. A partial response was observed by the nanoparticles,
and the anti-inflammatory activity was similar to that of the
carrageenan injected into the tissues.

Saraschandra and Li [26] found that Actinidia deliciosa
(kiwi fruit) has profound bioactive compounds that reduce
4-nitrophenol and methylene blue during the formation of
Au and Ag nanoparticles that are globular with the range
of 7-20nm particle size and 25-40nm diameter, respec-
tively. Reduction of chemicals was encouraged by the
biomolecules present in the fruit that was confirmed by
FTIR analysis. Face-centered cubic and crystalline structure
was elucidated by the analytical techniques such as XRD,
EDAX, and XPS for AgNPs as well as AuNPs.

2. Materials and Methods

The research study presented the mycosynthesis of AuNPs
and a comparative analysis of different antioxidants. The
pictorial representation for the present research is given
in Figure 1.

2.1. Preparation of Mushroom Extract. Here, the mushrooms
(Laetiporus versisporus) were freshly collected from the hills
of Kodaikanal, Tamil Nadu. They are often wiped in times
by double-purified water to get rid of the impurities present
on the surface. The mushrooms were chopped into small
chunks, shade dried, and powdered. It was then allowed to
boil for a while, and the extract was filtered, separated, and
allowed to cool at room temperature.

2.2. Biosynthesis of Gold Nanoparticles. The freshly prepared
mushroom extract was added to the desired concentration of
gold chloride solution and set aside in a dark place together
with the control as it was the optimal condition for the reaction
to occur. The color change was observed visually. The sample
was then centrifuged at 8000 rpm for about 10 minutes. The
water content in the resultant precipitate was evaporated when
it was placed in a hot air oven for 24 hours, which leads to the
formation of gold nanoparticles in powder form.

2.3. Evaluation of Antioxidant Potential. Here, the antioxi-
dant activity is evaluated by the ferrous ion chelating effect,
nitric oxide scavenging activity, and scavenging activity by
2,2'-diphenyl-1-picrylhydrazyl.

2.3.1. Ferrous Ion Chelating Effect. The chelating of ferrous
ions was estimated by the method used by Puntel et al.
[27]. 1 ml of the methanolic extract in a proportion of 50
to 250 ug/ml with an increasing degree of 50 ug/ml was
formulated. To that, 0.2ml of 2mM FeCl, and 0.25ml of
5mM ferrozine were put on and kept undisturbed at normal
temperature for 10 min to the incubated mixtures, 1.5ml of

Biosynthesis of gold
nanoparticles

Mushroom
extraction

Mushroom

Characterization Antioxidant activity

e Ferrous ion chelating
effect
® Nitric oxide scavenging
activity
e DPPH radical scavenging
activity assay

FIGURE 1: Pictorial representation for the present research study.

double distilled water was added, and the absorbance was
measured at 562nm. A triplicate of this assay was done
parallel. EDTA was used as a standard to denote the changes
in absorbance and chelation. The lowest OD values at 562 nm
represent a greater chelation. Percent of chelation by the
ferrous ion chelating assay is expressed by the following:

Absorbance of test sample « 100
~ \_ Absorbance of blank ’

(1)

2.3.2. Nitric Oxide Scavenging Activity. This method was pro-
posed and inspected by Alderton et al. [28]. Sodium nitroprus-
side undergoes reaction in aqueous solution at pH of 7.4 to
form nitric oxides. 1 ml of sodium nitroprusside at a concen-
tration of 10 mM in phosphate-buffered saline was prepared,
and it was mixed with increasing concentrations of mushroom
extract (50, 100, 150, 200, and 250 yg/ml). For the next three
hours, incubation occurred at 25°C. Meantime, an equal vol-
ume of 1% sulphanilamide, 0.1% naphthyl ethylenediamine
dichloride, and 3% phosphoric acid were mixed to get Griess
reagent (1ml). Later, the incubated solution and Griess
reagent were put together, and the optical density was studied
at 546 nm. Similar procedure was followed for gold nanoparti-
cles and standard ascorbic acid in which the mushroom
sample was replaced by the nanoparticles and standard. The
percentage of inhibition was determined using the formula:

Percentage of scavenging effect

(Absorbance of control — Absorbance of sample)
= % 100.
(Absorbance of control)
(2)

2.3.3. DPPH Radical Scavenging Activity Assay. Brand-
Williams and Berset [29] defined the standard procedure of
DPPH analysis for determining the scavenging potential of
mushroom samples in addition to the nanoparticles in a
culture dish [29]. A stock solution of 24 mg DPPH in 100 ml
of ethanol was prepared and preserved at 20°C for the conse-
quent use. 3 ml aliquot of this solution was mixed with 1 ml
of freshly prepared mushroom extract and gold nanoparticles
in the order of 20 ug/ml from 10 to 100 ug/ml. The test




samples along with the working solution were agitated thor-
oughly and placed at 37°C in an unilluminated area for about
15 minutes, and the OD was recorded at 517 nm. Likewise, a
control tube was prepared with all ingredients except the test
sample. Scavenging activity was evaluated depending on the
rate of DPPH traced out which is calculated by the formula:

Percentage of inhibition
= [(Optical density of control — Optical density of sample)
-(Optical density of control)] x 100.

3)

3. Results and Discussion

In this section, the experimental analysis is carried out for
this study. Here, the characterization of gold nanoparticles
followed by the antioxidant activity is analyzed.

3.1. Characterization of Gold Nanoparticles. Current research
connects the world of mushrooms with nanotechnology by
the way of adapting mushroom Laetiporus versisporus in the
formation of gold nanoparticles. Though the mushrooms are
excellent source of nutrients and other metabolites, they sup-
port the biosynthesis perfectly. Appearance, physical model,
and structural elucidation of the mushroom mediated gold
nanoparticles are assessed by ultraviolet-visible (UV-Vis)
spectroscopy, X-ray diffraction (XRD) patterns, Fourier-
transform infrared (FTIR) spectroscopy, scanning electron
microscope (SEM), and transmission electron microscope
(TEM). Characterization of gold nanoparticles clearly says
that they are crystalline with 10nm in size. The size and
composition of nanoparticles were characterized by different
techniques and were reviewed by [30].

Figure 2 displays UV-visible spectroscopy of gold nano-
particles. The concrete evidence for the presence of gold
nanoparticles was clearly understood by the colour change
from yellow to purple and then deep purple that is further
certified by UV-Vis spectroscopy studies. Colour variation
is not concise, and some reactions result in an array of same
colours [31]. Visual conformation was the first spotting in
the current study followed by several other techniques that
prop up the existing data. Transformation of colour from
pale yellow to dark brown was observed in the mushroom
Inonotus obliquus which showed the maximum spectra at
532nm via UV-visible spectroscopy [32]. Some AuNps
obtained from plants exhibit the surface plasmon which is
greater than 570 nm [33]. Different proportions of ethanol
used for the purpose of production of gold nanoparticles
relate with the peak formed at different wavelengths, i.e.,
below 520nm for shorter spectra and above 560 nm for a
greater peak [34]. A change in the number of electrons pos-
sibly leads to a fluctuation in the plasmon resonance through
which the fact of presence of nanoparticles comes true [35].
This spectroscopy helps to understand the maximum
absorption spectra of gold nanoparticles. It was noted that
it has high spectra at 566 nm.

Structural specification and characterization were exe-
cuted by XRD analysis, and the outcome of the XRD pattern
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FIGURE 2: UV-Vis spectroscopy of mushroom-synthesized gold
nanoparticles.

for gold nanoparticles synthesized from L. versisporus is dis-
played in Figure 3. Dehydrated and dried gold nanoparticles
were examined by X-ray diffraction (XRD) patterns to ascer-
tain and also confirm those peak intensity, corresponding
position, and width of the peak. XRD analysis exhibits the
diffraction peaks at 38.2° and 44.3" that correspond to the
crystalline structure of gold (JCPDS no. 04 0784). X-ray
diffraction studies provide information about the texture of
the particles. The crystalline or amorphous nature can be eas-
ily detected with the help of XRD data. The XRD peaks
obtained for L. versisporus-mediated AuNps are 38.2° and
44.3° that are quite similar to the crystalline nature of Agaricus
bisporus-engaged gold nanoparticles studied by [36] where
they found the 2 theta values at 38.18°, 44.38", 64.56°, and
77.55°. The exact similar 2 theta values were observed in the
study of gold nanoparticles obtained from aqueous extract of
Dolichos biflorus [37]. Another four high peaks were observed
in the XRD pattern of gold nanoparticles synthesized from
marine organism [38]. Not only the mushrooms, AuNps
extracted from actinomycetes [39], plants [40], and yeast
[41] too which had the similar XRD patterns.

Figure 4 shows the FTIR analysis of gold nanoparticles.
Fourier-transform infrared (FTIR) spectroscopy measure-
ments are usually carried out to identify the functional groups
of bioactive molecules that are accountable for capping and
reducing gold ions to gold nanoparticles and ultimately main-
taining the stability of them. FTIR bands were intense at
3444 cm’’, which shows the O-H stretch of alcohols and phe-
nols. Fusarium-mediated AuNps showed a band at the similar
point which was noted as O-H stretch [12]. Band at 1634 cm™
conveys the C=0 stretch of amide linkage of protein. This can
be correlated with the work done in gold nanoparticles origi-
nated from Pseudomonas species [42] and citrate capped
AuNps [43]. Also, the bands at 1557 cm and 1417 cm™
corresponds to the N-H bend of proteins which was discussed
earlier for the nanoparticles got from penicillin [44]; thus, the
entire spectra showing that the gold ions were capped majorly
by the alcohols and phenols present in the mushroom that
were reduced to gold nanoparticles. FTIR spectra delineate
the bioactive compounds which were actively participated in
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FIGURE 5: Analysis of gold nanoparticles by (a) TEM image and (b) SEM image.

the transmission process that resulted in the gold nanoparti-
cles. Peaks appeared from 400 to 4000 cm™ in which the peak
at 3444 cm™" shows OH stretching of alcohols and phenols that
has an evidence of both N-H as well as the OH stretches of
alcohol and phenol groups in aqueous extract of Alpinia nigra.
The same showed peak at 1623 cm™ which is in connection
with 1634 cm™ [35]. The nutraceutical study of Laetiporus sul-
phureus was reported by [45] indicating the presence of carbo-

hydrates, proteins, and fat in the decreasing order. A relevant
study done by [46] explains the bioactive metabolites present
in Laetiporus versisporus. The species of Laetiporus composing
these metabolites are responsible for the biochemical conver-
sion which took place in the current study.

Figure 5 displays the analysis of gold nanoparticles by (a)
TEM image and (b) SEM image. SEM and TEM analyses of
gold nanoparticles showed the size and shape as 10 nm on an
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TaBLE 1: Ferrous ion chelating assay.

Sample conc. (ug/ml)

Absorbance measurement data

Hexane Chloroform Ethyl acetate Methanol Aqueous AuNps Standard (EDTA)
50 7.3 8.2 9.8 21.3 21.6 21.2 22
100 12 13.5 11.5 26.8 27.5 26.4 26.3
200 15.8 174 20.2 355 32 34.7 35.6

average of spherical particles. AuNps of size lesser than
10nm were isolated via self-assembly [13]. Transmission
and scanning electron microscopy generally conveys the size
and shape of the particles. Gold nanoparticles obtained here
are 10 nm in size, and most of them show a spherical shape.
Not only in the ecofriendly mechanism but also the chemical
and physical modes of obtaining AuNps were previously
studied by nanotechnologists. Spherical gold nanoparticles
of diameters range 7-35nm were obtained by the use of
sodium citrate and sodium citrate/borohydride in citrate
pathway [47]. On the other hand, saprophytic fungi acted
as good reducers in the formation of polydispersed gold
nanoparticles in a size range of 20-40 nm [48].

3.2. Analysis of Antioxidant Potential. Here, the antioxidant
potentials were analyzed by the ferrous ion chelating effect,
nitric oxide scavenging activity, and DPPH radical scaveng-
ing assay. These are the routine methods which were used
earlier and still in use for observing the antioxidant activity
of different live systems such as plants [31] and mushrooms
[49]. Antioxidant nature of mushroom was found out quan-
titatively along with the mushroom-mediated gold nanopar-
ticles. Assays to estimate the quantity and percentage of
activity done by the antioxidants to chase the free radicals
were different, and some common assays [50] like ferrous
ion chelating assay, nitric oxide scavenging assay, and DPPH
assays in association with earlier works that carried out these
assays in food stufts [51] are done here.

3.2.1. Ferrous Ion Chelating Effect. Here, the ferrous ion
chelating effect is analyzed. It measures the capability of
test samples to chelate-free ferrous ions existing in the
sample solution.

Table 1 shows the ferrous ion chelating assay. The metal
chelating assay involves colour reduction, which determines
the chelating ability of the synthesized nanoparticles for fer-
rous ions. Here, three sample concentrations considered are
50, 100, and 200 pug/ml. For each sample concentration, the
percentage of chelation is varied. This is quite similar to
the studied conducted in methanolic extracts of mushrooms:
Lactarius semisanguifluus, Lactarius deliciosus, Lactarius
sanguifluus, Russula delica, and Suillus bellinii. Lactarius
and Russula species exhibited major chelation, ie., above
40 pumol ferrous ions/100 gm of the source, whereas the Suil-
lus species had a chelating range of less than 30 ymol ferrous
ions [52]. The graphical plot for the ferrous ion chelating
assay is shown in Figure 6.

Table 2 shows the average IC50 obtained from ferrous
ion chelating assay. Here, the average value is higher for
the ethyl acetate and hexane sample, ie., 10.08 and

Ferrous ion chelating assay

40
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FIGURE 6: Analysis of ferrous ion chelating assay.
TaBLE 2: Average IC50 ferrous ion chelating assay.
SL no. Sample Average IC50 (pg/ml)
1 Hexane 11.01
2 Chloroform 8.83
3 Ethyl acetate 10.08
4 Methanol 5.11
5 Aqueous 6.41
6 Nanoparticle 5.34
7 Standard (EDTA) 5.24
IC50 by ferrous ion chelating assay
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FiGUre 7: Pictorial plot for the average IC50 of ferrous ion
chelating assay.

11.01 ug/ml, respectively. Thirdly, the chloroform sample
has the IC50 average of 8.83 ug/ml. The remaining samples
such as methanol, aqueous, nanoparticle, and standard
(EDTA) are lower than the above said samples which
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TaBLE 3: Nitric oxide scavenging assay.

Absorbance measurement data

Sample conc (pg/ml)

Hexane Chloroform Ethyl acetate Methanol Aqueous AuNps Standard (ascorbic acid)
50 15.7 14.4 10 20.3 21.1 21.2 27.1
100 22.4 23.8 17.6 34.6 31.6 33.5 39.2
200 25.6 28.8 27.8 53.6 54.7 54.8 63.4
describes that they have higher antioxidant activity. The pic- N .
A R X X Nitric oxide scavenging assay
torial plot for the average IC50 ferrous ion chelating assay is %0 T
shown in Figure 7.
Ferrous ion chelating assay was considerably used for the L
estimation of varied antioxidants that are seen in both body Z 40
fluids and edibles [53]. The activity of methanol extract is = %
more or less similar to the standard of same concentration $ -
followed by AuNps and aqueous extract of L. versisporus. 0 " 100 200
IC50 values of those were low compared to the other Sample concentration
extracts, and this was correlated with the IC50 values of edi-
ble mushroom, and Cantharellus cibarius was evaluated as I:exane Isathy;acdetate
—— queous —@— Standar
4.324 Mg/ml [54] —@— Chloroform Methanol
—@®— AuNps

3.2.2. Nitric Oxide Scavenging Activity. In this subsection, the
nitric oxide scavenging activity is analyzed. Nitric oxide
scavenging assay being one of the antioxidant tests is done
in bioproducts by silver nanoparticles [55]. The nitric oxide
emerged from sodium nitroprusside was computed by the
Greiss reaction, and the absorbance was tabulated.

Table 3 shows the nitric acid scavenging assay. Here, the
nitric acid scavenging activity of nanoparticles was directly
proportional to the sample concentration. For the sample
concentration of 50 yug/ml, the RSA value varies between
15 and 27 RSA. The percentage of scavenging NO at
200 pug/ml of hexane, ethyl acetate, chloroform, methanol,
aqueous, nanoparticles, and standard (ascorbic acid) was
found to be 25.6%, 28.8%, 27.8%, 53.6%, 54.7%, 54.8%, and
63.4% which is conveyed in either way as standard (ascorbic
acid) > nanoparticles > aqueous > methanol > hexane >
ethyl acetate > chloroform for all the sample concentrations.
100 to 1000 pg/ml of different mushrooms were tested for
nitric oxide scavenging and found that Pleurotus floridanus
made a greater percentage of scavenging (44-64%) compar-
atively. The graphical plot for the nitric acid scavenging
assay is shown in Figure 8,

Table 4 displays the average IC50 of nitric acid scaveng-
ing assay. Here, the order of the samples are chloroform >
ethyl acetate > hexane > methanol > aqueous > nanoparticle
> standard (ascorbic acid), and hence, it is understood that
methanol, aqueous extract, and nanoparticles have an anti-
oxidant activity equivalent to the ideal and default ascorbic
acid that is uniformly used as a standard component. The
pictorial representation of Table 3 is shown in Figure 9,

The prime active participants of all the samples via nitric
oxide assay are same, whereas the AuNps showed much
more scavenging as that of the standard rather than the
others. IC50 values are lesser than 10ug/ml. Scavenging
activity of Boletus edulis was done by three different assays,
and the IC50 value was noted as 10.74 pg/ml in nitric oxide
scavenging assay [56].

F1GURE 8: Graphical plot for the nitric acid scavenging assay.

TaBLE 4: Average IC50 nitric acid scavenging assay.

SL no. Sample Average IC50 (ug/ml)
1 Hexane 3.92
2 Chloroform 5.54
3 Ethyl acetate 3.96
4 Methanol 2.83
5 Aqueous 2.84
6 Nanoparticle 2.8
7 Standard (ascorbic acid) 2.37
IC50 by Nitric oxide scavenging assay
9 7.8
8
7 5.8
6
S 2 3,96
9 4 2.83 2.84 2.8 237
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FIGURE 9: Pictorial plot for the average IC50 of nitric acid
scavenging assay.

3.2.3. DPPH Radical Scavenging Activity Assay. Here, the
DPPH radical scavenging activity of antioxidants is evalu-
ated. Radical scavenging activities happen naturally in the
human body to shut out the free radicals intervene in exten-
sive amount of ailments and dreadful diseases. DPPH free
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TaBLE 5: DPPH radical scavenging activity assay.

Absorbance measurement data

Sample conc. (ug/ml)

Hexane Chloroform Ethyl acetate Methanol Aqueous AuNps Standard (ascorbic acid)
50 13.8 6 9.1 21.2 20.5 21.4 23.5
100 23.8 13 16.4 31.8 31.9 314 33
200 44.1 27.3 31.5 52.2 51.4 52.3 54.6
DPPH assay TABLE 6: Average IC50 DPPH assay.
80
SL no. Sample Average IC50 (ug/ml)
60
1 Hexane 3.5
§ 40 2 Chloroform 5.24
2 20 : ;/1*//’ 3 Ethyl acetate 5.24
0 4 Methanol 2.97
50 100 200
20 ; ) 5 Aqueous 2.99
Sample concentration 6 Nanopar ticle 2.96
Hexane o Aqueous 7 Standard (ascorbic acid) 2.83
Methanol Ethyl acetate
—@— Standard —@®— AuNps
—@®— Chloroform 1C50 by DPPH assay
6 5.24 5.24
F1GURE 10: Analysis of DPPH assay. 5
3,
s 4 > 2.97 2.99 2.96 283
. o . . Q3
radical scavenging is a customary technique for scanning the .
radicals that cause cell death. 1
Table 5 displays the RSA of different sample concentra- 0
t. . . . .. ?:) E L o g £ "E
ions using DPPH radical scavenging activity assay. Here, g & = g g = =z
the standard (ascorbic acid) is higher than the other samples T g _i § g S E
that are 23.5% for 50 ug/ml, 33% for 100 ug/ml, and 54.6% S = 3
for 200 pg/ml which was similar to that of methanol, aque- Samples

ous, and gold nanoparticles at lower concentrations. A sim-
ilar activity was found in the mushrooms Agaricus species,
Lentinula species, and Flammulina species, i.e., range from
13 to 50 yumol TE/g [57]. The remaining samples have lesser
DPPH activity than the standard sample. The graphical plot
is represented in Figure 10.

The average IC50 value by using the DPPH assay activity
is displayed in Table 6. The order of the performance by
average value is given as ethyl acetate > chloroform > hexane
> methanol > aqueous > standard (ascorbic acid) > nano-
particle. Table 6 is presented as a figure format which is
shown in Figure 11.

DPPH assay is used to explore the antioxidant ability of
AuNps and methanol extract. IC50 values extend from 2.8 to
5.4. Trametes versicolor exposed an IC50 value of 5.6 ug/ml
by DPPH assay [30] (that is considerably similar to that of
L. versisporus extracts, which means they possess better anti-
oxidant activity).

Gold nanoparticles obtained from Nerium oleander leaf
extract [58] showed remarkable increase in the antioxidant
activity with the increase in concentration of the AuNps
which is comparable to the current project that portrays
the competent antioxidant activity of mushroom along with
the gold nanoparticles.

Tables 1, 3, and 5 show a linear and steady correlation
eventuated with the concentration of samples and radical

FIGURrk 11: Pictorial plot for the average IC50 of DPPH assay.

scavenging in all the groups of ferrous ion chelating assay,
nitric oxide scavenging assay, and DPPH assay. Further-
more, a remarkable and gradual rise (p < 0.05) of antioxi-
dant activity of L. versisporus and nanoparticles is obtained
from the mushroom along with the standard.

4. Conclusion

Although mycosynthesis of nanoparticles was implemented
in the field of research involving living systems, an attempt
with Laetiporus versisporus mushroom to get gold nanopar-
ticles is unfamiliar. Comparatively, mushrooms make a suit-
able option for the generation of metallic nanoparticles as
they are maneuverable and are loaded with various metabo-
lites especially proteins thereby improving the productivity.
The present study throws lights on the biological procedure
for the production of AuNPs by using Laetiporus versisporus
and the antioxidant activity. The gold nanoparticle of the
current study undergone series of analytical studies includ-
ing UV-Vis and FTIR spectroscopy. The size of particles
was confirmed by XRD, TEM, techniques, and SEM. In
UV-Vis spectrometer analysis, the maximum absorption
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was found at 566 nm which lies on the standard range of
gold nanoparticles, and FTIR gives a list of functional groups
belonging to the biomolecules present in the mushroom. In
the TEM and SEM analysis, the spherical structure was
found and XRD analysis exhibits the diffraction peaks at
38.2° and 44.3°. In antioxidant analysis, six samples along
with the standard were carried out that are hexane, chloro-
form, ethyl acetate, methanol, aqueous, nanoparticle, and
standard (EDTA and ascorbic acid) to decipher the expected
results. In all the antioxidant activity analyses, the standard
attains higher RSA that was quite near with the methanol,
aqueous, and gold nanoparticles. The lower IC50 values
show a higher antioxidant activity. Thus, results conclude
that the Laetiporus versisporus extraction and its synthesized
AuNPs showed high antioxidant activity. Hence, it can be
used in many biological and pharmacological applications.
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The current water supply situation demonstrates the predominance of contamination caused by industrial effluent runoff. Polluted
waters have contributed to significant health and environmental risks, calling for an acceptable alternative to address the effects.
However, diverse chemical and treatment physical stages commonly used for dye effluent processing are more cost-intensive,
less effective, and time-consuming. Instead, nanomaterials have developed as a good alternative for dye removal and
degradation because of their special chemical reactivity and superior surface features/properties. In this regard, the ability of
modified or hybrid ferrite-based magnetically recoverable nanomaterials in dye effluent treatment has been extensively explored.
The present study especially emphasizes magnetic ferrite (Fe;O,+X) or metal-doped ferrite (MFe,O, + X) nanocomposite for
dye degradation (where M consists of Co, Cu, Zn, Mg, Mn, Nj, etc., and X consists of reduced graphene oxide, graphene oxide,
metal, or metal oxide). Several dye degradation efficiencies of various ferrite and metal ferrite nanomaterial were discussed.
Degradation is carried out using direct sunlight, and various lamps (e.g., visible light/UV-C lamp/halogen lamp/Mercury-Xenon
lamp/UV lamp with UV filter for visible light) are used as a source. This review article covers the degradation of various dyes
from wastewater using ferrite-based nanomaterial as an efficient catalyst and making water pollution free.


https://orcid.org/0000-0001-9081-8807
https://orcid.org/0000-0002-1928-3093
https://orcid.org/0000-0002-5193-6138
https://orcid.org/0000-0002-6143-7770
https://orcid.org/0000-0002-2027-8910
https://orcid.org/0000-0001-7707-1032
https://orcid.org/0000-0001-7679-8344
https://orcid.org/0000-0002-2361-086X
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://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://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://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://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://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/10.1155/2022/8560069

1. Introduction

The first commercially effective synthetic dye was explored in
1856, and till now, numerous dyes have been synthesized [1].
The reseals of synthetic dyes in natural water sources increase
pollution, causing severe harm to humans [2]. According to
Jin et al., textiles discharged 280,000 tons of industrial efflu-
ents worldwide [3]. The effluent encompasses a wide range
of pollutants, including organic and inorganic salts, surfac-
tants, heavy metals, enzymes, oxidizing, and reducing agents
[2, 4]. The human being swallows such contaminated water
persuades respiratory tract, gastrointestinal tract irritation,
and skin and eye irritation. Furthermore, the reports also
prove the developmental, chronical, and neurotoxicity effects
of dyes on human beings [5]. A huge volume of freshwater is
essential to carry out the daily process in the textile industry.
Scrutiny of the literature reveals that for the treatment of 1 kg
of textile materials, about 100L of water is essential [2].
Therefore, to avoid such environmental degradation due to
synthetic dyes, the degradation of dyes is essential.

Diverse techniques are used for the effluent treatment
[6-8], which are listed in Figure 1. Traditional techniques
for the dye degradation used are adsorption utilizing acti-
vated carbon, reverse osmosis, ion exchange employing
resins, etc. However, the technique mentioned earlier can
only transform the phase creating secondary pollution,
which needs additional treatment to regenerate the adsor-
bent [9]. Traditional technologies for the treatment of west
water were unsuccessful by Forgacs et al. [10]. Furthermore,
the report also states that these techniques are insufficient to
degrade/treat certain azo dyes selected for the study.
Recently, the advanced oxidation process (AOPs) has been
used mostly to treat polluted water. Reactive oxygen species
(ROS) produced using AOPs quickly oxidize dyes in the
industrial effluent and make the water pollution free [11].

Magnetic nanomaterials are of massive enthusiasm for
scientists from a vast variety of domains, including catalysis
[12-14], magnetic fluids [15], biomedicine [16], data storage
[17], magnetic resonance imaging [18, 19], biosensors [20],
and environmental remediation [21-25]. While several
effective approaches for the fabrication of selective magnetic
nanomaterials of diverse compositions have been developed,
the efficient uses of certain magnetic nanomaterials in the
fields mentioned above are strongly reliant on the stability
of the nanomaterials under a variety of situations. The nano-
material works perfectly in most planned applications when
the size of the nanomaterials is around a particular value,
which relies on the nanomaterial. Then, when the tempera-
ture is beyond the so-called blocking temperature, each
nanomaterial becomes a unified magnetic field and exhibits
superparamagnetic conduct. These nanomaterials have a
broad stable magnetic moment and operate as a large para-
magnetic atom with a quick reaction with negligible coerciv-
ity and remanence to applied magnetic fields. These features
render superparamagnetic nanomaterials very appealing for
such a large scope of bioengineering uses since the possibil-
ity of agglomerations at room temperature is negligible [26].

Various strategies have been created, including adsorp-
tion, biological, electrochemical, ion exchange, membrane
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processes, and solvent extraction techniques. These methods
have a variety of disadvantages, including as high operating
costs, pollution transfer from one phase to another, and
the challenge of eliminating biologically or chemically per-
sistent contaminants. Advanced oxidation processes (AOPs)
are the most effective way to remove pollutants from water
because they can produce powerful oxidizing agents at ambi-
ent temperature and normal atmospheric pressure [27-30].
Heterogeneous photocatalysis has proven to be a more suc-
cessful method for addressing energy and environmental
concerns as an oxidation mechanism. Heterogeneous photo-
catalysts can remove persistent nonbiodegradable organic
pollutants by supplying strong oxidizing agents and convert-
ing them into mineral salts, H,O, and CO,. Intriguing mate-
rials for CO, photoreduction, microbial disinfection, N,
photofixation, and organic compound synthesis are also het-
erogeneous photocatalysts. An ideal heterogeneous photoca-
talyst will have a high quantum efficiency, be physiologically
and chemically inert, have a considerable capacity to absorb
solar energy, be nontoxic, be resistant to photocorrosion,
and be inexpensive. Despite heterogeneous photocatalysts’
potential for addressing energy and environmental prob-
lems, removing and recycling these parts from the reaction
solution is difficult. Centrifugation and filtration techniques
are used to separate used photocatalysts from systems that
have been treated. Meanwhile, these methods are time- and
money-consuming, restricting the widespread application
of heterogeneous photocatalysts [31-33]. The fixation of
heterogeneous photocatalysts has addressed this issue with
an inert substrate. Despite the fact that this method lessens
particle aggregation and makes it simpler to separate hetero-
geneous photocatalysts, photocatalytic performance is antic-
ipated to suffer as a result of the decreased photocatalyst
active sites. In order to separate and recover heterogeneous
photocatalysts on a large scale, this problem is solved by
combining photocatalysts with magnetic materials. Mag-
netic materials are more desirable in photocatalytic applica-
tions because they may show considerable photocatalytic
activity and separability [34, 35].

Thus, this perspective review article intends to present
reports on photocatalytic degradation of various dyes using
ferrite-based nanocomposites.

2. Hazards of Dyes to Environment and
Human Health

In addition to having adverse effects, the dye materials are
often aesthetically undesirable in water. Several structure
varieties are used in the textile industry, such as basic, acidic,
disperse, reactive, azo, anthraquinone-based, diazo, and
metal complex dyes [36]. Having more or less destructive
consequences, it puts up. Increased heart rate, shock, vomit-
ing, cyanosis, Heinz body formation, quadriplegia, human
tissue necrosis, and jaundice are associated with extreme
exposure to dyes [37]. Dyes such as metanil yellow seem to
have a tumor-producing effect [38] and can generate human
body enzyme disorders [39]. However, it is nonmutagenic,
but it can change gene expression sequences [40]. It pro-
duces harmful methaemoglobinaemia [41] and cyanosis
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(i) Coagulation and flocculation
(ii) Cucurbituril

iii) Oxidative processes

(iv) Electrochemical destruction
(v) Fenton's reagent

(vi) Sodium hypochloride (NaOCl)
(vii) Photochemical degradation
(viii) Ozonation

(i) Adsorption

(ii) Membrane filtration processes
(iii) Biological methods

(iv) Photocatalytic degradation
techniques

FiGure 1: Classification of methods of effluent treatments.

[42] in humans when taken orally, while skin interaction
leads to allergic dermatitis [43]. Testicular lesions are caused
by intratesticular and intraperitoneal administration or oral
feeding of dyes in animals due to damage to seminiferous
tubules and reduced spermatogenesis level [44, 45].

3. Magnetic Behavior of Ferrite-Based
Magnetized Nanomaterials

The properties of magnetic nanomaterials are determined by
the extrinsic magnetic field induced to materials. Descrip-
tions of magnetic polarity in a nanomaterial help classify
various types of magnetism found in nature. It is possible
to define 5 main types of magnetism: antiferromagnetism,
diamagnetism, ferrimagnetism, ferromagnetism, and para-
magnetism [46]. Diamagnetism is a primary property of all
atoms, and magnetization is quite low and opposite to the
direction of the induced magnetic field. Lots of nanomateri-
als show paramagnetism property, whereas the orbit is
raised from zero, a magnetization grows parallel to the
induced magnetic field, but the magnetization efficiency is
weak. Also, ferromagnetism is the property of such objects
that are naturally magnetically arranged and which, even
without using a field, develop spontaneous magnetization.
Ferrimagnetism, where distinct atoms have various moment
abilities, is different from ferromagnetism, but there is
always an organized state under a specific critical tempera-
ture at that state. The magnetic substance, i.e., diamagnet,
paramagnet, and ferromagnet, can be sorted according to
its susceptibility. Many of the unique magnetic characteris-
tics of nanomaterials are due to their strong surface-to-
volume ratio [47, 48]. Saturation magnetism (Ms) changes
through size before it reaches a threshold size above which
magnetization is stable and near the bulk’s value. In diverse
disciplines, the linear dependency of Ms on size underneath
this threshold was seen. Research on the shape effect affects
magnetic nanocomposites’ volume or associated size param-
eter properties. For spherical nanoparticles, the anisotropy
value (magnetic anisotropy is the directional dependence
of a material’s magnetic properties) is greater than for cubic
nanoparticles of a similar volume [49-52]. Composition is
perhaps the most widely cited factor accountable for asses-
sing a material’s particular magnetic properties. These mag-
netic properties occur in the absence or presence of unpaired
valence electrons deposited on metal ions or metal atoms
present in magnetic nanomaterials [53, 54]. Magnetic behav-

iour is characterized by the direction of the magnetic
moment () connected with the electrons. We can measure
the magnetic moment in magnetic nanomaterial [45, 55,
56] using the magnetic moment of only one electron, 1.73
Bohr magnetons (BM).

4. Diverse Approaches for the Fabrication of
Magnetically Ferrite-Based Nanomaterials

There are multifarious approaches employed for the practical
synthesis of using ferrite-based nanocomposite [57, 58], for
instance, hydrothermal, sol-gel, sonochemical, solvothermal,
precipitation, coprecipitation, solution combustion, probe
sonication method, green synthesis, ultrasonication, and
microwave-assisted methods [59-63]. Particle size distribu-
tion, crystal structure, particle size and shape control, and
alignment are the crucial factors in the manufacturing of
ferrite-based nanocomposite. Such approaches help produce
magnetic ferrite-based composites, which are selectively sta-
ble at normal room temperature, regular shape, uniform size,
nonaggregate, high monodispersity, etc. These methods are
further categorised into three different approaches, physical,
chemical, and biological, as shown in Figure 2.

The aforementioned synthetic approaches require com-
paratively higher experimental duration and high pressure
and energy and involve noxious compounds or solvents,
and stability depends on capping agents. However, nanoma-
terial synthesized via these methods shows higher photocat-
alytic degradation efficiency.

5. General Procedure for the Dye Degradation

Magnetic metal Fe,O,/doped metal Fe,O, composite is
taken as a catalyst for the dye degradation of different dye
(Figure 3) solution (any one among the following: MB,
MO, MG, CV, CR, EY, RR 198, RR120, IC, DY, RB. etc.);
dye under magnetic stirring/ultrasound irradiation/micro-
wave irradiation with or without the addition of H,O, in
the presence of visible light/UV-C lamp/halogen lamp/Mer-
cury-Xenon lamp/UV lamp with UV filter for visible light is
used as the source (Table 1). At the start of the reaction, the
catalyst is added to the dye solution and stirred the solution
in the absence of light for 30 mins to attain the absorption
equilibrium. Then, after 30 mins, the dye solution is exposed
to the source. Then, the absorbances are measured, and from
the reading, calculate the efficiency of the catalyst and the
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Nanoparticle
synthesis method

l !

!

Physical approach Chemical approach Biological approach
(i) Laser ablation (i) Chemical (i) Plant mediated
(ii) Vacum vapor reduction (Leaf, bark, root

deposition (ii) Co-precipitation fruit, seed, flower

o . etc.)
(iii) Sonochemical (iii) Micro-emulsion ) Brors
(iv)Sputtering (iv) Sol-gel

(iii) Algae
(v)Microwave (v) Hydrothermal
irradiation . (iv) Bacteria

(vi) Polyol process i
(vi) Thermolysis (v) Virus
(vii)Thermal (vi) Marine organisms
decomposition

FIGURE 2: Diverse approaches for the efficient fabrication of ferrite-based nanomaterial.
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time required for the dye degradation. Figure 4 represents
the graphical representation of the dye degradation using
magnetic ferrite NPs.

6. Dye Degradation Using Ferrite-
Based Nanomaterials

Diverse dyes exist, which can be synthesized chemically in
industry and occur in nature. The dyes we studied in this
article are shown in Figure 3 with their name and structure
for better understanding.

Farhadi et al. reported the ultrasound-assisted photocat-
alytic degradation of methylene blue (MB) dye (25mg/L)

within 70 min using CoFe,0,@ZnS composite and H,0,
(4mM). The composite shows excellent reusability up to five
cycles with significant property changes [59]. Siadatnasab
et al. stated that the dye degradation efficiency of CuS/
CoFe,O, nanohybrid towards methylene blue (MB) dye
(25mg/L) and rhodamine B (RhB) dye (25 mg/L) along with
H,0, was accomplished within 30 minutes with 100% and
72% efficiency, respectively, via sonocatalytic process. How-
ever, the reusability study shows 5% drop in the catalytical
activity after the 4th cycle [60]. Kalam et al. specified that
photocatalytic degradation of methylene blue (MB) dye
(I mg/L) with H,O, in visible light CoFe,O, sample MST-
2 shows 80% degradation of MB dye within 140 min than
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Advantages
- Easy separation of catalyst
from the reaction mixture
* Loss of catalyst is negligible in
each cycle.

) Magnet

Magnetic separation
of catalyst

Source of light- sun, tungsten halogen, xenon, mercury-xenon lamp etc.
Reaction carried out in- magnetic stirrer, sonicator, microwave etc.

F1GURE 4: Dye degradation using magnetic ferrite and metal-doped ferrite nanocatalyst.

the MST-3 and MST-1 [61]. Gan et al. quantified the pho-
tocatalytic performance of Ag,PO,-CoFe,O, nanocompos-
ite in a tungsten halogen lamp with light 500 W output
power towards methylene blue (MB) dye (10mg/L) and
rhodamine B (RhB) dye (10mg/L) which completely
degraded within 30min. Increasing the dye concentration
to 40mg/L was degraded completely within 60 min.
Ag.PO,-CoFe,0, (7.5%) shows high degradation capacity
that Ag,PO,-CoFe,O, (10%) sample [62]. Lopez et al
reported that the multifunctional Co,,-Zn,-sFe,0,@SiO,
with and without ZnO coated nanomaterial was used for
the dye degradation of red amaranth dye (25mg/L). The
Coq 5521, ,sFe,0,@810,/ZnO degrades red amaranth dye
by about 90% after 90 min under UV irradiation [63].
Moreover, Astaraki et al. specified the synthesis of
CuFe,0,/RGO nanocomposite for dye degradation of meth-
ylene blue (MB) (15 mg/L) with a light source as two 100 W
Xenon lamps with a UV cut-off filter. The catalyst shows a
3% decrease in catalytic activity after the 4th cycle [64]. Lei
et al. show the synthesis and catalytic activity of
CuFe,0,@GO hybrid for methylene blue (MB) dye degrada-
tion. The 200 mg/L catalysts and PMS dosage of 0.8 mmol/L
are sufficient for 93.3% photocatalytic degradation of methy-
lene blue (MB) dye (20mg/L) in 30 min. Furthermore, an
increase in the catalyst amount to 400 mg/L does not show
a boost in the catalytic degradation rate of MB dye. In con-
trast, the rise in the PMS dosage to 1 mmol/L shows a small
decline in MB degradation rate [65]. Chen et al. demon-
strated the hydrothermal synthesis of magnetic CuFe,0O,/
GO and their dye degradation potential towards acid orange
II (AO7) and rhodamine B (RhB) without H,O, in the pres-
ence visible light. The photocatalytic application of CuFe,O,/
GO (800 mg/L) for acid orange IT (AO7) dye (0.05 mM) deg-
radation at pH =7 shows 77% efficiency [66]. Yu et al. testi-
fied dye degradation C.I. Reactive red 2 (RR) (100 mg/L),
with 10 mg of the nanoscale-confined precursor of CuFe,O,

and 4mL of H,0,, displays 91.3% degradation in 60 min.
Furthermore, the efficiency of the CuFe,O, enhances to
94.3% by calcination at higher temperatures [67]. da Nobrega
Silva et al. revealed that the visible-light-driven photocata-
Iytic performance of CuFe,O,-Fe,O; (1g/L) nanocatalyst
for the methylene blue (MB) dye (50 mg/L) degradation in
the presence of H,O, (300 Mg/L) at neutral pH shows 64%
efficiency with 0.6-FC-2. Furthermore, the recyclability study
of the catalyst shows a 2.33% decrease in April and a 10.15%
increase in May in the second cycle [68]. Kalantari et al. dis-
closed catalytic activity of Fe;O,-C-Cu nanocatalyst (30 mg)
and aqua solution of methyl orange (MO) (3.0 x 107> M,
25mL) with aqueous NaBH, (5.3x 107> M, 25mL), and
MO degradation takes place within 50 seconds. Moreover,
there is no significant loss in the catalytical activity after 4th
cycle [69].

In addition, Saleh and Taufik explained the ultraviolet-
light-assisted degradation of the MO and MB (20 mg/L).
Ag-Fe304/graphene (0.4 gm) composites act as a catalyst
with 4mL 30% H,O,. Furthermore, Ag-Fe304/graphene
composite (25wt% Ag-Fe304/graphene and 10 wt% of gra-
phene) shows efficient catalyst reusability [70]. Tang et al.
exhibited that sulfidation-modified Fe;O, nanoparticle (S-
Fe;O,NP) (50 mg/L) catalyst for the photocatalytic degrada-
tion of rhodamine B (10mg/L) in the presence of H,O,
(13 mg/L) shows 99% degradation within 10 min. Recyclabil-
ity study shows the catalyst 84.3% efficiency for rhodamine B
dye after 3rd cycle [71]. Vinothkannan et al. showed that the
synthesis of RGO/Fe;O, nanocomposites (10 mg) for meth-
ylene blue (MB) (9.37 x 107° M) dye degradation with the
addition of using 5.8 x 102 M of NaBH, under ultrasoni-
cated shows 95.18% efficiency within 12min. Moreover,
the catalyst displays 89.4% efficiency after the 7th cycle
[72]. Zhou et al. synthesised Ag,PO,@MgF.20, composites
for the dye degradation of rhodamine B using visible irradi-
ation. The dye degradation experiment of aqueous RhB
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(10mg/L) was performed in the presence of 300 W Xenon
short-arc lamps with a UV filter (=400 nm), and the amount
of Ag3PO4@MgFe204 (10%) catalyst (20 mg/100mL)
degrades 98% of dye in 20 min [73]. Das and Dhar publi-
cized the photocatalytic degradation of malachite green
(MG) by using MgFe,O, nanocatalyst in the presence of
H,0,. The 40 mg of catalyst in 70mL of MG (10mg/L)
and 0.1 mL 10% H,O, in absence of light gives 100% degra-
dation in 50 seconds [74].

Cabrera et al. manufacture nanostructured MgFe,O, fer-
rites and check their methylene blue dye degradation effi-
ciency. In 35min, 60 and 75% of methylene blue (MB) dye
degraded under light and dark conditions, respectively [75].
Zhang et al. testified the fabrication of MgFe,0,/TiO, and
checked the degradation efficiency of rhodamine B (RB)
dye in the presence of UV and visible light 500 W Xenon
lamps as a source. The 2 wt% MgFe,0,/TiO, catalyst shows
100% efficiency in 40 min using UV light whereas 3 wt%
MgFe,0,/TiO, catalysts evince excellent efficiency in visible
light [76]. Amulya et al. manufacture Cu-doped NiMnFe,O,
(60mg) nanoparticles using the probe sonication method
and study their photocatalytic dye degradation activity under
UV light towards Drimarene yellow (DY) and methylene
blue (MB) dyes. The degradation efficiency of DY is 43.3%
when dopant 0.1, whereas MB is 98.1% when 0.4 is dopant
[77]. Mahmoodi reported the synthesis of MnFe,O, and
dye degradation ability for reactive red 120 (RR120) and
reactive red 198 (RR198), concentration (100 mg/L), in the
presence of H,O, (1.2mM) [78]. Boutra et al. described the
synthesis of MnFe,O,/TA/ZnO nanocomposites and studied
their dye degradation performance for the Congo red (CR)
using visible light radiations. Congo red (CR) (16 mg/L) dye
degraded using 50 mg of the catalyst shows 84.2% efficiency
in 90 min. Reusability study confirmations and degradation
efficiency at the end of 5th cycle were 77.5% [79]. Mandal
et al. investigated the methylene blue dye (MB) (10 mg/L)
degradation utilizing MnFe,O,/rGO. The catalyst (0.03 g)
shows 97% efficiency in 60 min in the presence of a UV lamp
of 40 W [80]. Sahoo et al. described the synthesis of mesopo-
rous silica encapsulated with magnetic MnFe,O, nanoparti-
cles for the dye degradation study. The methyl orange
(MO) dye (0.6 mgmL/L) is degraded utilizing mesoporous
silica encapsulated MnFe,O, (20mg) along with 2mL
H,0,, resulting in 98% degradation in the presence of sun-
light in 180 min. Furthermore, the catalyst shows a negligible
change in the efficiency after 5th cycle [81]. Zhang et al.
showed NiFe,O, powders as a nanocatalyst for the photocat-
alytic degradation of brilliant green (BG) dye (20 mgmL/L)
under microwave irradiation (output power 500 W) for
2min to degrade 97% dye [82]. Atacan et al. explained the
decolorization of indigo carmine (IC) dye (10 mg/L) using
NiFe,0,/T/GOx in 90min. Decolorize 98.6% and 37.6%
under a UV lamp and Fenton process, respectively [83]. Baig
et al. explained that the synthesis of NiFe,O,@TiO, for dye
degradation of methyl orange (MO) dye using a UV lamp
(300 W Xenon) with a cut-off filter shows 90.06% activity.
Furthermore, increasing the percentage of TiO, from 10%
to 40% in the catalyst NiFe,O, increases the photocatalytic
activity from 72% to 90.06%, respectively [84].

Furthermore, Kamal et al. stated that boron-doped
C,;N,/NiFe,O, nanocomposite was fabricated and investi-
gated their use for methylene blue (MB) dye degradation.
The catalyst BCN/NiFe,O, (100 mg) is mixed with methy-
lene blue (MB) dye (5ppm) in a Mercury-Xenon lamp
(350 W) as a source of visible light and shows 98% degrada-
tion efficiency in 80min. However, the reusability study
shows a 1.69% decrease in the catalyst after 3rd cycle [85].
Amulya et al. reported the sonochemical fabrication of
NiFe,O, nanocatalyst and studied their dye degradation
activity for the Drimarene yellow (DY) and methylene blue
(MB) dyes. The 60 mg NiFe,O, is added to MB and DY dyes
separately; each with 20 ppm concentration and irradiated
with a 400 W Hg lamp shows 89.4% for MB and 43.3% for
DY degradation. In addition, the catalyst shows a 10%
decrease in efficiency after 5th consecutive cycle [86]. Chan-
del et al. elucidate the fabrication of ZnO/ZnFe,O,/NG and
ZnO/CoFe,0,/NG nanocatalyst for the efficient degradation
of malachite green (MG) and methyl orange (MO) dyes in
the presence of halogen lamp. The ZnO/ZnFe,0,/NG shows
92% and 98%, and with ZnO/CoFe,0,/NG shows 98% and
99% for MG and MO dyes, respectively. A recyclability study
shows an insignificant change in the catalytic activity after
the 10th cycle [87]. Mahmoodi explained the synthesis of
ZnFe,0, and dye degradation capacity for reactive red 120
(RR120) and reactive red 198 (RR198) concentrations
(100mg/L) and the amount of nanocatalyst (0.20g) and
H,0, (1.2mM) at 25°C in the presence of UV-C lamp
(200-280 nm, 9W, Philips) [88]. Kulkarni et al. enlighten
that the synthesis of core-shell ZnFe,0,@Zn0O nanocatalyst
for degradation of methyl orange (MO) dye in visible light
using 125 W Hg lamp 100% degradation takes place in 9h.
Reusability study shows a 5% decrease in the efficiency after
2nd reuse [89]. Nirumand et al. convey that the synthesis of
MIL-101(Cr)/RGO/ZnFe,O, nanocatalyst (0.5g/L) for the
degradation of rhodamine B (RB) (25 mg/L) dye using ultra-
sound irradiation in the appearance of H,O, is 95% in
50 min. The methylene blue (MB) and Congo red (CR) dyes
degraded 100% and 95%, and the time required were 2 min
and 50 min, respectively, under similar conditions. The cata-
lyst study shows excellent recyclability after the 4th cycle
[90]. Oliveira et al. explain the fabrication of ZnFe,O, and
examine the dye degradation performance using visible light
degradation of rhodamine B (RB) and malachite green (MG)
dye degradation using visible irradiation of 3 lamps from
Taschibra® full spiral of 25 W as source [91].

7. Mechanistic Study of Dye Degradation Using
Ferrite-Based Nanomaterials

The mechanistic study, which shows how the magnetic fer-
rite is responsible for the dye degradation and the graphical
representation, was discussed in this section.

Nirumand et al. [90] reported the sonocatalytic dye deg-
radation, which involves a sonoluminescence phenomenon
capable of generating a relatively wide wavelength range that
is used to excite the electron in both ZnFe,O, and MIL-
101(Cr), leading to the formation of holes. The transfer of
an electron from CB of ZnFe,O, to CB of MIL-101(Cr)
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ultrasound irradiation. (b) Schematic representation of mechanism takes place during dye degradation (reproduce from [81]).
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FIGURE 6: (a) A proposed mechanism for degradation of dyes using Cu-doped NiMnFe,O, nano-photocatalyst under UV light. (b)
Schematic representation of mechanism takes place during dye degradation (reproduce from [68]).

and the holes from VB of MIL-101(Cr) to VB of ZnFe,O,
and how it is utilized for the degradation is shown in
Figure 5(a) graphically, and Figure 5(b) shows how the
step-wise reaction takes place in the dye degradation.
Amulya et al. [77] specified the catalytic role of Cu-
doped NiMnFe,O, in dye degradation. The catalyst is sub-
jected to light irradiation that excites the electron in CB,
which leads to holes in the VB. Furthermore, the created
holes react with water to generate OH" radicals which disin-
tegrate dye molecules, and super oxide is generated using
oxygen and excited electron in CB. The detailed reaction
progress and schematic representation of dye degradation
are shown in Figures 6(a) and 6(b), respectively.
Furthermore, Chandel et al. [87] elucidated how the
ZnO/CoFe,0,/NG and ZnO/ZnFe,0,/NG magnetic nano-
composites degrade dye solution. When exposed to a
visible-light source, the catalyst creates electrons and holes
in CB and VB, respectively. The redox scale shows strong
interfacial contact, and the positioning of CB facilitates the
movement of an electron from CB of ZF to ZnO and avoids

the hole-electron recombination by forming heterojunction-
type II. The detailed schematic representations of dye degra-
dation using ZnO/ZnFe,0,/NG and ZnO/CoFe,0,/NG cat-
alyst are shown in Figures 7(a) and 7(b), respectively.
Similarly, various reports on catalytic dye degradation
using ferrites and metal ferrites are tabulated in Table 1.

8. Future Scope

This article compiled and reviewed the degradation of differ-
ent dyes using ferrite-based nanomaterials. According to the
literature, dye degradation using ferrite-based nanomaterials
is supposed to have improved efficiency. However, the dis-
tinction between both the magnetic and ferrite-based com-
posites is just a guideline. From this reconsideration, we
also like to point out that it is necessary to choose a mini-
mum manufacturing cost with strong dye degradation per-
formance and also a multipurpose catalyst viable for
various types of contaminants because the selection of the
catalyst is an important event in the decision to introduce
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(reproduce from [78]).

a suitable large-scale magnetic catalyst. This article shows
that the ferrite-based nanomaterial used for dye degradation
contains a simple preparation method and cheap chemical
reagents. However, by analyzing the efficacy of magnetic
nanocomposite regeneration, economic viability should be
improved, as regeneration studies can assess the reusability
of magnetic nanocomposites. On the other hand, a lot of
new, powerful software is built to resolve mathematical
models and complex data that are supposed to be represented
more adequately and help understand the mechanism’s
insight. In addition, the use of energy-dispersive X-ray spec-
troscopy (EDX), scanning electron microscope (SEM), Fourier
transform infrared spectroscopy (FTIR), differential scanning
calorimetry (DSC), electron spin resonance (ESR), scanning
tunneling microscopy (STM), dynamic light scattering
(DLS), X-ray diffraction (XRD) analysis, X-ray photoelectron
spectroscopy (XPS), Brunauer-Emmett-Teller (BET), super-
conducting quantum interference device (SQUID), vibrating
sample magnetometer (VSM), magnetic force microscopy
(MFM), atomic force microscopy (AFM), X-ray absorption
spectroscopy (XAS), zeta potential, and thermogravimetric
analysis (TGA) is strongly recommended for characterization
assessments.

Moreover, from an environmental point of view, devel-
oping a safer and more effective approach to dye degradation
is necessary. Keeping this in mind, the study was carried out
to find magnetic nanoparticles for dye degradation.

9. Conclusion

The article highlights the implications of the successful pro-
duction of nanomaterials based on magnetic ferrite and its
applications for the treatment of dye effluents. Special note
should be made of the important mechanisms of action of
magnetic nanomaterials in the treatment of dye effluents,
like photocatalytic degradation and adsorption, concerning
just the mitigation of dyes typically used throughout the tex-
tile sector. The use of renewable or environmentally friendly
reductants to fabricate ferrite-based nanomaterials has been

shown to demonstrate the effective elimination of different
dyes from wastewater. However, with recent research data,
the possibility of ferrite-based nanomaterials discharged into
the ecosystem and their exposure to terrestrial and marine
biological systems at trace concentrations is known. In addi-
tion, the application of ferrite-based nanomaterials to dye
effluent treatment procedures involves extensive obstacle
evaluations, as well as there are also restricted environmental
protection assessment studies. Furthermore, no legislation
relating to the maximum allowable concentrations of
ferrite-based nanomaterials in wastewater is in place to
ensure the environment’s safety and human health. There-
fore, it is essential to evaluate ferrite-based nanomaterial
harmful effects and hazards associated with the implementa-
tion of ferrite-based nanomaterials in the treatment of dye
effluent. The sulphidation process has recently become one
of the natural solutions for mitigating the toxicity of
ferrite-based nanomaterials and their effects on sewage pro-
cessing plants. The study on in vivo immunotoxicity, the
effect of ferrite-based nanomaterials form on toxic effect,
and the thorough advancement of ferrite-based nanomate-
rial adsorption kinetics on various biological macromole-
cules occur during infancy. The overall understanding of
ferrite-based nanomaterial absorption, distribution, and
effective dye degradation is demonstrated in this study.
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Lignocellulosic biomass is converted into liquid products through pyrolysis, which can be used as an alternative fuel for heating
applications and industrial chemicals. Pyrolysis liquid is a mixture of many oxygenated fractions which deteriorates its burning
properties. Through specific bond cleavage reactions like deoxygenation, cracking, and decarbonylation, catalysts in the
pyrolysis process can be used to improve the quality of pyrolysis liquid. In this study, biochar produced by carbonization of
printed circuit boards was used for catalytic reforming processes to produce energy-rich liquids and chemicals from a mixture
of karanja seed oil cake and waste furniture wood. The catalytic process was performed by changing the reactor temperature
from 300°C to 700°C at 50°C intervals. The results showed a maximum liquid oil recovery of 53.9 wt% at 500°C. Compared to
the noncatalytic reaction, pyrolysis of biomass with biochar recovered 11.59% more liquid. This study demonstrated a viable
technique to recover more liquid products and industrial chemicals by employing sustainable catalysts from e-waste. The
physical analysis of the liquid showed that the liquid can be used as a fuel for boilers and furnaces. The chemical
characterization through gas chromatography-mass spectroscopy (GC-MS) showed the presence of various chemical elements
used for medicinal and industrial applications.

1. Introduction as wind, solar, and biomass, which have the ability to regen-

erate themselves. Every year, a huge amount of biomass is
Due to the reduction of fossil fuels, researchers have turned ~ generated, which is not used properly. The improper han-
their attention to find possible alternate energy sources such ~ dling of biomass is also causing environmental problems
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[1]. A variety of methods can be used to transform waste
biomass into more useful energy sources and chemicals.
Biomass contributes 10% of the global total energy needs.
The total energy potential of the biomass is estimated as
1.08 x 10! tonnes of oil equivalent [2].

Enormous availability, renewability, CO, neutrality, and
technical availability are the driving forces for the use of
waste biomass materials for producing fuels and chemicals
[3]. Heat applied to waste biomass materials under an inert
atmosphere can trigger a variety of thermochemical pro-
cesses. Char, condensable pyrolysis liquid, and noncondens-
able gases are the three types of products produced in these
processes. The condensed pyrolysis liquid may be separated
from an aqueous phase which contains the majority of
lignin-derived compounds [4]. The feed, process, and its
parameters influence the composition and yields of these
products. Numerous conversion routes for biomass waste
and feedstock have been investigated, and some are cur-
rently under growth. The two main categories of conversion
processes are thermochemical and biological [5]. Among
various conversion methods, pyrolysis is the ultimate one
due to carbon neutrality and economic viability. Pyrolysis
is inexpensive technology for the conversion of variety of
feedstocks. It reduces the emission of greenhouse gases as
well as wastes. This process also reduces the risk of waster
pollutions. Compared to slow and intermediate pyrolysis,
fast pyrolysis is the advanced one which gives more bio-oil
yield (70 wt%) with reduced char formation [6]. The produc-
tion of pyrolysis liquid is varied with respect to the method
of pyrolysis and reaction parameters. The production of
focused yield can be optimized experimentally by changing
process variables. The liquid produced during pyrolysis
may be utilized as a fuel or a chemical feedstock. [7]. Many
literatures have produced pyrolysis liquid through the fast
pyrolysis method and utilized it for various applications.
Bridgwater et al. [8] produced bio-oil through a pyrolysis
method and utilized it for heating boilers and furnaces. In
addition to that, it can be used to operate engines to produce
power. The use of pyrolysis liquid for engine operation has
received favourable comments since it emits fewer green-
house gases than fossil fuels [9].

India has around 250 species of plants and trees, which
produce oil-bearing seeds. Every seed almost has 30 to 40%
oil which is extracted by various processes. Oilseed cakes
are the derivatives produced next to the extraction of oils
from the seeds. Oil cakes are the potential biomass generally
used as a feed for the poultry industry. Every year, a massive
amount of deoiled cakes are produced. According to
Mohanty et al. [10], 158.7 million tonnes of oil cakes were
produced globally between 2020 and 2021, which was more
than the production achieved between 2018 and 2019 [11].
The oil cakes are rich in protein and a perfect source for
biochemical and thermochemical processes. A variety of oil
cakes, especially edible oil cakes, have many advantages to
being used as a feedstock for pyrolysis since they cannot be
used as a feed material for animals [12]. Gergel [13] con-
ducted pyrolysis experiments using sunflower oil cake. The
authors investigated the impact of sweep gas flow rate and
temperature on pyrolysis yields. In this study, 48.69 wt% of
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pyrolysis liquid was produced at 550°C with 53% of aliphatic
and aromatic subfractions. The chemical elements appeared
in the liquid are used as chemical feedstocks for fertilizers
and food industries. Piitiin et al. [14] carried out slow
pyrolysis experiments on soybean cake. At 550°C, the study
produced a maximum of 33.78 wt% pyrolysis liquid. In this
study, column chromatography was used to characterize
the produced pyrolysis liquid. The analysis showed that the
pyrolysis liquid has similar properties to transportation fuel.
The experiments were conducted at different pyrolysis tem-
peratures and at different heating rates. The pyrolysis liquid
in this study had a higher heating value of 36.79 MJ/kg.
Karanja seed oil cake is the residue left after karanja seed is
crushed for karanja oil. Karanja seed oil cake is widely used
as an organic soil input. As part of the bioenergy mission ini-
tiative, India is working on the extensive planting of Karanja
and Jatropha trees. In 2020, around 0.145MT of karanja
seed cake was produced. These seeds cannot be utilized as
live feedstock directly because of their toxicity. Many
authors have previously pyrolyzed karanja seeds to produce
pyrolysis liquid char and gaseous products [15-17]. Nayan
et al. [18] conducted pyrolysis experiment to produce higher
energy pyrolysis liquid. The authors produced diesel closed
pyrolysis liquid. The chemical analysis of the liquid showed
the existence of alkanes, alkenes, ketones, and carboxylic
acids which can be used a feed chemical for various
industries. Singh et al. [19] conducted thermal cracking
experiment on karanja seed oil cake to produce fuel for
transportation. The study yielded 65.56 wt% of pyrolysis
liquid under optimized process conditions. Due to lower
heating value, the pyrolysis liquid was upgraded using a
transesterification process and utilized for engine analysis.
Plywood and furniture industries have been growing fast
for the last few years. The Indian market is increasing with
an annual growth rate of 30%. Recycling waste furniture
woods like plywood, particleboard, and medium-density
fiberboard benefits the environment. It promotes environ-
mental cleanliness and the preservation of trees. Waste
furniture wood contains a variety of adhesives which are
used during fabrication [20]. These additives are hazardous
to human health when they are burning in the open air
[21]. Moreover, furniture woods are covered with wax and
paint to resist water and fire, which contains a variety of
additives and binders. These woods cannot be used for direct
energy recovery since the burning of these woods in an open
atmosphere causes severe health issues for all living organ-
isms [22, 23]. Thus, land filling and burning are unfavour-
able to the environment, a thermochemical pathway such
as pyrolysis is considered as a possible way to dispose waste
furniture wood [24]. Waste furniture woods are useful as
feedstock in pyrolysis due to their higher lignocellulosic con-
tent [25]. Thirugnanam et al. [26] carried out a pyrolysis
experiments on waste medium-density fiberboard (MDF)
with the aim of finding an appropriate recycling method.
The findings indicate that pyrolyzing MDF may provide
fuels while avoiding the environmental difficulties. Foong
et al. [27] utilized pyrolysis as a disposable and recovery
method to convert waste furniture boards into valuable che-
micals. According to FT-IR analysis, the pyrolysis liquid
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produced at a temperature between 250-550°C has more
volatile materials. The products obtained through pyrolysis
had a higher concentration of phenols, which can be used
as additives for various applications.

Catalytic pyrolysis is a potential option which pro-
duces more hydrocarbons with greater quality than the
conventional route [28]. Dhanalakshmi et al. [29] utilized
nanoHZSM-5 zeolite for maximum pyrolysis liquid yield
from blended cotton shells and municipal plastic wastes.
Compared to conventional pyrolysis, catalytic pyrolysis pro-
duced 4.21% more pyrolysis liquid. Use of an ecofriendly cat-
alyst for pyrolysis has been under consideration for recent
years. Valizadeh et al. [30] utilized eggshell-type Ni/Al,O,
for pyrolysis of food waste. This investigation indicated that
the food waste can be disposed of safely using Ni/Al,O, cat-
alyst, which also serves as a clean, reliable source of energy.
Kaliappan et al. [31] processed forestry wood through a waste
eggshell-catalytic pyrolysis process. The authors produced
16.95% more pyrolysis liquid than a noncatalytic pyrolysis.
In another study, Areeprasert and Khaobang [32] used eco-
friendly biochar produced from printed circuit boards as a
catalyst for liquid production from e-wastes. In the present
investigation, mixed biomass wastes of karanja seed oil cake
and waste furniture wood were pyrolyzed on a fluidized bed
reactor at various temperatures ranging from 300°C to
700°C at 50°C intervals. From the collected literature survey,
it can be known that there has been no work published on
pyrolysis with the combination of karanja seed oil cake and
waste furniture wood. For all the experiments, the particle
size, heating rate, and sweep gas flow rate were maintained
constant. The pyrolysis product yields were analyzed and
characterized using various chromatographic techniques.
The analysis was done with the aim of investigating its poten-
tial use for fuels and chemicals.

2. Materials and Methods

2.1. Materials. The karanja seed oil cake used for this study
was supplied by M/s Srinivasa Oil Industries, Coimbatore,
India. The seed oil cake has a particle size of 1mm to
2mm. The waste furniture wood was obtained from a local
furniture manufacturing unit. The collected wood was ini-
tially in solid form with irregular shapes, which was cut into
small pieces using a manual cutter. The cut wood materials
were also converted into wood particles of a size between
1 mm and 2 mm. The samples were initially dried for 15 days
and dried further in an oven for 2 hours before conducting
pyrolysis experiments. The biochar catalyst used for this
study was derived from printed circuit board. A traditional
carbonization process was employed to prepare the biochar.
The slow pyrolysis was conducted at 300°C with a longer res-
idence time of 5 hours. For the production of char, a fixed
bed reactor was employed. The temperature for the reactor
was raised at the rate of 10°C/min.

2.2. Analysis Procedure. The analysis procedure consists of
two stages, such as feedstock analysis and product analysis.
Proximate and ultimate analyses (N2410650CHNS 2400
Elemental Analyzer) of the sample materials and liquid

samples were conducted by following ASTM standards.
The liquid oil obtained through pyrolysis has a mixture of
aqueous and organic phases. The aqueous phase from the
organic phase was separated by centrifuging the pyrolysis
liquid at 2000 rpm. The obtained organic phase was tested
to find its physical and chemical nature. The basic physical
properties of the liquid were found using a standard viscom-
eter (Neminath Instruments, India), pH meter (Lutronmake,
Sunshine Instruments, India), and Pensky-Martens closed-
cup (EIE Instruments, India) apparatus. A gas chromato-
graph with a mass selective detector was used for the
identification of different chemical compounds in the liquid
sample. The NIST library of mass spectra was used for the
identification of the substances in the liquid sample.

2.3. Reactor Facility. The fluidized bed reactor employed for
this work has an internal diameter of 50mm with 1m
height. The cylindrical reactor is fully surrounded by an
insulating material. The reactor consists of a biomass feeding
system, water cooled condenser, a char collection system,
and a liquid collection system. The reactor can be connected
with compressed air and nitrogen. Nitrogen is supplied
during the pyrolysis experiment since it is inert. The cutoff
valve is used to change air and nitrogen. Sand particles of
an average size of 0.5mm are used as a fluidization agent.
Initially, air is admitted to get the material to fluidize. Then,
the compressed air was cut to supply nitrogen. The nitrogen
was admitted through the bottom of the reactor and fluidize
along with the sand particles. The reactor is heated with the
aid of an electrical heater and controlled with the help of an
autotransformer. Once the temperature of the reactor
reaches the desired temperature, the cut-out unit stops the
current supply. Hence, the temperature of the reactor
throughout the experiment was maintained constant. The
temperature at five different points can be measured with
the aid of thermocouples. An ammeter and voltmeter are
used to give proper heat input. The whole setup is provided
with an auto cut off unit which helps to keep the tempera-
ture constant for the particular run.

2.4. Experimental Procedure. The fast pyrolysis experiments
were conducted by varying the temperature from 300°C to
700°C. The feedstocks for the experiments were prepared
by blending oil cakes and waste furniture wood dust at 1:1
ratio. The biochar catalyst was also mixed with the raw
material for the catalytic pyrolysis process. 20 grams of bio-
char was mixed with 100 grams of blended material. The
nitrogen flow rate was set at 1.25m’/hr for all experimental
runs. The flow rate of the nitrogen is maintained more than
the minimum fluidization velocity of 0.11 m*/hr. Once the
reactor reaches the desired temperature, the screw feeder
starts to feed the blended material along with the catalyst.
The gaseous products released from the reactor were con-
densed to recover the liquid oil products. The condenser is
provided with surplus ice water at the temperature of 5°C.
Upon heating, the feed materials started to volatilize, and it
is admitted through the condenser. The condensed liquid
was collected and stored separately. The char products were
collected from the reactor and cyclone separator. For every
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TABLE 2: Properties of the fuel.

?)

Flash point (°C)
pH
Calorific value in MJ/kg

Density (kg/m
Viscosity (cSt)

Items
moisture content of both the substances is lower than

content (75.3 wt%). Higher volatile materials in the materials
can be devolatilized easily [33]. The table also gives informa-
tion about the heating value of the substance. The lower
10wt%, which is most suitable for the pyrolysis process
[34]. Ash content is the other property that indicates the

FIGURE 2: Catalytic and noncatalytic process yield.

1SCusSS10on

machine and the weight of gaseous products was found by
material balance. The liquid products obtained at the maxi-
mum yield point were collected and analyzed to determine
3.1. Feedstock Characterization. Table 1 shows the properties
of the feedstock materials. From the table, it can be under-
stood that both materials have a higher percentage of volatile
materials, which gives a higher confidence to produce max-
imum liquid products during pyrolysis. Compared to waste
furniture wood, karanja seed oil cake has a higher volatile

and liquid products was found using a digital weighing
their physical and chemical nature.

run, the yield products were measured, and the effect of tem-
perature on product yields was assessed. The mass of char

3. Results and D
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TaBLE 3: GC-MS analysis of the liquid.
RT/min Compound Molecular formula % Area
2.34 2,3-Dihydro-benzofuran CgHgO 0.41
2.95 2-Pyridone Cs;H; 1.92
4.02 3-Pyridinol, 2-Nitro- C;H,N,O, 2.11
5.22 3-Methoxy-1,2-benzenediol C,H O, 1.09
6.57 n-Methyloctadecanamide C,oH;oNO 2.70
7.55 2-Isopropyl-2,5-dihydrofuran C,H,,0 2.04
7.94 Indole CeH N 2.11
8.30 Phenol, 2,6-dimethoxy CgH,,04 6.94
8.58 Furfural C.H,O, 0.79
9.01 Cyclohexanone C¢H,,0 1.87
10.22 Ethanone, 1-(2-furanyl)- C4H,,0 0.74
11.05 Hydroquinone CeHeO, 1.36
11.67 6,7-Benzo-phenothiazine-5,5-dioxide C,6H1NO,S 9.03
11.93 Palmitamide C,¢H;3NO 4.10
14.37 Acetic acid, mercapto-, methyl ester C,H,O,S 3.60
14.55 Hexadecanenitrile C,¢H; N 3.83
14.70 Acetone C,H,O 2.18
14.98 2-Methyl-1-buten-3-yne CsHg 6.44
16.02 3-Furanmethanol C;H,O, 3.13
17.55 Benzene, (1-methylethyl)- CoH,, 0.91
18.32 Vanillin CeH,0, 3.71
19.78 B-Alanine, N-(2-bromobenzoyl)-, pentyl ester C,sH,,BrNO; 2.76
20.03 Phenol, 2-methyl- CH,C¢H,4 1.45
20.37 2,4-Hexadiyne C¢Hg 3.70
20.97 Vinylsyringol C,0H,,0 2.52
21.60 Pyridine C.H.N 1.77
22.83 Oleic acid amide C,sH,NO 6.43
24.01 Erucylamide C,,H,;NO 1.20
25.39 2,2'-Dioxospirilloxanthin C,,H:0, 0.84
26.08 Phenol, 2-methoxy C,H,0, 1.48
2791 2,6-Dimethylphenol CgH,,0 2.15
28.33 2,3,5-Trimethoxytoluene C,oH1,0; 0.85
29.94 Methyl palmitate C,,H,,0, 2.70
30.12 Dodecamethylcyclohexasiloxane C,H;404Si6 4.55
30.57 trans-Propenylsyringol C,;H,40; 4.14

amount of inorganic waste that remains after combustion.
According to the results of the previous studies, the value
of ash in the feedstocks should be a minimum [35]. The
ash content in waste furniture wood is very low (1.4 wt%)
compared to karanja seed oil cake (5.3wt%). The ash in
the feedstock always restricts the production of pyrolysis
biofuel and its quality. So, the ash in the feedstock is advised
to be minimum. Both the materials have higher carbon con-
tent with reduced nitrogen and sulphur content. The lower
nitrogen and sulphur are always recommended since they
produce lower SOx and NOx during pyrolysis. The lower
oxygen content compared to other biomass materials pro-
duces liquid products with a higher heating value.

3.2. Pyrolysis Product Yield. Figure 1 illustrates the yield of
products at different reaction temperatures. For this analysis,
the reactor was set at nine different temperatures. Until the
reactor reaches 200°C, no liquid oil can be received. Around
250°C, a small amount of liquid oil was obtained. By increas-
ing the temperature of the reactor, the yield of liquid collec-
tion is increased. At 200°C, the yield of liquid is very low
compared to char and gas products. At this point, a maxi-
mum amount of char of 66.8 wt% was obtained. Generally,
lower pyrolysis temperatures are favoured for the produc-
tion of char products [36]. It was discovered that the largest
amount of liquid yield (53.9wt%) came from pyrolysis at
500°C and that increasing the pyrolysis temperature had an
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unfavorable effect on the liquid yield. Beyond 500°C, the
yield of liquid is decreased gradually with increasing gas
fractions. At 500°C, the yield of gas was 27.0wt% which
was increased to 54.8 wt% at 700°C. At 700°C, the produc-
tion of liquid was only 30.1 wt%. The char yield is continu-
ously decreasing. At 300°C, the maximum of 66.8 wt% char
was produced, and it reached 15.1wt% at 700°C. Despite
the fact that a single karanja seed oil cake and waste furni-
ture wood component had a different spectrum of thermal
breakdown, the oil cake and furniture wood mixture disin-
tegrated in a significant overlapping step [36]. At lower
temperatures, the heat transfer to the center core of the
feedstock is very low, leading to incomplete decomposition.
The low heat transfer to material increases the formation of
char [37]. At higher temperatures, the resistance to heat
transfer is very low, which helps to decompose the feed-
stocks. At higher temperatures, the gas yield was increased
due to secondary cracking reactions [38]. Figure 2 displays
the comparison between the products obtained through cat-
alytic and noncatalytic process at optimized condition
(500°C). Pyrolysis of karanja seed oil cake and waste furni-
ture wood combination without biochar catalyst produced
lower liquid yield. At optimized temperature, catalytic pyrol-
ysis yielded 11.59% more liquid. The difference in liquid yield
can be explained by the presence of high volatile biochar as a
catalyst within the reactor which enhances the production of
condensable volatiles [32]. The higher pyrolysis liquid during
catalytic process represents the effects of synergistic effect. It
is considered a beneficial effect during the reaction process.

3.3. Physical Characterization of the Liquid. Table 2 shows
various physical properties of the liquid products collected
from the catalytic process. The produced liquid oil is more
dense and viscous compared to diesel fuel, which may
impair the injection within in the engine. By blending the
liquid products with commercial diesel, the density and
viscosity can be reduced. The flash point is within a reason-
able range. The liquid produced from pyrolysis has a heating
value that is roughly 50% lower than that of diesel, which
means it would not operate engines well. The reduced calo-
rific value of the bio-oil represents the presence of higher
oxygen molecules. The presence of oxygen in the pyrolysis
liquid not only affects the calorific value but also corrodes
the engine or furnace parts while it is used as a fuel.

3.4. Chemical Characterization of the Liquid. A GC-MS
analysis was conducted to analyze the existence of various
elements in the pyrolysis liquid. Table 3 shows the result of
GC analysis. There are several different compounds, but they
all have relatively low peak areas. The liquid products con-
tain more than 40 elements, which gives the liquid oil a
complex nature. The majority of the elements are used as a
feedstock for various chemical and pharmaceutical indus-
tries. In the pyrolysis liquid, 6,7-benzo-phenothiazine-5,5-
dioxide (C,,H,,NO,S), oleic acid amide (C,;H;.NO), 2-
methyl-1-buten-3-yne (C;Hy), phenol and 2,6-dimethoxy
(CgH,,03), palmitamide (C,,H;,NO), dodecamethylcyclo-
hexasiloxane (C,,H;,0.Si;), and trans-propenylsyringol
(C;H,,0;) were identified as major elements with more

area percentage. From the identified chemical compounds,
2-pyridone is identified with an area percentage of 1.92. It
is used as a solvent. Pyridone’s tautomerization and use as
a ditopic receptor are responsible for its significant impact
on the reaction between activated esters and amines in non-
polar solvents. n-Methyloctadecanamide is another element
available with the liquid sample having a molecular weight
of 297.5. Indole is an aromatic heterocyclic organic com-
pound available in pyrolysis liquid which is used for many
medicinal applications. Against tuberculosis, malaria, and
diabetes, indoles and their derivatives can function effec-
tively [40]. Phenol and 2,6-dimethoxy are major elements
occupying a significant portion of the pyrolysis liquid. It is
a member of phenol with a molecular weight of 134.1. It is
a light brown solidified substance with a boiling point of
261°C. It is used as a flavouring agent for food. Another
element, palmitamide, present in the pyrolysis liquid, is used
as a lubricant and lubricant additive. Hexadecanenitrile
showed an area percentage of 3.83, having a molecular
weight of 237.4, which is used as an industrial intermediate.
Oleic acid amide, which appeared in the liquid sample, is a
colourless waxy solid. It is medicinally used for treating sleep
disorders. It is used for a variety of industrial applications as
a slip agent for lubricants and as a corrosion inhibitor.

4. Conclusion

This study conducted preliminary research on biomass cata-
lytic pyrolysis in order to evaluate the effectiveness of green
catalysts for hydrocarbons and chemicals production. A fast
pyrolysis experiment on a fluidized bed reactor was carried
out on the mixture of karanja seed oil cake and waste furni-
ture wood at a reaction temperature ranging from 300°C to
700°C to determine the effect of temperature on pyrolysis
product yield. In this study, the liquid collection was
increased and char yield decreased with increased tempera-
ture. At higher pyrolysis temperatures, the production of
gas was increased due to secondary cracking reactions. A
maximum of 53.9wt% of liquid was collected at 500°C.
The catalytic process produced more liquid than the nonca-
talytic process due to the presence of high volatile biochar as
a catalyst inside the reactor. The higher heating value of the
pyrolysis liquid showed that the liquid can be used as a
medium grade fuel for heating applications. The chemical
characterization of the liquid showed the presence of various
chemicals used for treating various ailments, additives for
lubricants, and flavouring agents for food.
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Fossil fuel depletion, increasing demands of energy, and harmful emission production led to do research on biofuels. In this
research, biodiesel is developed by blending of Jatropha and Pongamia oil with the help of magnetic stirrer-assisted
transesterification process. Heterogeneous copper-doped titanium oxide catalyst was synthesized by wet impregnation method.
The developed catalyst is characterized through XRD and HRTEM analyses and used to enrich the biodiesel yield and fuel
properties, viz., viscosity, flashpoint, and fire point. The maximum yield of 90.2% is obtained with catalyst concentration of
3 wt%, reaction time of 3 hrs, temperature of 60°C, and methanol to oil molar ratio of 20: 1.

1. Introduction

Worldwide depletion of fossil fuels, higher consumption of
diesel, increasing environmental pollution, and higher usage
of nonrenewable energy resources move the researchers
towards sustainable development that promotes the signifi-
cance of alternative fuel [1-3]. Among the alternative fuels,
nonedible oils are preferred most owing to its economically
low cost and its simplified processing. In India, nonedible
oils such as Jatropha and Pongamia harvests are increased
owing to its favorable climatic conditions and its potential
to grow at water-scared areas. Further, these oils are free
from fatty acid content that makes them to be suitable for
producing biofuel. Previous research augmented that biofuel
extract from fat and vegetable oils has better cetane rating
while compared with conventional fuel. Likewise, these bio-
fuel consist of higher oxygen content that leads to better
combustion [4-6]. The main drawback in biofuel extraction
is poor yield from their raw substance. In general, transester-

ification process is normally adopted by the research for bio-
fuel synthesis with the help of catalyst which might be base
or acidic. Generation of more waste water and difficulties
in catalyst separation from biodiesel are two major limita-
tion in base catalyst [7, 8]. In order to overcome these limi-
tations, heterogeneous catalyst is preferred by researchers
since these are environmental friendly, easy for separation
[9, 10], reusable, and noncorrosive [11, 12]. Metal oxide
and carbon-based nanomaterials, viz., SiO,, TiO,, graphene,
and MWCNT, have excellent properties such as stability,
insolubility, and recyclability that can be used for develop-
ment of biofuel. Likewise, higher surface area and lower par-
ticle size of nanocatalyst help to improvise the yield of
biodiesel extraction [13-16]. Among the available catalyst,
titanium dioxide- (TiO,-) based catalyst has better capability
to catalyze the esterification and transesterification process
for biodiesel production, and it can be easily separated from
the reaction mixture for further use. Titanium-based catalyst
synthesis is economically feasible that increases the
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possibility of low-cost biodiesel extraction [17-19]. Herein,
research based on TiO, performance on biofuel depicts that
doping or composting of metal oxide or metal nanoparticles
improvise the yielding performance of biofuel. Maximum
yield of 90.5% was obtained when Pongamia oil is used as
a feedstock biodiesel with nanocatalyst transesterification
process under optimal condition of 3% catalyst loading
(w/w), 12:1 methanol to oil molar ratio, and 60°C tempera-
ture [20]. For Jatropha oil with nanocatalyst, the maximum
yield of biodiesel 93% was obtained with optimal parameters
like time of 3 hrs, temperature of 57.5°C, catalyst concentra-
tion of 7wt%, and methanol molar ratio of 1:10 [21], and
for mixed vegetable oil, maximum yield of 76% biodiesel is
obtained with help of prepared catalyst under the following
condition of 240min reaction time, 20:1 methanol to oil
molar ratio, 80°C temperature, and catalyst concentration
of 7wt% [22-26].

Based on clear-cut literate survey, it can be noted that the
yield of biodiesel production can be increased by maintain-
ing optimum level of various parameters like time of reac-
tion, temperature of reaction, methanol to oil molar ratio,
and catalyst. Likewise, addition of nanocatalyst improvise
the yield of biodiesel. However, efficiency of doped nanoca-
talyst was rarely reported. Likewise, efficiency of nanocata-
lyst for dual-blended oil was not yet reported. Hence, in
this research, an attempt has been to understand the effect
of copper-doped TiO, as nanocatalysts on yielding efficiency
on dual-blended Jatropha and Pongamia oils. Copper-doped
TiO, nanoparticles were synthesized by wet impregnation
method, and transesterification process was adopted to
extract biodiesel from dual-blended oil, viz., Jatropha and
Pongamia oils.

2. Materials and Method

Titanium dioxide (TiO,) and cupric sulphate (CuSO,-5H,0)
were purchased from Merck in India with purity of 98%.
Jatropha and Pongamia oils are purchased from Coimbatore
local market, and it is used without any further purification.

Journal of Nanomaterials

FIGURE 2: HRTEM of prepared catalyst.

Methanol (CH,OH) with purity of 95% was supplied by
Krishna Chemicals Limited, Tamil Nadu, India.

2.1. Synthesis of Cu-Doped TiO,. The Cu-doped TiO, nano-
materials were synthesized by using wet impregnation
method [27]. Initially, the TiO, nanoparticles were mixed
with calculated concentration of distilled water and added
with 10wt% of aqueous cupric sulphate solution, followed
by stirring at 1250 rpm up to one hour with the help of hot
plate coupled magnetic stirrer. The precursor was kept in
hot air oven at 150°C to remove the water content. The dried
concentrated powder was calcinated at 550°C for 5 hrs with
furnace cooling.

2.2. Transesterification Process of Biodiesel. The reaction was
carried in a 250 ml flat bottom flask, and the constant tem-
perature of reaction was maintained keeping the flask under
oil bath. The reaction setup is equipped with a magnetic stir-
rer (0 to 1500 rpm) with heater range of 0 to 100°C, coupled
with condenser to reduce the vaporization of methanol dur-
ing reaction, and a thermometer was utilized to measure the
reaction temperature. Throughout, the experiment stirrer
speed was maintained at 800 rpm. Jatropha and Pongamia
oils were mixed at equal ratio for production of mixed oil
biofuel. The reactor catalyst concentration (1, 3, 9, and
12% w/w), oil to methanol ratio (10:1, 15:1, 20:1, and
25:1), temperature (40, 50, 60, and 70°C), and reaction time
(1, 2, 3, and 4 hrs) varied during the transesterification reac-
tion. Finally, after the reaction, the biofuel was separated
using separating funnel. The yield of biodiesel produced
was calculated by the following equation.

Weight of biodiesel produced

100.
Weight of oil x

(1)

Yield of biodiesel (%) =
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TaBLE 1: Properties of the biodiesel.

Kinematic Flash  Fire

Density S . . Diesel Cetane
Catalyst (kg/m’) viscosity ~ point  point index number
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CuTiO, 776 0.0114 65 71 47.16 4491
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FIGURE 3: Variation of yield based on catalyst concentration.

90
89 4
88
87 4
86
85

Yield (%)

84
83
82
81

80 T T T T T T T
1.0 1.5 2.0 2.5 3.0 3.5 4.0
Reaction time (hrs)

FIGURE 4: Variation of yield based on reaction time.

3. Results and Discussion

3.1. Characterization of Nanoparticles. Surface morphology
and particle size of the CuTiO, nanoparticles were analyzed
with the aid of HRTEM. Phase evaluation and particle con-
firmation of synthesized nanocatalyst were investigated by
powder X-ray diffraction (XRD). The obtained XRD pat-
terns of TiO,-copper-added nanocatalyst confirm the hex-
agonal copper formation and tetragonal TiO,. The attained
patterns matched with JCPDS nos. 89-1397 and 89-6975. It
represents that copper and TiO, were clearly mixed in the
form of hexagonal and tetragonal crystallites of produced
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FIGURE 5: Variation of yield based on reaction temperature.
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FIGURE 6: Variation of yield based on methanol to oil molar ratio.

nanoparticles. The attained XRD pattern and the obtained
peaks are depicted in Figure 1.

High resolution transmission electron microscopy
(HRTEM) is an imaging mode of the transmission electron
microscope (TEM) that allows for direct imaging of the
atomic structure of the sample. The prepared sample was
analyzed using HRTEM, and the size of the nanomaterial
was measured as ~100 nm as shown in Figure 2. The copper
particles were adsorbed on the surface of titania, which is
evident from the distinct coloration at the outer periphery.

The biodiesel properties such as viscosity and density are
measured and compared with homogeneous (KOH) and
heterogeneous (CuTiO,) catalyst. When compared with
both, the catalyst CuTiO, reduces the kinematic viscosity
of biodiesel. Better surface area of catalyst leads to improve-
ment in the quality of biodiesel yield and also influences
band gap energy during transesterification; it enhances the
catalytic activity. Other essential properties of biodiesel such
as flash and fire point are evaluated and listed in Table 1.
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TaBLE 2: Comparative table for proposed research.
SI no. Oil Catalyst Yield (%) Reference
1 Jatropha Zn0O-CaO 98.2 [41]
2 Neem oil Cu doped ZnO 73.95 [42]
3 Waste cooking oil Cu doped ZnO 97.71 [43]
4 Waste cooking oil TiO,/PrSO;H 98.3 [44]
5 Jatropha and Pongamia oils Cu@TiO, 90.2 (present work) —

3.2. Effect of Nanocatalyst Concentration. The transesterifi-
cation reactions of Jatropha and Pongamia mixed oil were
performed with the help of CuTiO, nanocatalyst by varying
its concentration from 1 to 12 (Figure 3). Herein, three
parameters are maintained constant such as reaction time
of 3hrs, temperature of 60°C, and methanol to oil molar
ratio of 15:1. From Figure 3, it can be identified that the
higher yield percentage is attained at 3 wt% concentration
of nanocatalyst. Further increase in the concentration of
nanocatalyst results in the decrement in the yield of biodie-
sel. When the catalyst concentration is increased, interaction
among the catalyst and methanol increases that promotes
number of active sites up to 9 wt% [28, 29]. Further increase
in mass ratio (10 wt%) decreases the biodiesel conversion
yield percentage due to reactant high viscosity and high
resistance of mass transfer [30, 31].

3.3. Effect of Reaction Time. The reaction period was an
important parameter to study the behavior of transesterifica-
tion biodiesel yield. The experiment time range was studied
from 1 hr to 4 hrs where other three parameters catalyst con-
centration 3wt%, temperature 60°C, and methanol to oil
molar ratio 15:1 maintained as constant. Biodiesel produc-
tion yield was increased up to 3 hrs at 88.6% after that yield
reduces due to reduced activities of catalyst [32] as illus-
trated in Figure 4. During reaction after 3 hrs, high immisci-
bility occurs between Jatropha and Pongamia mixed oil with
added methanol. So, the biodiesel yield was reduced after
3 hrs of reaction [33, 34]. In the liquid phases during reac-
tion, immiscibility problem should be avoided by longer
reaction time to enrich the biodiesel conversion rate [35, 36].

3.4. Effect of Reaction Temperature. Temperature of reaction
was varied from 40°C to 70°C to find out the optimized value
for higher biodiesel yield. Other parameters catalyst concen-
tration 3 wt%, time 3 hrs, and methanol to oil molar ratio
15:1 maintained as constant. From Figure 5, it is noted that
maximum yield was obtained up to 60°C, and it decreases
due to various factors. Specifically, the transesterification
reaction involved is endothermic, and however, increase in
temperature lowers the viscosity of oil and it increases the
rate of mass transfer thus improving the mixing properties
[37]. One more important factor to be considered is vapori-
zation of methanol that affects the yield during the transes-
terification process [38]. Optimal temperature of this
condition was found to be 60°C.

3.5. Effect of Methanol to Oil Molar Ratio. The effect of
methanol to oil molar ratio in CuTiO, involving reaction

was studied from 10:1 to 25:1, and the results are depicted
in Figure 6. Other parameters maintained as catalyst con-
centration 3 wt%, time 3 hrs, and temperature 60°C. In this
reaction, optimal methanol to oil molar ratio is 20: 1, and
at this condition, maximum yield obtained is 90.2%. Metha-
nol addition to transesterification process is an important
parameter because triglyceride is a reversible reaction which
happens if sufficient methanol is not supplied. Appropriate
ratio of methanol leads to forward direction of equilibrium
to get the higher yield of biodiesel [39].

Higher volume content of methanol or molar ratio after
20:1 leads to decreases in the biodiesel yield due to metha-
nol deactivation of the products, dilution of oil, and glycerol
byproduct dissolving with excess content of methanol [40].
The comparison table for the proposed research is illustrated
in Table 2.

Reusability of the synthesized nanocatalyst was mea-
sured after drying the catalyst that are collected from reac-
tion mixture. At stage one, ~70% of biodiesel was
produced, followed by ~61% on second stage; further, 52%
of biodiesel yield was produced at the final stage. The resid-
uals can be blended with diesel; this fact helps in decreasing
usage of fossil full and promotes ecofriendly sustainable
environment.

4. Conclusion

Biodiesel production with the help of transesterification
reaction was investigated using heterogeneous nanocatalyst
(CuTiO,). The different parametric condition was carried
out in this research from overall reaction; the maximum
biodiesel yield obtained was 90.2%. The optimized time
of reaction is 3hrs, methanol to oil molar ratio is 20:1,
temperature is 60°C, and 3wt% of catalyst concentrations.
Biodiesel physicochemical properties were also studied in
order to identify particle confirmation of nanocatalyst.
From the overall analysis, CuTiO, can be used as the het-
erogeneous nanocatalyst for biodiesel transesterification
process when feedstock is vegetable oils. Usage of these
biofuels helps in decreasing the usage of fossil fuels that
promote ecofriendly environment.
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Electroless deposition or chemical coating is a well-established industrial technique that is gaining popularity. The purpose of the
current investigation was to determine how long a heat treatment process had on the mechanical and corrosion performances of a
Ni-P coating on low-carbon steel. The coating is performed on the low-carbon steel using Ni-P salt bath. The coated samples were
heat treated at 400°C under atmospheric condition using muffle furnace. The heat treatment offers greater corrosion resistance
and mechanical qualities. The coated samples were analysed using scanning electron microscope for morphological studies and
X-ray diffraction analysis for phase change during heat treatment. According to the experimental findings, a heat treatment
prior to coating with Ni-P layer increases hardness and corrosion resistance while lowering friction.

1. Introduction

An autocatalytic chemical process called electroless nickel
plating (EN) is used to deposit a coating of nickel-
phosphorus or nickel-boron alloy on a solid work piece
made of metal or plastic. The presence of a reducing agent,
in which the metal ions react to deposit metal, is required
for the process [1]. It is possible to create alloys with phos-
phorus percentages ranging from 2 to 5 (low phosphorus)
to 11 to 14 (high phosphorus) [1]. The metallurgical proper-
ties of alloys are determined by the percentage of phospho-
rus present. This plating technique is used to protect
against corrosion and wear. By suspending powder in the
bath, composite coatings can also be created using EN
methods [2]. There are several advantages to electroless
nickel plating over electroplating. It offers a consistent
deposit independent of the shape of the work piece and is
free from flux density and power supply problems. With

the right preplate catalyst, it can even deposit on noncon-
ductive surfaces. Electroless nickel is used as a barrier coat-
ing. Rather than galvanic or sacrificial action, it protects
the underlying metal by sealing it off from the environment.
Due to its passivity and amorphousness, electroless nickel
has excellent corrosion resistance, which, in most situations,
outperforms pure nickel or chromium alloys [3]. The coat-
ing is nearly impervious to alkalis, salt solutions and brines,
chemical and petroleum conditions, and all kinds of hydro-
carbons and solvents when it is correctly applied. Addition-
ally resistant to reducing acids, organic acids, and ammonia
solutions is the electroless deposit. They are only signifi-
cantly affected by extremely oxidising environments, like
strong nitric acid. The most important maintenance require-
ment for industry is the replacement and prevention of cor-
rosion in industrial components. The cost of corrosion in the
United States is estimated to be 70 billion dollars per year, or
4.2 percent of the gross national product. In India, the
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FIGURE 1: Flowchart for the experimental procedure.

annual GDP growth rate is only 4.5 percent. There are
numerous methods and solutions available to prevent corro-
sion. To reduce corrosion, one method is to coat the metals
with thin layers of less reactive metals or alloys. One of the
processes that reduces corrosion is electroless nickel coating.
Other, more expensive processes exist in addition to electro-
less nickel coating. This process is the least expensive when
compared to others. Electroless deposition can be performed
not only on pure metals but also on ferrous and nonferrous
metals to improve surface properties. Electroless nickel coat-
ings are well known for their unique set of properties [2]. In
this paper, a cheap and economical coating technique called
electroless nickel coating (EN) is used to coat low-carbon
steel with Ni in this work. The coated samples are heat
treated to change their state from amorphous to crystalline.
The samples’ corrosion resistance was compared to the
impact of coating and heat treatment.

2. Experimental Procedure

The current experiment was carried out using a low-carbon
steel sample. For the current work, a low-carbon steel cylin-
drical rod (diameter 1 cm) cut into small pieces 5mm thick
was used as the working substrate. The specimens were
ground to remove corrosion and polished to achieve a
smooth surface. Emery sheets were used to polish the surface
to eliminate the scratches, which was then reduced in ace-
tone, cleaned with distilled water, and dried in the absence
of moisture. The specimens were then ultrasonically cleaned
in deionized water. Prior to plating, all specimens were
etched for three minutes in a sulfuric acid solution and then
cleaned with deionized water and acetone before being
weighed. Electroless nickel coating bath contains 20 g nickel

chloride, 24 g sodium hypophosphite, 40 g sodium citrate,
and 25 g ammonium chloride per litre. The bath was main-
tained at a pH of 8 and a temperature of 363 degrees Celsius.
The samples were washed in KOH at 333K for 15 minutes
prior to coating and then rinsed in distilled water. They were
then rinsed one more in distilled water after spending a
minute in an HCI bath. The deposition time was 2 hours,
and a 70 percent KOH solution was intermittently supplied
to keep the pH stable and make up for the water loss brought
on by the baths [4]. The samples are classified as base metal,
coated, and heat treated in a muftle furnace at 400 degrees Cel-
sius for one hour. The heat treatment temperature is chosen
based on the literature survey [5, 6]. At 400°C, the hardness
of the sample gets peak value due to the transition of amor-
phous phase into crystalline phase of the Ni-P coating and
the formation of Ni,P precipitate which further improves the
corrosion resistance. Following the coating and heat treat-
ment, XRD is used to investigate the composition of coated
samples and phase changes [7-9]. The hardness of the speci-
mens was determined using a Vickers hardness tester with a
load of 100g and a time of 10 seconds. Finally, the electro-
chemical corrosion test was performed using an electrochem-
ical corrosion tester equipped with a polarisation cell that
includes an electrolyte solution (3.5 percent NaCl solution),
to gauge the rate of corrosion of the samples, and a specimen
holder was linked to a reference electrode, counter elec-
trode(s), and the relevant metal sample [10, 11]. The flowchart
in Figure 1 explains the details of the experiments.

3. Results and Discussion

3.1. Morphology. Figure 2 shows the SEM surface morphol-
ogy of the low-carbon steel substrate, coated sample, and
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heat-treated sample. The base sample or low-carbon steel
shows a clear surface, and minor particles were seen. The
surface roughness of the coated sample and heat-treated
samples is increased. The electroless Ni-P layers have a char-
acteristic spherical nodular shape and are compact and
homogeneous [12]. On the coated surface, there are no evi-
dent imperfections or holes, but the heat treatment changes
their size and distribution. The formation of phosphides can
be viewed in Figures 2(c) and 2(d) which is a heat-treated
sample. Due to cracks developing in the coating as a result
of heat treatment, it also affects how resistant the coating is
to corrosion. The base substrate that does not undergo heat
treatment is the smoothest, and remaining are rough ones.
The surface roughness of the sample consistently increases
which is evident in the SEM morphology.

3.2. XRD Analysis. Figure 3 shows the XRD analysis of base
metal, as-deposited, and heat-treated samples. Figure 3(a)
depicts the XRD patterns of a base metal containing Fe phases.
Figure 3(b) shows the changes in phase after coating the sam-
ple. Because of the phosphorous content, the coated sample
contains Ni and Ni,P phases. Because of its amorphous struc-
ture, the coating is classified as high phosphorous. The crystal-

line structure of Ni-P alloy became amorphous as the
phosphorus content in the metal matrix increased. The wide
peak seen in the AD coating’s XRD pattern at 44.5° is the same
as the nickel FCC (111) diffraction peak. Due to the fine crys-
tallite size and/or microstrain present in the coatings, XRD
peak widening may be attributed [13, 14].

In Figures 3(c) and 3(d), the XRD patterns of heat-treated
samples are displayed. The heat-treated samples have two
peaks, one each for Ni and Ni;P. Higher intensity and nar-
rower peak widths suggest that the heat-treated coatings on
low-carbon steel have higher levels of crystallinity and larger
crystallite sizes. During the heat treatment process, all samples
pass through an intermediate metastable phase [15].

3.3. Hardness. With a 10 gf applied for 10 seconds, the hard-
ness of the coatings and interface was assessed using a
micro-Vickers hardness tester. The base metals shows a
hardness of 214 HV, whereas the coated samples and heat-
treated samples show high hardness values in Table 1. The
increment in the hardness of the coated sample is attributed
to the presence of phosphorous. The heat-treated samples
shows more improved hardness value. During heat treat-
ment, the coatings become crystalline due to the
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TaBLE 1: Hardness values of the samples.

TaBLE 2: Corrosion results.

SI no Samples Hardness values (HV, ;)
1 Base metal 214+10
2 Coated sample 482+ 10
3 Heat-treated sample 1 936 £ 10
4 Heat-treated sample 2 948 + 10

arrangement of rearrangement of atoms [16, 17]. Heat treat-
ment leads to the formation of hard body-centered tetrago-
nal Ni,P precipitate which attributed to the high hardness
value. The formation of the Ni,P precipitates was confirmed
in XRD results [18].

3.4. Corrosion Results. The corrosion results of all specimens
are shown in Table 2. The corrosion rate for the all the spec-
imens was calculated by the formula below.

0.13EWI

corr

d pYs (1)

Corrosion rate =

where I_,, is the corrosion current in amps, EW is the
equivalent weight of corroded sample, and d is the density
of the corroded sample in g/cm”’.

The results in Figure 4 show that the coated sample
has very good corrosion resistance due to its amorphous
nature. Phosphorus stimulates anodic and cathodic reac-
tions during the corrosion process, which increases the
anodic dissolution of nickel. It also increases the corrosion
potential and decreases the corrosion current. Accelerated
nickel corrosion creates the conditions for concentrating
phosphorous and, as a result, the surface-level synthesis
of stable intermediate molecules with the formula Ni,P,
which serve as a passive barrier film. The literature publi-

Si no. Samples (frio\r/r) (mf‘:;:rnz) g?sr(?:l;);)
1 Base metal 630.84 0.080372 0.03

2 Coated sample 52 0.0003984  0.00019
3 Heat-treated sample 1  300.94 0.0040372 0.0019

4 Heat-treated sample 2 300.94 0.0040372 0.0019

cations on Ni-P coatings claim that preferential nickel dis-
solution leads to phosphorus enrichment on the surface
layer. When this enhanced phosphorous combines with
water, a layer of adsorbed hypophosphite anions is created
(H,PO,). The development of either soluble Ni** species
or a passive nickel film is assumed to begin with the
hydration of nickel, which is prevented by this layer by
blocking the flow of water to the electrode surface. As a
result, phosphorus enrichment on the electrode surface is
what gives electroless Ni-P coatings their higher corrosion
resistance. However, the corrosion resistance of heat-
treated samples is reduced [3]. Because when the samples
were heated, the electroless nickel began to crystallise
and lose its amorphous nature. At higher temperatures,
the particles congregate, forming a matrix of Ni,P-forming
active corrosion cells. As nickel phosphides particles form
within the coating, the remaining material’s phosphorous
content drops. This decreases its passivity while increasing
its corrosion. The particles also form small active/passive
corrosion cells, which contribute to the deposit’s demise
[19, 20]. Heat treatment causes the deposit to shrink as
it hardens, resulting in cracks through the coating that
can expose the substrate to attack. The consequence is a
reduction in the corrosion resistance of heat-treated sam-
ples. When nickel phosphide particles form in the coating,
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the phosphorous content of the remaining material
decreases. The decrease in phosphorous passivity will
increase the corrosion rate [21, 22].

3.5. Conclusion

(i) Electroless deposition technique was used to suc-
cessfully deposit nickel-phosphorus coatings on
low-carbon steel substrates. The coated samples
were then heated at 400°C for one hour

(ii) According to the XRD examination, heat treatment of
Ni-P composite coatings caused the amorphous Ni
phase to crystallise and the Ni,P phase to precipitate

(iii) The microstructure of deposited phosphorous
shows amorphous character, whereas the heat-
treated samples shows high crystalline nature

(iv) The heat-treated samples show high hardness values
than the as-deposited coatings. This is due to the
formation of Ni,P precipitates
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Heating the catalysts chemically at a cold start is indeed an approach to achieving catalytic performance. The purpose of this effort
is to reduce cold flow emissions to background levels during regular engine operation. To address this issue, a thermal model was
created, and a temperature study of various configurations was performed utilizing the computational dynamics method. This was
followed by a regression model to confirm the results of the experiment. The article discusses how using a computational fluid
dynamic to simulate the transient temperature profile of a chemically heated catalytic converter (CHCC) in exhaust may aid in
the development of a much more powerful and energy-efficient catalytic converter. In this research, nanoparticles have been
used as a heat transfer enhancement agent to improve the thermal conductivity of the exhaust gases. This work has been
proposed to calculate the flow behaviour and heat transfer of nanoparticles in the proposed catalytic converter. The
nanomaterial composite, created by incorporating copper oxide nanoparticles (CuO,) on the surfaces of metal mesh, is used in
the catalytic converter. The analytical technique has previously demonstrated its use in better predicting and comprehending
the dynamic behaviour of a tightly linked catalyst and its thermally light-off period. The converter was evaluated in this study
together with the SI (spark ignition) engine, and the data collected has been verified using analysis of regression. It is seen that
in the converter with nanocopper oxide configuration, 50% carbon monoxide (CO) conversion efficiency is possible when the
temperature of the main converter reaches 250°C and the CO is initially 2.7% Vol, and after reaching light off, it is 1.95% Vol.
The time it takes to reach 250°C is 48 seconds after a cold start. In the case of hydrocarbons (HC), 50% HC conversion is
reached during the test period of 168 seconds after the cold start. The HC is 605 ppm initially, and after light off, it is 130 ppm.
The time taken to reach the HC light-off temperature is 300°C, with nanocopper oxide reaching this temperature in 168 seconds.
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1. Introduction

The automotive sector is critical to emerging countries’ eco-
nomic stability and development. For a long period in our
country, individual transport was seen as a privilege and a
demand of the rich. However, as private transportation is
now a fundamental and universal feature of contemporary
life, India’s automotive segment is all set to take off in a
big way. The majority of the world’s automobiles are estab-
lishing manufacturing facilities in India. Such rapid growth
in the automotive sector brings numerous difficulties to
light, one of which is vehicle emissions. It is not necessary
to stress the significance of clean air in maintaining a decent
and healthy lifestyle. As a result, emissions must be signifi-
cantly reduced in order to preserve a relatively secure planet
for future generations [1-7].

Global ecological degradation has prompted academics
to concentrate on the construction of LEV (low emission
vehicles) and ULEV (ultralow emission vehicles). Automo-
biles produce large amounts of HC (hydrocarbons), CO
(carbon monoxide), and PM (particulate matter) [8-10].
Catalytic emission controls are universally acknowledged as
one of the most economical methods of pollution reduction.
A catalyst exhaust control system transforms the toxic com-
ponents of the vehicle’s emissions chemically into innocuous
gases using a precious metal catalyst. This method is likely to
lower carbon and hydrocarbon emissions by up to 80% and
particulate matter by more than 50% [11].

The current generation of gasoline automobiles evalu-
ated as shown in the FTP (Federal Test Procedure) generates
between 70% and 80% of exhaust within the first 1 or 2
minutes after cold starting. It is mostly owing to the catalytic
converter’s lack of effectiveness until it hits light-off temper-
ature. Thus, immediately raising the catalytic converter’s
temperature during the cold start of the vehicle is critical
for lowering carbon and hydrocarbon emissions [12]. The
problem of complying with ULEV and LEV standards has
led to the development of a variety of novel converter ideas
aimed at reducing cold-start emission levels. However, one
novel notion is the pre-cold-start electrothermal catalyst
method. The primary challenge in using the electrothermal
catalyst technique is the significant electrical energy con-
sumption and heat-up time [13]. Significant advancements
have been achieved in the last several years to lower usage
of power to the 2 and 3kW range. To generate between
two and three kW from 12-volt batteries, huge wire widths
and a complex switching power system are required. Even
a little power need of two kilowatts does have a noticeable
effect on the life of the battery. Even more likely would be
to heat the catalyst with energy from renewable sources, like
electricity, heat, or the chemical energy in the exhaust [14].

Placing the hot catalyst nearer to the primary converter
enhances the engine’s backpressure. The primary converter
and hot catalyst being located nearer the engine accelerated
the thermal deterioration of the catalyst and backpressure.
The reduced mass of the hot catalyst results in a lower elec-
trical power requirement and a shorter heat-up time. The
rate of temperature rise is proportional to the mass of the
converter [15]. By maximizing the hot mass, it is possible
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FIGURE 1: Energy balance diagram.

TaBLE 1: Properties of nanoparticle copper oxide.

Item Specifications

Name (chemical) Copper oxide (CuO,)

Molecular weight 79.545 g/mol
Color Black
Density 6.4g/cm*
Thickness 30-50 nm
Purity 99.90%

to accelerate the rate of temperature rise, which results in
an exothermic reaction [16]. When the exothermic reaction
occurs, a large amount of chemical energy is generated,
which functions as a heat source for the primary converter.
As a result, the time necessary to activate the catalyst is
slightly decreased. This energy depends on the temperature
of the catalyst. You can utilize this energy by starting the cat-
alytic activity as quickly as possible. One way to start the cat-
alytic activity as quickly as possible is to produce a more
rapid temperature rise in the converter. The exothermic
reaction from the oxidation of HC and CO releases an abun-
dance of chemical energy. This energy must be added rap-
idly and be sufficient to maintain an effective catalyst
temperature for high conversion efficiency. The quantity of
energy stored in the electrically heated catalyst (EHC) and
light-off converter (LOC) is critical because it determines
the operating temperature of these components. Recent
EHC activities have focused efforts on electrical energy
reductions. To achieve a high conversion rate at low electric
power, the electric energy has to be used to heat small por-
tions of the catalyst intensively and rapidly, thus inducing
the catalytic reaction within a few seconds. The reactions
not only reduce emissions but also add a significant amount
of exothermic energy to the gas stream. The rate of temper-
ature rise is proportional to the mass of the converter. By
optimizing the heated mass, it is possible to greatly increase
the rate of temperature rise. Thus, by heating only a small
volume of catalyst, it is possible to reach the temperature
where catalytic activity begins and releases the chemical
energy of the exhaust very rapidly. Once the exothermic
reaction begins, an abundance of chemical energy is
released, which acts to heat the main converter (1.5% CO
removal results in a 220 K Temperature rise). The chemically
heated catalytic converter (CHCC) rapidly achieves high
temperatures, and the heat created by exothermic oxidation
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FIGURE 2: Experimental setup.

FIGURE 3: New proposed CHCC model.

is transferred by the exhaust gas to the primary converter,
where it achieves a faster light off, resulting in reduced emis-
sions at power levels in the range of 1.5kW [17]. The walls
of the metal mesh are incorporated with copper oxide nano-
composite to enhance the conduction rate. The goal of this
work is to look at how well CHCC works using CFD analysis
and regression analysis.

One technique to get the catalytic activity started as
quickly as possible is to increase the converter’s temperature.
The rate of temperature rise is proportional to the mass of
the converter. It is feasible to considerably accelerate the rate
of temperature rise by optimizing the heated mass. Catalytic
activity can be initiated, and exhaust chemical energy is
released extremely quickly by heating a small volume cata-
lyst to a high temperature. A large amount of chemical
energy is released during the exothermic reaction, which in
turn heats the primary converter. Figure 1 schematically
depicts the system’s energy balance. The catalytic converter
produces chemical energy and thermal energy, as can be
seen in the energy balance. In terms of energy equation

(1), we can say

QChem,out. + QTher,out. = QChem,in + QTher,in + QElec

- QStore,EHC - QStore,LOC - QLoss’

(1)

where Qcpem out 18 the chemical energy that comes out of the
converter, Qe oy i1 the thermal energy that comes out of
the converter, Qcpepin i the chemical energy that enters
the converter, Qpy,,;, is the thermal energy that enters the
converter, Qg is the electrical energy supplied, Qo
is the energy stored in the EHC converter, Qgo.10c is the
energy stored in the LOC converter, and Q,, is the loss of
energy that goes out of the converter.

These are the energy sources available to heat the con-
verter. The electrically heated catalytic (EHC) converter is
extremely effective in lowering cold-start CO and HC emis-
sions. EHC preheating or postheating reduced emissions sig-
nificantly. These systems typically require 600-700 A current
and a high electrical output of more than 4kW. A heavy-
duty alternator, either a big-size battery or a separate battery
for EHC, large diameter wires, and a heavy-duty semicon-
ductor switch are required to supply this high power of
4KkW to a conventional EHC [18]. As a result of the added
weight, the cost rises, and the fuel economy suffers. Recent
EHC operations have focused on reducing the amount of
electrical energy required. 1.5kW of heating is possible with
the available battery. The EHC and LOC are coated with
CuO, nanoparticles at a size of 30-50nm. The properties
of nanoparticles are given in Table 1. The experimental
setup is also shown in Figure 2.
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FIGURE 5: Velocity vector contours.

2. Analysis of the New Proposed Model

This CFD analysis is aimed at determining the temperature
at the outlet of the manifold for the varying inlet tempera-
ture that varies unsteadily. There is a heater kept in the path
of the fluid which heats the fluid, which leads to a further
increase in the temperature of the fluid at the outlet as
shown in Figure 3.

The models detailed are indeed part of an initial study to
investigate the significance of accounting for multidimen-
sional impacts in designing vehicle catalytic converters [19].
Although simulating a single system of a catalytic converter
is useful in analyzing core difficulties, it is far from suitable
for comprehensive catalytic converter modeling and evalua-

tion. For CFD (computational fluid dynamics) to create an
influence on building designs within the automobile industry,
it is of greatest significance to be capable of simulating the full
catalytic converter, as compared to a traditional channel of the
catalyst. CHCC is represented as a porous block.

The heater element (EHC) and LOC are assumed to be
made of copper with a density of 8978 kg/m®, Cp =381]/
kg-k, and thermal conductivity of 387.6 W/m-k. The CFD
domain is discretized into 1385443 triangles and 708987 tet-
rahedrons. The problem is assumed to be unsteady, com-
pressible, and turbulent. Fluent is used to solve the
problem. The K-¢ (K-epsilon) standard model, which is a
two-equation model in nature, is used to model turbulence.
The energy equation is activated to see the conjugate heat
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FIGURE 7: Temperature path lines 120 sec after engine start.

transfer, which solves heat transfer with convection. The
unsteady profile is given at the inlet using a profile file
option. The scheme of second-order discretization is used.
The heater element (EHC) is set to 400°C [20]. It is discov-
ered through pressure distribution. The backpressure devel-
oped due to this configuration is slightly higher between the
outlet of the engine and the inlet of CHCC. Figures 4 and 5
show how the speed of CHCC changed at different times
during the simulation.

It is found from the velocity contour that the velocity is
higher at the inlet and outlet of CHCC. It is also found that
the velocity is remarkably high near the conical surface and
the centerline of the outlet exhaust pipe. It is found from
velocity vector distribution that the conical portion helps

to divert the exhaust effectively and creates better turbulence
for maximum heat transfer from the heater element. A vor-
tex is formed at all four corners of the CHCC, and the swirl
motion is desirable for better mixing of the exhaust with any
incoming secondary air. The introduction of secondary air
helps the unburnt hydrocarbons react with the incoming
air to oxidize into CO, and H,O [21]. It is also found that
the vortex created in front of the conical section is not desir-
able, which must be removed by modifying the outer case of
the CHCC design. The velocity vector also indicates that the
flow finally passes through the center portion of the LOC,
which is also desirable to activate the LOC as quickly as pos-
sible so that more will be generated and carried to the main
catalytic converter. The velocity contour depicts that the
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exhaust gas needs some residence time to convert CO to
CO,. The model was proposed to give enough time and
required temperature to attain.

Figure 6 indicates that the heat created due to the nano-
particles carried down to the main catalytic converter heats
it more effectively than the previous configuration.
Figure 7 depicts the temperature path lines, which show
the way the heat is carried away to heat the main converter.
Once the main converter is heated up to the light-off tem-
perature, its efficiency is around 98% as per the previous
work [22].

3. Theoretical Investigation: Multiple
Regression Analysis

The benefit of this strategy would be that no prior predic-
tions about the correlation’s shape are required. The tech-

nique is validated based on preliminary results. Regression
is a method for determining the shape of the finest corre-
lation, including its constants, while genetic algorithms are
one approach to accomplish this. Comparisons based on
empirical results are frequently used to estimate the rate
of heat generation in thermoelectric elements. Most of
the time, this transition from empirical observations to
correlations is done by first choosing a certain functional
form of the relationship and then figuring out the con-
stants [23].

The efficiency of CO conversion rate, CHCC is
temperature-dependent on the emission well before CHCC,
the temperature of both MC and the duration of the engine’s
cold start, all of which are managed as independent factors.
The following data from a trial run of 1.5kW heating and
901pm air supply is being used to correlate the condition
required for CHCC.
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TaBLE 2: Time to reach light off for different configurations.

Catalytic converter configuration

Time taken to reach light-off
temperature for CO reduction

Time taken to reach light-off
temperature for HC reduction

145 cubic centimeter EHC catalytic converter
without copper oxide nanoparticle coating
145 cubic centimeter EHC catalytic converter
with copper oxide nanoparticle coating

156 seconds after the engine started

48 seconds after the engine started

180 seconds after the engine started

168 seconds after the engine started

With this method, the experimental data is used to test
the procedure. Regression is a way to find the best-fitting
correlation’s shape and constants, and genetic programming
gives you a way to do it. The heat rate in thermal compo-
nents is estimated by using correlations that were found
through experiments. This process of turning experimental
data into correlations is done by first choosing a specific
functional form of the correlation and then figuring out
the constants for that form.

The CO conversion rate, which is a measure of how well
the converter works, depends on the temperature of the

exhaust before the converter, the temperature of the main
converter (MC), and how long it has been since the engine
was cold started. These factors are treated as independent
variables, and data from a test run with 1.5kW of heating
is shown in

CO(%conversion) = 51.87132 — 0.24151¢ — 0.0009Tin + 0.173323 Tmc,

(2)

where t is the number of seconds since the engine was
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turned on cold, Tinis the exhaust temperature before the
converter in °C, and Tmc is the main converter’s surface
temperature in °C.

This equation is a useful engineering tool for figuring out
how well the converter will work with the nanocopper oxide.

The above method is a useful engineering method for
quantifying the CHCC’s performance under specified condi-
tions. Figures 8-10 illustrate the projected and empirical rate
of conversion in CO vs. period in seconds after a cold start,
engine exhaust temperatures before CHCC, and main cata-
lytic converter temperature, respectively. By setting the third
independent variable and the matching rate of conversion of
CO, all two independent variables may be predicted [24]. As
can be seen from the graphs, the projected values and exper-
imental data are very congruent.

The projected and observed results of the rate of CO con-
version are shown in Figure 11. According to a study of the
sample data, the projected results are quite similar to the
experimental standards [25]. As a result, the established model
may be utilized confidently to assess the condition required.
The time to reach light off for the catalytic converter coated
with copper oxide nanoparticles is given in Table 2.

According to Table 2, the main catalytic converter
reaches the light-off temperature at different times after the
cold start for different configurations. The MC quickly
approaches the CO and HC light-off temperatures. This
could be because the heat made by the oxidation reactions
raises the temperature of the exhaust gas, making the cata-
lyst light off faster. According to Figure 12, the CO percent
by volume is larger at the start of the engine in all situations
and subsequently drops as the duration after the cold start
increases. It is also seen that, except for engine exhaust and
MC alone, the CO decrease in percent by volume is more
than 50% before the CO light-off temperature is reached.
This could be because of CO oxidation in the presence of
air and a copper oxide nanocatalyst. According to
Figure 13, the hydrocarbon concentration in ppm is higher
at the start of the engine and subsequently drops over time
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for all configurations examined. The hydrocarbon content
in ppm is lower for EHC and even lower for EHC with
nanocopper oxide. This could be because there is enough
oxygen in the exhaust, which raises the temperature at which
the light goes out and makes the conversion process more
efficient.

4. Conclusion

The new proposed model has analyzed the thermal conduc-
tivity and flow characteristics of copper oxide nanoparticles
incorporated in the metal mesh used to enhance the heat
transfer performance of the catalytic converter. The newly
created model is very effective at receiving heat from EHC
while passing through it. The velocity vector and magnitude
show that the flow pattern creates turbulent and vortex space
in the CHCC. The heat from the EHC is shown to be carried
by the flow, which then accumulates it as required towards
the conclusion of the CHCC. It is seen that the analyses give
a better picture of the internal flow of the exhaust gas and
heat transfer path. This program may be utilized for con-
verter modelling and evaluation, although exothermic heat
generation is far more essential than catalytic converter tem-
perature analysis, even though exothermic heat generation is
much more important than the temperature analysis in the
catalytic converter. The regression analysis shows that the
experimental value and predicted values are conformed in
the validation.
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The physical properties of cobalt oxide with varied oxidation states, and coordination numbers, in the transition series, have
numerous applications. The present study explores the physical properties of BaCoO, ¢ nanoparticles synthesized through the
sol-gel method. The X-ray diffraction figure exhibits a 25 nm crystallite size hexagonal phase. The observational data shows the
reduction in the real part of impedance (Z)), dielectric constant (£ ), dielectric loss (E”), and a raise in ac conductivity of mixed
type of conduction with an elevation in frequency analyzed through impedance spectroscopy. The conductivity due to grain
and grain boundaries is shown foremost in the complex impedance analysis. The plot of AV/AT (Seebeck coefficient) in the
low-temperature range indicates p-type behavior and the metal-insulator transition in the as-synthesized sample. The sample
characteristics suggest applications in optical and switching devices. The Seebeck coefficient is the generation of potential
difference when subjected to temperature difference. Thermoelectric materials are associated with the concept of high electrical
conductivity like crystals and low thermal conductivity to that of glass. Nanothermoelectric materials can decrease further the
thermal conductivity through phonon scattering. Electrical characterization suggests the presence of both NTCR and PTCR
behavior in the sample, and hence, it explores the application in thermistor/resistance temperature detector’s (RTD) and low
dielectric constant and loss to electro-optical and higher conversion efficiency to storage devices. Additionally, impedance
spectroscopy helps in the study of electrochemical systems and solid-state devices wherein the transition of metal-insulator is

an add-on to the research.

1. Introduction

Strongly correlated electron systems consisting of insulators
and electronic materials show uncommon, productive prop-
erties including colossal magnetoresistance, electromagnetic,
spin-charge partition, transitions into metal-insulator, half-
metallicity, and heavy fermion behavior and superconductiv-
ity. Cobalt in the transition metal oxides A, ,,Co,,,;0,, .,
(A =Ca, Ba, Sr) adopt different oxidation states and probes
its entry into electrochemistry and medical diagnostics. The
overture studies of the BaCoO,_s system on powder samples
revealed numerous hexagonal polytypes [1] that have not

been discretely distinguished, accredited to BaCoO; s (15H
3-6<223, 12H (243<3-6<2.49), 7H (2.52<3-8 <2.575),
2H-2.85<3-§<3.0), and orthorhombic BaCoO,,, and
BaCoO,, while orthorhombic BaCoO,y; formed after
annealing in O, had two other phases assigned to the cubic
BaCoO, ,, with a co-precipitate product non-indexed phase
BaCoO, 5, [2]. The specimen prepared by the sol-gel method
is a low-temperature process involving the precursor solution
inclusive of metal salts, a chelating agent (citric acid), and a
diol (ethylene glycol). The advantages of the method are
chemical composition with varied parameters of tempera-
ture, time, and atmosphere and are controllable to synchro-
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nize with the structural and morphological characteristics of
the specimen. Eventhough there are disadvantages like sensi-
tive to moisture and time-consuming process with several
steps, the advantages such as low-cost, flexible synthetic
route, easy to implement overshadows.

Though several methods have been adopted for the syn-
thesis of BaCoO, s using BaNOzand CoNO,;(600°C-12h,
900°C-10h) and BaCO,, Co,0, precursors (=1200 K-2 days)
[3-6], this is the first study to synthesize nano powder
BaCoO, , using the sol-gel method with lesser annealing
time and analyze its physicochemical properties that include
Seebeck coefficient, ac and dc conductivity studies, dielectric
properties, PTCR/NTCR behavior, and the metal-insulator
transition.

2. Materials and Methods

2.1. Experimental Details. The nanocrystalline sample has
been prepared by a citrate-nitrate gel method using varying
compositions of starting materials, such as Ba (NO;),, Co
(NO,).6H,0, citric acid, and ethylene glycol, which were
taken in a stoichiometric ratio of Ba;Co,O,, dissolved in
deionized water with pH2 at 309K, and placed on a hot
plate with a magnetic stirrer at 80°C for 2 hours to form
the gel, which was then transferred to a platinum crucible
and kept in an electric furnace and heated at 700°C for 5
hours. At 310°C, auto-combustion lasting for a few seconds
occurred [7, 8], and the ash product was manually ground
and then pressed into pellets at 1Gpa, sintered for 120
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FIGURE 3: The elemental analysis (EDAX, 1 KeV to 20 KeV) of the synthesized sample.

F1GURE 4: SEM image with different magnifications of BaCoO, .

minutes at 900°C in the atmosphere, and left in the furnace
for natural cooling [9] (precaution: due to the release of
nitrogen oxides, heating has to be done in a closed chamber
with adequate care).

2.2. Analysis of the Structure

2.2.1. X-Ray Diffraction (XRD) Method. The prepared sam-
ple was characterized by XRD with a Bruker-axs D8 diftrac-
tometer (40KV, 30mA) and DIFFRAC software, Bragg-
Brentano reflection geometry, and treatment with CuKa«
(=1.05418 A). The data was collected between 10°C and
90°C in steps of 0.005 and at a scanning rate of 1/minute.

The microstructural features and composition were studied
using a scanning electron microscope (JOELJSM6390,
Japan) having (EDAX) capability.

2.3. FTIR Analysis of the Synthesized Nanomaterial. Infrared
spectra (FT-IR) from the sample were observed in the 400-
4000 cm'via Fourier transform-infrared spectrometer (Per-
kin-Elmer spectrum).

2.4. Electrical Transport Measurements. Shaped rectangular
bars of 12mm * 4mm * 4 mm of the sample was used for
the recording of Seebeck coefficient (S) and electrical resis-
tance simultaneously (Seebsys, NorECS AS Norwegian
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Electro Ceramics) for the temperature of 30°C to 600°C in
atmospheric air for a standard 4-probe technique with wide
frequency range to evaluate dielectric constant as well as ac
conductivity (Waynker multicomponent precision analyzer
6440B).

3. Result and Discussion
3.1. Structural Analysis

3.1.1. XRD of the BaCoO, ; Nanoparticle. Figure 1 displays
the powder XRD of the Ba;Co,0, nanoparticle prepared
by conventional sintering. The different crystalline phases

present in the sample were confirmed by comparing the
XRD pattern to reference phases of the Xpert high score plus
software. Major peaks had been associated with the
BaCoO, , specified by its reflection planes (Figure 1), in
concurrence with the preceding reports JCPDS01-071-
2453) [6]. The compound BaCoO,  becomes crystalline in
the space group P63/mm ¢ symmetry in the lattice parame-
ter, a=b=5.6710A" and c=28.5450A°, and the unit cell
volume (V) = 795.024A°. With the XRD data, the evaluation
of the size of the crystallite was carried out by Scherrer equa-
tion, D = kA/3Cos0, where D is the crystallite size (nm); 3 is
the full width at half maximum of the diffraction peak; k is
the shape factor (0.9); A is the X-ray wavelength, and 0 is
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the diffracting angle. The average crystallite size of the most
intense peak (110) plane of BaCoO,, was assessed and
found to be approximately 25.26 nm. The crystallite size cor-
responds to the coherently diffracting domain size and not
to the particle size. The peak with an asterisk () may corre-
spond to Ba,;Co,O, or BaCo,0, (JCPDS23-110) secondary
phase [8-10].

The multiphase transitions of theBaCoO, ., over an
extrinsic temperature range are shown in Figure 2. A selec-
tive list of efficient compounds certified as crystal structures
is only specified completely in recent studies (BaCoO,  — -
BaCoO,; — Ba;Co,0 (CO;),,) from 973K to 1173K and
is the successive phase transition sequence. Not much
detectable phase of barium cobaltite was found in annealing
temperatures of 623K and 773 K. Comparing the plot’s e
and f, we find that the diffraction peak of (e) is higher than
the diffraction peak of (f), indicating that crystallization of
(e) to be more than the crystallization of (f) [3, 11]. Hence,
the start-up temperature for the synthesis of Ba;Co,Oq
(CO;)o¢ may be assumed to be 900°C for 2 h. The different
characteristic properties of BaCoO; and Ba;Co,0O, (CO;), 6
will be analyzed in our future work.

3.2. Elemental Analysis of the Sample. The elemental analysis
(EDAX, 1KeV to 20KeV) of the synthesized sample in
Figure 3 shows the presence of expected elements. Figure 4
represents the SEM image with different magnification and
the images reveal the grains in the range of 0.5 ym-5 ym.

3.3. FTIR Analysis of the Sample. FT-IR analysis was carried
out for detecting the presence of the functional groups and
for analyzing the reaction mechanisms during the sol-gel
process (Figure 5). The band specific to the NO;" is found
at 1419.62cm’™’, and the peak around 842cm is associated
with the distortion vibration of N-H bending mode. The
absorption peak situated below 836cm™ is due to barium-
cobalt-oxygen stretching vibrations [12, 13]. The slight
shoulder around 1636.51cm™ denotes the asymmetrical
stretched vibration of carboxylate anion and carbonyl
groups [14]. The OH- group at 3407.68cm™ and
2923.07 cm™" owes to the absorbed water during the sample
preparation [15].

3.4. Thermal Properties. The TGA/DTA spectrum for
BaCoO, ¢ is illustrated in the Figure 6. The reduction in
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weight (=0.3%) at T <150 C is mainly due to the loss of
constituents such as water, solvents with low molecular
weight, or gas desorption between 150°C and 250°C
(=1.9%), additives, or crystallization and first decomposition
products. The total weight loss accounts for =2.2% at 300°C,
and henceforth, no weight loss occurs indicating the comple-
tion of the combustion process and the formation of oxide
phases.

3.5. Transport Properties. The Seebeck coefficient (S) is the
ratio of the magnitude of the induced voltage to the temper-

ature gradient across a material. It is caused by charge
carriers diffusion and phonon drag. The (S) is very low for
metals and much larger for semiconductors. The value of S
determined in the present study increases with temperature
(=40 uV/C) indicating a metallic phase from 35°C to
150°C, thereafter decreasing with increasing temperature in
the insulating phase as shown in Figure 7(a). The rise and
fall in the magnitude of (S) with temperature increase imply
the predominance of both thermally accessible transport
states and the carrier density [12-14]. To further character-
ize the temperature-dependent conductivity, the graph was
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plotted against the charge carrier transport properties, the TaBLE 1: Activation energy of the sample.
reduction in activation energy, W((0W) = dlno/InT.), and

temperature. The slope of W exemplifies the conduction Activation energy
mechanism as per Mott’s metal-to-insulator transition Frequency (Hz) . E, (eV)

(MIT) model for disordered semiconductors (Figure 7(c)). Reci Iemperature ran%e on 11
The raise in electrical conductivity (positive slope) with an > cglon celon
increase in temperature up to 325°C and thereafter decline 10 1.35 1.16
(negative slope) with an increase in temperature may be 10° 1.38 1.09
attributed to PTCR/NTCR behavior, respectively, wherein 10* 091 1.24
the PTCR’s usage in current overload protection devices 10° 127 1.14
[15-17]. Figure 7(b) shows a transition at 325°C in conduc- 10 1.10 0.97
tivity of the sample, and this may be due to the casting back 5« 105 L09 0.83

of charge carriers in the material. Transport properties like
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electrical conductivity and Seebeck coefficient may be
enhanced through doping, and by increasing the density of
the sample, the density of the sample remains 74% theoreti-
cal density [18].

3.6. Dielectric Properties. The enriched knowledge about
dielectric analysis may shed light on the electrical properties
of a material medium with varied temperatures and fre-
quency. Dielectric constant (¢') shown in Figure 8(a) initially
decreases abruptly with the rise in frequency and is stable at

higher frequency assuring that at the further side of a
specific frequency of applied electric field, the exchange of
electrons does not follow the alternating field. Therefore,
polarization reduces resulting in a reduction in the dielectric
constant (&) [19]. From Figure 8(b), it is observed that the
constant low-frequency dielectric loss may be due to the
blocking of charge carriers at the cathode resulting in the
formation of space charge polarization, and the abrupt
decrease at 100 kHz may be the sign of thermal activation
and hopping of charge carriers on a lattice surface.
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Figure 8(b)-inset shows the loss tangent (tan § = /¢ ) curve
wherein the resonating hopping frequency of electrons to
the frequency of the applied electric field marks the peak
indicating maximum electric energy being transmitted to
the electrons and shooting up of loss at resonance [20].
Thus, the sample is more of energy storage with an extended
lifetime and reduced charge-discharge time and less energy
dissipater (Figure 8(c)) with applied frequency and temper-
ature indicating high conversion efficiency [21, 22].

3.7. Ac Conductivity Studies. Figure 9(a) of ac conductivity
figures the NTCR (negative coefficient of the temperature)
behavior of the synthesized nanoproduct.

Figure 9(b) denotes calculations of (o,.) and (E,) ac con-
ductivity and activation energy, respectively, of the sample
using the relation 0 = w &’¢ytand and 0 =0, exp (-E,/kgT),
where ¢ is the vacuum permittivity, kg is the Boltzmann con-
stant, w = 27if is the angular frequency, and o, is the preexpo-
nential factor [23]. For most dielectric ceramics, conduction
has a high value and also remains constant for all frequencies
at higher temperatures (region III). In the region I, the ac con-
ductivity (o, ) does not follow the conductivity relation and is
considered a metallic behavior, also observed in the Seebeck
measurement (Figure 7(a)). In the region II (mid-temperature
region), the conductivity differs exponentially with the tem-
perature that is no longer linear wherein the change in slope
(from positive to negative) may be attributed to the facts such
as a mixed type of conduction inducted by thermally activated
charge carriers and the oxygen vacancies in the nanoproduct
[24-27]. The presence of oxygen vacancies and transfer of
charge carriers concerning metal-insulator connects the sam-
ple probe into the analysis of critical temperature of high-
temperature superconducting cuprates, usage as catalysts for
hydrogen evolution reaction in support of green energy, as

the secondary power supply in integrated circuits, and current
overload protection devices [28-30].

3.8. The Activation Energy of the Synthesized Nanomaterial.
The activation energy (E,) of the product evaluated from
the slope of log 0, vs 1/T curve is listed in Table 1. It is clear
that the lower mobility (i.e., low conductivity) with higher
activation energies corresponds to the ionic conduction in
region I. On the other hand, electronic conduction in the
region II is connected to relatively highest mobility (i.e., high
conductivity) as well as the lowest activation energy [31, 32].
The E, value in the region I and region II of the sample var-
ies from 0.9eV to 1.3eV and 0.8eV to 1.2 eV, respectively.

3.9. Impedance Analysis. This technique aids in separating
the imaginary and real components of the complex imped-
ance quantities to comprehend the structural property rela-
tionship of the sample. Figure 10(a) exhibits the difference
in the real part of impedance (Z') as a function of frequency
at various temperatures. The data indicate a decrease in (Z)
in the low-frequency region followed by saturation in the
high-frequency region (>100kHz). The values of Z merging
at higher frequencies suggest the discharge of space charge
carriers [24]. The differences in the imaginary part of imped-
ance (Z") with frequency (i.e., loss spectrum) at various tem-
peratures in Figure 10(b) reveal that peaks are found at
temperatures >100°C. The distinct shift among peaks with
a magnitude increase of Z~ for temperature suggests the con-
tribution of immobile electrons. The position of the Z” peaks
shifting to the lower frequency on enhancing temperature
and moderation in a peak width indicates the chances of
the relaxation times distributed and the series capacitance
presence [33, 34]. The occurrence of more polarization
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charge transfer processes can be inferred in the impedance
plot through the presence of greater than one arc [26]. The
frequency consistent with the maximum of Z  correlates
with the relaxation time with the expression: {w, =1,
where w is the angular frequency [29]. Hence, the relaxation
effect, as well as asymmetric peak broadening, is indicative of
the non-Debye type of relaxation.

Figure 10(b)-inset indicates the difference of relaxation
time (inferred from loss spectrum) with an inverse of abso-
lute temperature (10°/T) following the Arrhenius law given
by {={, exp (E,/kgT), where Kj is the Boltzmann con-
stant, {, is the preexponential factor, and E, is the activation

energy. The typical data confirms a temperature-dependent
relaxation process with the distribution of relaxation time
in 107° to 107" sec indicating an escalation in the process
dynamics (i.e., charge/carrier transport) in the material due
to elevation in temperature [35].

3.10. Nyquist Plot at Different Temperature. Nyquist plot
points out the overall contribution percentage of bulk or grain
boundary components which is accredited to the quality and
electrical homogeneity of the material as for the bonding
between the sintering/microstructure to the AC response.
The plot also contributes to the magnitudes of the component
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resistances and capacitances and picturization of redox reac-
tions occurring at the electrode cells [36]. Nyquist plot V4
vs.Z') at room temperature, 373K and 423K, with corre-
sponding equivalent circuit is best fit obtained using electro-
chemical impedance analyzer (EIS) software (for 100 C as
shown in Figures 11(a)-11(c) with the possibility of two semi-
circles, highlighting the presence of grain boundaries and
grains within the sample. The observed increase in the size
of semicircular arcs with an increase in temperatures is related
to the increase of capacitance, indicating dielectric (capacitive)
behavior of the sample (resulting in phase -90°C, Figure 12) in
the sample [37]. As the size (height) of the semicircles
observed in the impedance plot depends on the resistive
responses of the components in the sample, it is hard to
acknowledge the responses emerging from the grain and grain
boundary relating to their high capacitance values [24, 38, 39].

3.11. Modulus Studies. To identify the nature of relaxation
behavior and to distinguish long-range conduction from
short-range hopping motion, frequency dependence on the

imaginary part of electric modulus is observed (Figure 13(a)).
The M value is low in the range of low frequency. Moreover,
dispersion is seen with an increase in the frequency that can
be corroborated by an insufficient restoring force regulating
the movement of the charge carriers influenced by an induced
electric field. The result affirms the exclusion of the electrode
effect in the test sample [24]. In the plot of M~ (f) shown in
Figure 13(b), the peaks shift to a lower frequency side with
the elevation in temperature, and the bit sharper peak exists at
a low frequency (~460Hz) at the highest temperature (150°C)
indicating that the ions can travel over long distances, i.e.,
charge carriers can carry out hopping well between the sites.
The high-frequency peaks corresponding to lower temperatures
suggest the confinement of ions within their wells with localized
motion. This behavior shows that the dielectric relaxation is an
unusual thermally activated type wherein the hopping mecha-
nism of charge carriers dominated intrinsically [38].

The power of synergistic use of both impedance and
modulus spectroscopy Z vs. Z plot emphasizes the phe-
nomenon of largest resistance. Contrastingly, M vs M’
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picks up those of the smallest capacitance highlighting that
the relaxation process is a short- or long-range motion of
charge carriers. The impedance peaks (Z) correspond to
R/2 and the modulus peak to that of e,/2C of that particular
element [40]. Figure 14 shows the selective plot of imped-
ance (Z'), modulus (M) variation, and frequency due to dif-
ferent temperatures. The highest values coincide at a specific
frequency in the synthesized BaCoO, ¢ indicating a similar
time gap of impedance as well as modulus spectra, and also
the matching of peaks at all temperatures suggests the long-
range movement of charge carriers [41, 42]. Additionally, in
the short-range peaks, Z and M are observed in diverse fre-
quencies, and long-range transmission of charge carrier
peaks is seen at the same cycles.

The validation of the distribution of relaxation times
with temperature dependence was done by plotting the M~
in weighted coordinates, i.e, M /M .. vs fIf . (f,. -loss
peak frequency) (Figure 15). A perfect overlapping of curve
bands in a single master curve was not observed. The result
conveys the conduction mechanism being altered with tem-
perature exhibiting non-Debye type behavior and mixed
conduction at high temperatures [39, 43].

4. Conclusion

The synthesized BaCoO,  powder using the sol-gel method
was characterized by different techniques. The Seebeck coef-
ficient (S) is positive, indicating p-type behavior and the
graph confirms the metal-insulator transition in the mate-
rial. The FTIR study confirmed the presence of functional
groups, and the positive value of the Seebeck coefficient (S)
indicates p-type behavior. The electrical studies suggest both
NTCR and PTCR behavior in the sample and its applica-
tions in thermistor/RTD. The characteristics of low dielec-
tric constant, dielectric loss, and low dissipation factor with

Vs fIf . Of synthesized nanomaterial BaCoO, .

high frequency indicate enhanced optical quality and higher
conversion efficiency, hence the sample’s research in electro-
optical and storage devices with less charge-discharge time.
The characteristic reduction in low dielectric constant and
high-frequency dielectric loss concludes the enhanced opti-
cal quality and low dissipation factor to energy storage/
capacitors, and the features of MI transition suggest the
sample probe into electrical and optical switching devices
and secondary power supply in integrated devices. The
electrical studies suggest both NTCR and PTCR behavior
in the sample and its applications in thermistor/RTDs. The
impedance studies of the sample affirm the existence of grain
in bulk as well as the grain boundary effects. The complex
impedance spectroscopy study suggests the long-term
mobility of charge carriers as well as non-Debye type with
mixed conduction in the material. More studies are required
to shower an insight into deducing further information and
discern for a better interpretation of the results obtained.
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The current work focus is on utilizing sunlight to catalyze the destruction of carbon-based (organic) pollutants. To increase the
morphological area and improve the proficiency of the photocatalytic technique, sodium alginate was used as a polymeric tool
and arranged as drop practice. SiO, nanoparticles were doped into sodium alginate droplets. The developed SiO,
nanomaterials were able to spread the wavelength diversity throughout a significant wavelength constituency. In the
photocatalytic technique employing the lot photoreactor, MB was used as a sample of carbon-based pollutants. The sunlight
catalytic procedure was implemented from UV-Vis or photo light droplets. The analysis of the synthesized droplets was tested
using devices X-ray diffraction (XRD), scanning electron microscopy (SEM), and photoluminescence (PL) analysis.
Correspondingly, the influences of different concentrations of SiO, nanosolution (5ml, 10ml, 15ml, and 20ml) on the
photocatalytic effectiveness of the deposited nanoparticles were studied. The output result revealed that sodium alginate beads
doped with SiO, at 20 ml were able to reduce (degrade) 98.9% underneath UV-visible light. However, in the case of using
other concentrations, SiO, at 5, 10, and 15 ml were able to degrade 50%, 56.7%, and 67.9% under sunlight, respectively, after 2 h.

1. Introduction

Nanotechnologies are making their way into all features of our
survival; these technologies are being progressively used in
pharmacological and medicinal applications, makeups and
individual products, energy storing and effectiveness, water
treatments and air purification, environmental remediation,
chemical as well as biological antennas, military defense and
explosives [1], and in numerous consumer products and

material. For instance, in the area of food, nanomaterials can
be used to provide new tastes and flavors; functional food;
hygienic food dispensation and packing; intelligent, frivolous,
and strong packing; extended shelf life; and concentrated
agrochemicals, colors, flavors, and preservers [2].
Nanotechnology is fundamentally operating a material
at the molecular and atomic levels to create a novel struc-
ture, practical system with more significant electronic, opti-
cal, magnetic, conductive, and mechanical behavior [3, 4].
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Nanotechnology is being travelled as hopeful machinery and
has confirmed extraordinary undertakings in numerous
fields together with wastewater desalination. Nanostructures
suggest unmatched occasions to make more operative
reagents as well as redox-active means for wastewater decon-
tamination due to their minor size, great surface area, and
ease of functionalization [5, 6]. Nanoparticles have been
originated to be operative in the removal of numerous con-
taminants from wastewater such as weighty metals, carbon-
based and inorganic diluters, dye as well as biological poi-
sons, and pathogens that cause diseases like cholera and
typhoid [7, 8].

Ecological contamination has extreme getting deleteri-
ous magnitudes in human life. Degradation of carbon-
based contaminants, which have a poisonous influence on
the health of manhood, has become an important title of
the study [9]. Universally, about 1.2 billion populaces have
no access to harmless drinking water, 2.6 billion people fight
to fulfill basic hygiene, and millions of persons, predomi-
nantly children, have missed their survival from sicknesses
interconnected via hazardous and contaminated water [10].

During the coloring and ultimate processes, fabric
munches substantial volumes of water [11]. Usually, it used
water dealing procedure of industrial wastes including
chemical sleet, lime clotting, ion altercation, reverse osmosis,
solvent withdrawal, and oxidation procedures [12-14].
Chemical corrosion management can be commonly effective
toward the obliteration of chromophoric constructions of
colorants. The kinds of oxidation procedures depend on
ozone, hydrogen peroxide, and improved oxidation proce-
dures with photocatalysis [15, 16]. Difficulties around using
ozone (O;) comprise its unpredictability and its dangerous
nature because of solid and nonselective oxidizing energy.
In the current study technique, water pigmentation was
detached, but habitually complete mineralization is not
accomplished; chlorination and ozonation cause decoloniza-
tion through chemical retorts [17-19]. The spin-offs of chlo-
rination are chlorinated carbon-based that may be more
poisonous than the colorant itself. Varied photocatalysis is
painstaking the most significant method in advanced oxida-
tion procedures, which can be effectively used to corrode
many carbon-based contaminants existing in aqueous
arrangements [20-22].

The important benefit of the photocatalytic procedure is
its inherent damaging nature; it does not include quantity
transmission, it can take place under a normal state of
affairs, and may transform the principal mineralization of
carbon-based carbon into carbon dioxide (CO,) [23-26].
Photocatalytic degradation includes the use of convinced
semiconductors as reagents for the preparation of anions.
The tenderness of silica dioxide (SiO,) as a reagent for the
photooxidation of carbon-based composites gains conven-
tional attention because SiO, is abundant, cheap, influential,
and environmentally friendly [27]. Sunlight power of a con-
vinced wavelength is completed to reduction onto a semi-
conductor. The power of the incident light is comparable
to the energy bandgap of the semiconductor; as electrons
enthusiastically move from the valence band to the semicon-
ductor's conduction band, holes move to the left [28, 29].
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The electrons and holes can undergo successive oxidation
and reduction responses to any classes that also impact the
adsorbed on the surface of the semiconductor to make a
contribution to the essential merchandise [30]. The electrons
and holes can encounter successive oxidation and reduction
reactions with any class. In brown algae, sodium alginate
(SA) is a polysaccharide derived from -D-mannuronic acid
as well as an acid that polymerizes through a 1,4-glycosidic
bond formed between the two acids. As a carrier for nano-
materials, it is a nontoxic, logically biodegradable green
material that is environmentally friendly. Occurrences of
sodium alginate (SA) as a biopolymer rise bond of nanopar-
ticles. A rationale for using sodium alginate as an important
carrier substantial for nanoparticles was based on the likeli-
hood of having accurate adsorption of carbon-based mole-
cules; the outcome depends on their electrical custody, as a
result of collaboration with the undesirable carboxylate col-
lections on alginate as a carrier substantial for nanoparti-
cles [31].

Numerous researches have been conducted to attain the
operation of observable light for TiO, material, like transi-
tional metallic ions (ZnO, SiO,) and nonmetal element dop-
ing such as carbon nanotube (C-N-T). Nonmetal element
doping conventions bandgap of titanium dioxide by provid-
ing a novel mixture energy band whose excite level is slightly
higher than that of the valence band of titanium dioxide
(TiO,) [32-35]. But these methods of preparation cannot
improve wastewater treatment unless the alteration of prop-
erty of SiO, nanoparticle. The objective of the current study
is the deal with the carbon-based contaminant by deposition
of sodium alginate droplets doped with SiO, and varying the
concentration of SA-doped SiO, nanoparticles (5, 10, 15,
and 20ml). The enactment of the synthesized polymeric
droplets in water treatment of carbon-based contaminant
using photocatalysis procedure was assessed.

2. Experimental Detail

2.1. Constituents and Chemicals. Sodium alginate (SA) was
used as a polymeric substrate because it was readily available
from laboratory supplies, Ethiopia. Methyl blue that serves
as a specimen of carbon-based substance was purchased
from Addis Ababa, Ethiopia. The supplementary chemicals
such as diluters and inorganic salts were of logical reagent
rating and lacked supplementary sanitization.

2.2. The Process of Preparing Droplets. It was necessary to
liquefy sodium alginate in order to use rousing double-
distilled water. In this study, silica nanoparticles (SiO,) were
isolated in water over a 2-hour period and spread out using
sonication; the spreading was varied depending on the poly-
mer elucidation. In a conical flask containing cross-linking
solution that controlled glutaraldehyde (99.8%) in an
80:20 mixture of acetones (99.9%) and water, the combina-
tion was decanted as a drop way to custom droplets after
stringing and allowing a doped polymer bath with nanoma-
terials. The obtained droplets were allowed to harden in this
solution for 48 hours before being washed so many times
with tap water until the pH value reached 7, at which point
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Ficure 1: XRD pattern of SA-doped SiO, nanomaterials at a different concentration as (a) 5ml, (b) 10ml, (c) 15ml, and (d) 20 ml,

respectively.
TaBLE 1: The crystalline parameters gained from XRD results.
Samples  The volume of SA concentration 2 theta (20) The volume of SA concentration ~ Theta (20) Crystal size D (nm)
1 5 19.94396 9.97198 3.55557 2.268595
2 10 21.67296 10.83648 0.0883 91.60278
3 15 23.83215 11.916075 16.85256 0.481781
4 20 43.98658 21.99329 5.27112 1.62542

it was pounded and stored in double-distilled water until the
next characterization.

2.3. Photocatalytic Experimentations. Consignment photo
reactor involves double covers which were through Pyrex.
An innermost tube has a radius of 2.50cm and 35cm
lengthy. An Ultra Violet-C spotlight with a 20 W tiny pres-
sure mercury type lamp was assembled in the middle of
the reactor. The outer tube was covered with protective black
foils, which collected all of the UV lamp radiations that
entered the object constituent of methyl blue liquid. Air
was completely eradicated from the mixture by using an
air drive, which created a good spreading and an incessant
motion of the used droplet all over the laboratory space.
The experimental procedure was started after 25 minutes
of interaction time in complete darkness, in the midst of
the ready methyl blue solution as well as the utilized droplets
that have been motioned into the ultraviolet reactor and
achieved a noble dispersal. Subsequently, the ultraviolet
lamp was opened to start the photocatalytic procedure.
The specimen of the verified solution was created by taking
a 10 millilitre volume syringe every 1h.

The concentration alteration of methyl blue (MB) was
dogged by the UV-Vis spectrophotometer. The following for-
mula was used to evaluate the degradation rate of MB solution:

Cco-C A0—-A
d= x 100% =
CO

x 100%, (1)

where d is the deprivation rate and C0, A0, C, and A are indi-
cating meditation and absorbance of the MB solution at the
absorption topmost and 464 nm in adsorption steadiness prior
to and following ultraviolet treatment, respectively [36].

2.4. Analysis of Polymeric Droplets

2.4.1. Enlargement, Transfiguration, and Gelation (%)
Calibration. The enlargement, transfiguration, and gelation
(%) for droplets were restrained as a suggestion of impenetrable
sodium alginate percentage in aquatic. Dry droplet well-known
weights were engrossed in water at 27°C till equilibrium had
been get hold. Droplets were detached and strategized by a per-
meable paper rapidly deliberated. The enlargement (%) was
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FIGURE 2: SEM micrograph of SA-doped SiO, nanomaterials at a different concentration as (a) 5ml, (b)10ml, (c)15ml, and (d) 20 ml,

respectively.
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F1GURE 3: Photoluminescence spectral analysis of SA-doped SiO, nanomaterials at a different concentration as (a) 5ml, (b) 10 ml, (c) 15ml,

and (d) 20 ml, respectively.
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TaBLE 2: The influence of SA concentration on parameters is discussed.

Sample Sodium alginate concentration (ml) Enlargement (%) Transfiguration (%) Gelation (%)
1 5ml 58.8 93.3 88.7
2 10 ml 67.1 95.1 90.9
3 15ml 75.6 92.9 91.5
4 20 ml 82.7 96.5 93.9

measured as follows: centrations. By increasing SiO, concentration, there was an

agglomeration of nanomaterial on the superficial. Images

(W et = Wdry) of droplets in Figures 2(a) to 2(d) divulge the SA doped with

Enlargement(%) = . x 100, () a mixture of SiO,; there is uneven arrival caused by the exis-

ry

where Wy, and W, indicate the weights of the dry and wet
droplets, correspondingly.

The percentages of transfiguration and gelation of the
synthesized droplets were deliberated as follows:

w
Transfiguration(%) = v\;l(l)y x 100, (3)

w
Gelation(%) = % x 100. (4)

3. Results and Discussion

3.1. Structural Characterization. The rock crystal configura-
tions of the organized droplets were characterized by X-ray dif-
fractometry (X’Pert PRO, PANalytical) using copper potassium
alpha («) particle emission in the angular district of 20 = 19° to
43°. The apparatus was activated at 40 kilovolt, and the spectra
were noted down at a skimming speed of 8°/minute.

As piloted in Figure 1, XRD pattern reveals that the depos-
ited beads were crystalline with hkl indexes crystal plane of
(111), (110), and (100), and the shape of the prepared mate-
rials was regular spherical. As the concentration of SA
increased, the peaks were increased. This result is in agreement
with the reported works [37].

By using the Scherer formula, the average crystal size D
=23.99nm is calculated.

The crystalline parameters gained from XRD results are
discussed in Table 1.

3.2.  Morphological Characterization. The microscopic
micrograph of the arranged and the doped sodium alginate
droplets with silicate (SiO,) nanoparticles was conducted
using a scanning electron microscopy (SEM) FEI, Quanta
250 FEG type.

All sodium alginate droplet pictures with a scanning
electron microscope (SEM) showed a comparatively regular
spherical form. The external surface was rather uneven and
grooved with many crinkles and wrinkles, which increased
contact surface area between carbon-based dyes and the
composite droplets and afford more vigorous places, thus
refining their adsorption enactments, as shown in Figure 2,
and this result was in agreement with previous work of
[38-40]. Doping SA with SiO, (Figures 2(b) and 2(d)) reveal
the dispersion of SiO, nanomaterial from low to high con-

tence of nanomaterial, which establishes themselves as com-
binations throughout the SA environment [41].

3.3. Photoluminescence (PL) Spectral Analysis. Photolumi-
nescence spectroscopy (PL) is a noncontact, nondestructive
technique to investigate the optical properties of the pre-
pared materials. Strength and specter at the ease of produc-
ing photoluminescence is a straight calibration of significant
material behaviors, including bandgap determination, impu-
rity stages, and defect discovery; that is, the photolumines-
cence spectroscopy at low specimen temperature habitually
tells ghostlike peaks related with contaminations involved
within the multitude material [42-45]. An extraordinary
sensitivity of these methods is possible to classify enor-
mously little meditations of premeditated and unintentional
doping which can powerfully upset material quality and
instrumental enactment.

To explain the optical behaviors of the prepared SA-doped
SiO, nanomaterials, photoluminescence is also applied. In the
wavelength range from 350 nm to 550 nm at low concentra-
tion, shown in Figure 3, the photoluminescence (PL) spectra
of the synthesized were testified. The maximum PL hardness
is mostly due to self-trapped exciton recombination, prepared
from particle size, which what we call defect centres. The PL
intensity decreases instantaneously with the ageing time for
all higher concentrations [46-48]. In comparison, the photo-
luminescence intensity for wavelengths of higher wavelength
for 60 min and 50 min is smaller than 40 min for wavelength.

Figure 3 shows the optical properties of the prepared
material with the application in organic wastewater
treatment.

The influence of SA concentration in the preparation of
beads is calculated and explained in Table 2. As the concen-
tration of SA increases, the enlargement (%) increases, and
gelation (%) increases while transfiguration increases for
samples 1 and 2. The decreases at sample 3 then increase
at sample 4 [49, 50].

4. Conclusion

A novel SA nanocomposite with high enlargement volume
and relatively high adsorption efficiency for methyl blue
(MB) dyes was prepared. Methyl blue solution was success-
fully decolorized by photocatalytic reaction under feeble illu-
mination conditions. In the current work, the concerning
issue is the sunlight catalytic degradation procedure to



eradicate the carbon-based (organic) contaminants. The pre-
pared SiO, nanomaterials were accomplished to spread
wavelength variety to the visible wavelength constituency.
Methyl blue (MB) was taken as a specimen of carbon-
based contaminants in the photocatalytic procedure using
the lot photo reactor. The sunlight catalytic procedure was
implemented from UV-Vis or photo light droplets. The
analysis of synthesized droplets was tested using XRD, scan-
ning electron microscopy (SEM), and photoluminescence
(PL) characterization devices. Correspondingly, the influ-
ences of different concentrations of SiO, nanosolution
(5ml, 10ml, 15ml, and 20 ml) on the photocatalytic effec-
tiveness of the deposited nanoparticles were studied. The
output result revealed that sodium alginate beads doped with
SiO, at 20 ml were able to reduce (degrade) 98.9% under-
neath UV-visible light, although in the case of using other
concentrations, SiO, at 5, 10, and 15 ml were able to degrade
50%, 56.7%, and 67.9% under sunlight, respectively, after
2h. Therefore, the nanocomposite is promising for the deg-
radation of carbon-based contaminants.
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Human health is threatened worldwide by microbial infections. Antibiotic overuse and misuse have resulted in
antimicrobial-resistant bacteria. To battle such resistant microbes, we are looking for safe and alternative antimicrobial
treatments, and the advent of nanotechnology holds promise in this regard. Metal oxide nanoparticles have emerged as a
promising alternative source for combating bacteria resistant to various antibiotics over the last two decades. Due to their
diverse physicochemical characteristics, metal oxide nanoparticles can operate as antibacterial agents through various methods.
In the present research, six types of metal oxide NPs were synthesized and characterized (XRD, FTIR, SEM with EDAX, and
TEM) from different plants such as Hydrangea paniculata (for NiO NP synthesis), Plectranthus amboinicus (for ZnO-NP
synthesis), and Andrographis paniculata (V,05 NPs). On the other hand, drug-resistant pathogens were isolated from clinical
samples, those who suffered from foodborne illness. V,05 NPs produced from Andrographis paniculata plant extract have much
higher bactericidal efficacy than other metal oxide NPs against all three bacterial strains. Sensitive bacteria included S. aureus
and E. coli, followed by K. pneumoniae. As a result, structural characterization was used to further screen V,05 NPs. The
orthorhombic structure of the crystallites was confirmed by XRD, with an average crystallite size of 20 nm. The absorbance
spectrum and functional groups were identified using UV-visible spectral analysis and FTIR. SEM and EDX identified
spherical-shaped NPs, and particle size (58 nm) was confirmed by transmission electron microscopy (TEM). As a result, we
hypothesized that bioinspired V,0s-NPs could be employed as a possible antibacterial agent against drug-resistant
pathogenic bacteria to replace currently existing inefficient antibacterial drugs.
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1. Introduction

Foodborne infectious diseases caused by microbial patho-
gens are considered as a serious issue in developed as well
as developing countries [1]. Diseases like hepatitis, typhoid,
and cholera are often caused owing to the contamination
in food materials by microbes such as E.coli, Salmonella,
and Shigella and are easily transmitted through the unhy-
gienic handling of food, contaminated water, and contact
with animals [2]. Several researchers reported the emerging
of pathogens resistant to currently available antimicrobial
agents as a serious effect on human health [3]. Antibiotic
resistance has reached epidemic proportions in the previous
decade, according to the World Health Organization, posing
a severe threat to world health [4]. Each year, antibiotic-
resistant bacteria kill about 700,000 people worldwide [5].
Researchers from the public, private, academic, and food
industries are all working hard to combat the growing
epidemic of drug-resistant diseases [6]. As a result, progress
is contingent on well-coordinated activities across sectors to
address cross-cutting concerns in animal and human health,
agriculture, food, and the environment [5]. The drug-
resistant pathogens are developed by the changes in gene
expression by environmental stress and overuse or misuse
of antibiotics [7, 8]. In this scenario, potential antibacterial
agents are highly required to treat infections caused by
drug-resistant pathogens. Other than the medical field, anti-
bacterial agents are crucially playing a role in the textile
industry, paint industries, water purification system, food
packaging, and preservation field [9].

Nanotechnology is booming as a fascinating branch of
science and produces nanoscale (1-100nm) materials for
broad applications [10]. In science and technology, metal
oxide NPs play a crucial role in many applications. In med-
ical applications, the usage of nanomaterials and metal oxide
NPs is rapidly mounting in cancer treatment, antimicrobial
therapeutic agent, biosensing, chemotherapy, and imaging
purposes due to its specific applications like surface to vol-
ume, size, and morphological features [11-13]. Various
physical and chemical methods are adopted for the synthesis
of metal oxide NPs [14]. Physical methods require more
energy, and chemical approaches utilize a range of chemicals
as a precursor and reducing agents that produce toxic by-
products during the synthesis of nanoparticles, and yield
percentage is also low [15, 16]. To overcome the limitations
of conventional methods, green synthetic technologies are
gaining a lot of traction in current materials science develop-
ment and study. Green nanoparticle synthesis, as created by
regulation, clean-up, and control and remediation methods,
will primarily improve their eco-friendliness. As a result,
several components such as pollution reduction, nontoxic
solvent use, waste prevention, and renewable feedstock can
be used to characterize certain basic principles of biosynthe-
sis [17]. Biosynthesis is required to avoid the development of
toxic by-products in a sustainable and environmentally
responsible manner. Several biological entities, such as plant
extracts, bacteria, and algae, have been accommodated by
biosynthesis of metal and metal oxide nanoparticles. Using
the plant is a quick, easy, and simple way to synthesis metal
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and metal oxide nanoparticles among the available green
ways to nanoparticle creation [18].

The diverse group of researchers reported the activity of
green synthesized metal oxide NPs against drug-resistant
pathogens. The metal oxide NPs developed by green route
which include ZnO [19], CuO [20], NiO [21], MoO, [22],
and V,0; [23] showed efficient bactericidal activity against
an extensive range of drug-resistant bacteria such as E. coli,
S. aureus, K. pneumoniae, B. cereus, L. monocytogenes, and
S. typhi. Gram-positive and Gram-negative bacteria, as well
as spores resistant to high temperature and high pressure,
were all killed by ZnO nanoparticles [24]. CuO nanoparti-
cles demonstrated substantial antibacterial activity against
a variety of bacterial strains (E. coli, P. aeruginosa, K. pneu-
moniae, Enterococcus faecalis, Shigella flexneri, S. typhimur-
ium, Proteus vulgaris, and S. aureus) [25]. E. coli and E.
faecalis were the pathogens with the highest sensitivity to
CuO nanoparticles. The most vulnerable strains to NiO
nanoparticles were Bacillus licheniformis and Bacillus subti-
lis, while Klebsiella pneumoniae was the least susceptible
strain in the zone of inhibition [26]. V,0. nanoparticles
had good antibacterial efficacy against pathogens including
Escherichia coli and Staphylococcus aureus [27]. An outstand-
ing antimicrobial activity against Staphylococcus aureus,
Escherichia coli, Aspergillus flavus, and Candida albicans was
shown by MoOj, nanoparticles [28].

Moreover, Hajipour et al. [29] reported the reusability of
metal oxide NPs as an antibacterial agent. The present eval-
uation is aimed at exposing the antibacterial potency multi-
type metal oxide NPs synthesized by plant extracts against
drug-resistant pathogens. In this present study, the metal
oxide NPs with higher potency have been selected for further
characterization studies.

2. Materials and Methods

2.1. Isolation and Identification of ESBL Bacterial Strains.
The drug-resistant pathogens were isolated from clinical
samples (stool) collected from patients infected with food-
borne illness. The ESBL strains were screened based on
the antibiotic sensitivity test and double-disk potentiation
procedures suggested by the National Committee for
Clinical Laboratory Standards (NCCLS) using two types
of drugs, ceftazidime (30ug) and ceftazidime-+clavulanic
acid (30 4g/10 pg). The isolated drug-resistant strains were
cultured in nutrient agar medium composed of peptone
(10g), beef extract (1g), sodium chloride (5g), agar (10g),
and double-distilled (DD) water (1000 mL).

2.2. Phytosynthesis of Metal Oxide Nanoparticles

2.2.1. Preparation of Plant Extracts. The metal oxide NPs
were synthesized using aqueous extracts obtained from three
types of plants such as Hydrangea paniculata (for NiO NP
synthesis), Plectranthus amboinicus (for ZnO-NP synthesis),
and Andrographis paniculata collected from local areas of
Tiruchirappalli District, Tamil Nadu. For the preparation
of CuO, V,0;, and MoO, NPs, leaves of A. paniculata were
cleaned thoroughly by distilled water and dried at 303 K.
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TaBLE 1: Bactericidal activity of metal oxide NPs against S. aureus.

Nanoparticles Zone formation (mm) at different concentrations

p Control (d.H,0) 25mg/50 uL 25mg/100 uL 50 mg/50 uL
MoO, — — — —
CuO — — — 18 £ 1.41
NiO — 7+£2.8 9+1.09 18+2.1
ZnO — — — —
V,0, — 11+14 16+0.7 17 +0.4

Dried leaves were weighed (5 g), immersed in 100 mL of DD
water, and boiled at 353K for 1h to obtain the extract. The
extract was filtered twice to eliminate the residual solids.
The green-colored boiled extract (reducing agent) was used
for the synthesis of NPs.

2.2.2. Synthesis of NiO NPs. The nickel nitrate (1 mM) and
Hydrangea paniculata flower extracts were used (1:1 v/v)
and kept under the dark condition for 12 to 24 hrs of the
incubation period. The resulting precipitate was centrifuged
for 30 minutes at 6500 rpm, washed with double-distilled
water to eliminate contaminants, and dried at 60°C for
6 hours. The powder that resulted was employed in sub-
sequent research.

2.2.3. Synthesis of ZnO-NPs. In this protocol, 2 mL of Plec-
tranthus amboinicus plant extract was added dropwise to
100mL of zinc oxide (0.1%) solution (thoroughly mixed
for 10 mins by magnetic stirrer). The ZnO-NPs were formed
as white crystalline, which was washed several times with
water, filtered, and dried at 333 K.

2.2.4. Synthesis of CuO, V,0, and MoO; NPs. To synthesize,
these metal oxide NPs, stoichiometric amounts of Cu
(CH,;CO00),-H,0 and ammonium metavanadate, and chlor-
oethoxide (MoCls) were mixed with 30 mL DD water and
mixed with 20mL of A. paniculata plant extract without
foam. Unreacted compounds were removed using DD water.
The end products were dried at 453 K for 20 mins and calci-
nated at 673 K for 2 hrs. The obtained powders were used for
the evaluation of bactericidal activity.

2.3. Assay of Bactericidal Activity of Green Synthesized Metal
NPs. Metal oxide NPs were screened for their antibacterial
activity against three drug-resistant foodborne pathogens
E.coli, Staphylococcus aureus, and Klebsiella pneumoniae by
well diffusion method. The pH of Muller Hinton agar media
was adjusted to 7.3+ 0.2 at 25°C. Using gel puncture, form
6 mm diameter of well on the media. Using a sterile cotton
swab, the bacterial cultures were spread all over the media
separately. The concentration ranges from 25mg/50 uL,
25mg/100 uL, to 50 mg/50 uL. of water as control, liquid
culture filtrate, and CuO, NiO, ZnO, MoO;, and V,0, were
loaded into the well using a micropipette and then incubated
at 35°C for 18hrs, and inhibition zones were measured for
different concentrations.

2.4. Structural Characterization of V,0, Nanoparticles. The
crystalline nature, functional groups, and morphological

with elemental composition features were analyzed by
XRD, FTIR, SEM with EDAX, and TEM analysis.

3. Results and Discussion

For the assessment of the antibacterial efficacy of metal
oxide NPs, p-lactamase-producing strains were isolated
from the stool samples of diverse age groups of patients.
876 [-lactamase-producing bacterial strains were isolated
for a period of 3 months from March 2019 to May 2019
[30]. The ESBL-producing E.coli, Klebsiella pneumoniae,
and Staphylococcus aureus (MRSA) were screened and iso-
lated based on the production of f-lactamases and picked
for biocidal analysis. The inhibition zone of combination
disk of ceftazidime+clavulanic acid was >5mm, when com-
pared to ceftazidime disk alone, which confirmed the ESBL
production [30].

3.1. Bactericidal Properties of Metal Oxide Nanoparticles.
The bactericidal activity of green synthesized metal oxide
NPs such as NiO, ZnO, CuO, MoO;, and V,0, was tested
by the well diffusion method against three drug-resistant
strains (Escherichia coli, Staphylococcus aureus, and Klebsi-
ella pneumoniae) (Tables 1, 2, and 3; Figures 1-3). Among
the NPs, V,0,-NP showed effective resistance against all
three strains. NiO NP (50 mg/50 uL) was found to be the
most effective and exhibited maximum zone of inhibition
against S. aureus. Seven and 9 mm sized inhibitory zones at
25mg/50 uL and 25mg/100 L of concentration against S.
aureus. But, no zone was found against the other two strains.
Srihasam et al. [31] have described the antibacterial effi-
ciency of NiO NPs synthesized using Stevia leaf extract as
reducing agent and resulted inhibition zone against E. coli
(16 mm), B. subtilis (15mm), and S. pneumoniae (14 mm).
Likewise, Abbasi et al. [32] also have reported the bacteri-
cidal potential of Geranium wallichianum plant-mediated
NiO NPs against E. coli and S. aureus. Maximum inhibition
zone was observed in the Gram-negative strains due to the
easy penetration of NiO NPs to the cell membrane with
the lack of (lipopolysaccharide) peptidoglycan layer [33].
There was no inhibition zone observed in the plates intro-
duced with MoO,-NP P.

CuO-NP explored its bactericidal action in contradiction
of E. coli and S. aureus with 18 mm diameter sized inhibitory
zone at the concentration 50 mg/50 uL. No zone was
observed against K. pneumoniae which indicates its resistant
activity against CuO NPs. Ahamed et al. [25] have reported
the antibacterial activity of CuO NPs against various
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TaBLE 2: Bactericidal activity of metal oxide NPs against E.coli.

Zone formation (mm) at different concentrations

Nanoparticles Control 25mg/100 uL 50 mg/50 uL
MoO, — — —
CuO — — 18+2.12
NiO — — —
ZnO — — —
V,0; — 12+ 1.06 14+1.7
TaBLE 3: Bactericidal activity of metal oxide NPs against K. pneumoniae.

Nanoparticles Zone formation (mm) at different concentrations

Control 25mg/100 uL 50 mg/50 uL
MoO, — — —
CuO — — —
NiO — — —
ZnO — — —
V,0; — 13+1.7 14+1.76

FIGURE 1: Bactericidal activity of CuO-NPs: (a) E. coli; (b) S. aureus; (c) K. pneumoniae.
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FIGURE 2: Bactericidal activity of V,05-NPs: (a) K. pneumoniae; (b) E. coli; (c) S. aureus.

bacterial strains and exhibited the highest inhibitory zone
against E. coli and E. faecalis. Similarly, Sivaraj et al. [34] also
proved the bactericidal efficiency of CuO NPs synthesized
using the leaf extract of Tabernaemontana divaricate, and
it produced 17 mm sized inhibitory zone against E. coli at
25 ug/mL of concentration.

Vanadium pentoxide NPs inhibit the growth of all the
strains which indicates the broad-spectrum toxic effect on
the susceptible bacterial strains. It causes lethal effect
observed with 11, 16, and 17mm sized zone formation
against S. aureus, and 12, 13, and 14 mm were found at the
concentration 25mg/50 uL, 25mg/50 uL, and 50 mg/50 uL,
respectively, against K. pneumoniae. For E. coli, inhibitory
effect was observed as 8mm at 25mg/50 yL, 12mm at
25mg/50 yL, and 14 mm at 25 mg/50 yL. Kannan et al. [35]
have demonstrated the antibacterial potency of V,O. NPs

against P. aeruginosa. The inhibitory effect occurred through
the attachment of a negatively charged cell membrane with
positively charged V°* that assisted in the penetration of
NPs into the bacterial cell which causes DNA damage and
lysis of the bacteria. Aliyu et al. [36] stated that green synthe-
sized vanadium oxide NPs prepared using Moringa oleifera
leaf extract inhibit the growth of bacteria. Kannan et al.
[35] also utilized Andrographis paniculata (leaf extract) as
a chelating agent for the synthesis of V,0; NPs through
microwave-assisted method. These potential metal oxide
NPs can be promising antibacterial agents to treat illness
caused by drug-resistant foodborne pathogens.

3.2. Structural Characterization of V,0s Nanoparticles.
Among all the synthesized NPs, V,0.-NPs broadly showed
bactericidal activity against all the selected pathogens. Thus,



FIGURE 3: Bactericidal activity of NiO NPs against S. aureus.

further characterization studies were carried out for V,0.-
NPs. The crystalline nature, functional groups, and morpho-
logical with elemental composition features were analyzed
by XRD, FTIR, SEM with EDAX, and TEM analysis.

3.2.1. XRD Analysis of V,05-NPs. XRD pattern of V,0.-NPs
synthesized using extract of Andrographis paniculata as
reducing and stabilizing agent is shown in Figure 4. The
spectra showed sharp peaks in the 20 angle region, indexed
t0(202),(011),(103),(202),(410),(205), (404),
(406), (125),and (2 02) Miller index planes matched with
JCPDS card no. 85-2422. The crystalline NPs exhibit ortho-
rhombic structure, and the average crystallite structure was
determined by Debye-Scherrer’s equation, D = KA/f3 cos 6,
where “D” referred to mean crystallite size, “K” is shape con-
stant, angular FWHM (Full Width at Half Maximum) is
denoted as “B,” and “0” is the diffraction angle. The average
crystallite size of V,0; NPs was originated to be 20 nm. The
lattice parameters a, b, and ¢ were calculated by applying the
specific formula for orthorhombic structure and the value
for lattice constant a=9.946, b=3.585, and c=10.042A.
Similarly, Raj et al. [37] also stated the orthorhombic struc-
ture of V,05 NPs synthesized by the chemical cum sonica-
tion method. The occurrence of sharp peaks in the XRD
pattern indicated the excellent crystalline nature of the
nanoparticle [38]. Alghool et al [39] have recorded the
orthorhombic structure of V,05 NPs.

3.2.2. UV-Visible Spectral Analysis of V,05-NPs. The absor-
bance spectrum of V,0,-NPs was observed between the
wavelength 200 and 400nm, and the result is shown in
Figure 5. The colour changes from pale yellow to dark were
owing to the phenomenon of Surface Plasmon Resonance
(SPR), and the change in colour primarily confirmed the
reduction of bulk materials to NPs by the plant extract
[36]. Alghool et al. [39] reported the absorbance peaks at
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FIGURE 6: FTIR spectrum of V,05 NPs.

234, 265, and 317nm after band fitting by Gaussian func-
tions using Origin 9.3 version software. Alghool et al. [39]
have reported the existence of absorbance peak at 470 nm
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FIGURE 7: SEM (a) with EDX spectrum (b) and TEM (c) analysis of V,05-NPs.

assigned to the transition (n — 7 %) of the V=0 group to
V,O, NPs.

3.2.3. FTIR Spectrum of V,0,-NPs. The FTIR spectrum of
V,04-NP is pictured in Figure 6. The functional groups
found in the V,0O.-NP were identified by FTIR spectrum
in the wavelength ranges from 4000 to 400 cm ™. The absorp-
tion peaks 3527 cm™' given to the hydroxyl group indicates
presence of water molecules; 2919, 1578, and 1243 cm™ band
attributed to stretching of the CH, group, nitrogen contain-
ing group, and C-O stretched carboxylic acid which might
be obtained from the plant extracts and acts as a reducing
and capping agent of NP synthesis [36]. The band observed
at 1096cm™' corresponds to other functional groups. The
vanadium group presence was identified by the peaks
observed in the ranges from 400 to 750 cm™ [40]. This
report assisted to confirm the presence of V,05 NPs due to
the presence of peaks at 698 and 478 cm ™. The present result

agreed with the outcome of Kannan et al. [35]. The authors
synthesized V,0, NPs via ultrasound-assisted method and
reported that the functional group V-O-V vibrational
stretching bond at 478cm™ indicated the formation of
V,0,-NPs.

3.2.4. SEM and EDX Spectrum Analysis of V,0,-NPs. SEM
analysis proved the morphological features of vanadium
oxide NPs, and the micrograph is shown in Figure 7(a).
The results exposed the cluster of spherical-shaped NPs. A
similar finding was stated for V,05 NPs developed by
M. oleifera leaf extract by Aliyu et al. [36]. The morphol-
ogy of the NPs mostly depends on the fabricating process.
Farahmandjou and Abaeiyan [41] also studied the surface
morphology of V,0; NPs. Alghool et al. [39] have reported
the agglomerated spherical shape of V,0, NPs in their
SEM analysis. The EDX spectrum of V,05-NPs is given in
Figure 7(b). The elemental analysis carried out by energy



dispersive X-ray spectroscopy examination confirmed the
purity of green synthesized vanadium oxide NPs. The
elemental composition of V,0; NPs was found to be V
(32.34%) and O (67.66%). The intense peaks for the
vanadium compound were observed nearer to 0.15keV and
49keV.

3.2.5. TEM Analysis of V,05-NPs. TEM micrograph of pre-
pared V,0O, NPs is presented in Figure 7(c). The images
showed the aggregated spherical particles of V,05 [35].
The average particle size of V,0, NPs was determined by
Image] software, and the size was found to be 58 nm. The
particle size might depend on the reaction period taken for
bioreduction bulk vanadium to nanoscale V,04 [39]. The
TEM analysis revealed the patterns and distribution of crys-
talline particles [41].

4. Conclusion

Foodborne pathogens are responsible for a wide range of
diseases that have serious consequences for human health
and the economy. Metal oxide NPs (NiO, CuO, ZnO,
MoO;, and V,0:) were produced employing extracts from
Hydrangea paniculata, Plectranthus amboinicus, and Andro-
graphis paniculata as reducing agents in the current study.
The crystalline and morphological characteristics of V,0;-
NPs were demonstrated through characterization studies.
Our study proved that the E. coli, S. aureus, and K. pneumo-
niae were more sensitive to V,05-NPs. As a result, we con-
cluded that the biosynthesized metal oxide NPs (NiO,
CuO, ZnO, Mo03, and V,0.) were a promising antibacte-
rial material against drug-resistant pathogenic bacteria, as a
replacement for currently existing inefficient antibacterial
drugs.
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In this study, catalytic and noncatalytic pyrolysis of Prosopis juliflora biomass was carried out in a fluidized bed reactor. This study
highlights the potential use of forestry residues with waste eggshells under a nitrogen environment. The experiments were
conducted to increase the yield of bio-oil by changing the parameters such as pyrolysis temperature, particle size, and catalyst
ratio. Under noncatalytic pyrolysis, a maximum bio-oil yield of 40.9 wt% was obtained when the feedstock was pyrolysed at
500°C. During catalytic pyrolysis, the yield of bio-oil was increased by up to 16.95% compared to the noncatalytic process due
to the influence of Ca-rich wastes on devolatilization behavior. In particular, the existence of alkali and alkaline-earth metals
present in eggshells might have positive effects on the decomposition of biomass material. The bio-oil obtained through
catalytic pyrolysis under maximum yield conditions was analyzed for its physical and chemical characterization by Fourier

transform infrared (FT-IR) spectroscopy and gas chromatography mass spectroscopy (GC-MS).

1. Introduction

Due to an increased population and industrialization, the
energy consumption of developed and developing countries
has increased at a quicker rate in recent years [1]. The
world’s total power demand reached around 1640 billion
units in 2020, and it is predicted to double in the year
2050. India’s annual biomass availability is projected to be
around 500 million tonnes, with 120-150 million tonnes

available for power production [2]. Direct combustion of
any lignocellulosic biomass material has advantages since
its heating value has been identified for a long time, but it
is no longer recommended due to the presence of moisture
in the samples, which makes it difficult during burning.
Among this variety of techniques, pyrolysis is a simple,
low-cost, and pollution-free method of extracting biofuel,
especially bio-oil. Pyrolysis is the thermal degradation pro-
cess of any organic materials to produce energy rich biofuel
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in the absence of air [3]. Pyrolysis oil is the key element of
pyrolysis which has properties nearer to diesel [4]. Investiga-
tions carried out on pyrolysis oil obtained from different
types of materials such as biomass wastes, tyres, and rubber
pyrolysis reported that the chemical composition and other
properties were similar to diesel fuel. Hence, pyrolysis oil is
considered as a potential alternate to diesel used for heating
applications [5].

Pyrolysis oil is generally obtained from different raw
materials such as plastics, rubber, and coal. Among these,
biomass derived bio-oils are considered a good choice as
they are renewable, nontoxic, biodegradable, and easily
available. According to Bildirici [6], energy extracted from
biomass contributes more to the development of the country
than any other source of energy. It also contributes to pov-
erty reduction. In addition to that, biomass is carbon-
neutral and offers many environmental benefits [7]. Among
slow pyrolysis, flash pyrolysis is the advanced method to
produce maximum bio-oil yield [8]. However, some unsuit-
able characteristics such as poor volatility, acidity, and lower
heating value significantly limit its application to use as a
fuel [9]. Bio-oil is generally a combination of diverse classes
of oxygenated components that cause its unfavourable prop-
erties. So the removal of oxygen is thus required and essen-
tial to transform bio-oil into a liquid fuel [10]. In recent
years, many studies have concentrated on various pyrolysis
techniques, such as microwave, solar, and stepwise pyrolysis
[11-13]. Catalytic pyrolysis is the advanced technology that
can convert low-quality pyrolysis vapours into high-quality
bio-oils. This has the apparent advantages of a streamlined
process and avoidance of condensation and reevaporation
of obtained bio-oil [14]. The catalyst is intended to promote
heavy molecular cracking processes, to yield maximum bio-
oil [15]. In situ and ex situ are the two types of catalytic
pyrolysis processes. This process has been extensively stud-
ied by various researchers in order to get higher bio-oil with
decreased oxygenating elements [16]. During the in situ cat-
alytic process, both feed materials and catalysts are mixed
together while solid and vapour phases are upgraded in a
reactor. On the other hand, ex situ requires the addition of
feedstocks and catalysts separately, to improve the product
yields [17]. The quantity and quality of the biofuel are gen-
erally affected by various parameters such as biomass type,
catalyst type, operating temperature, amount of catalyst,
reaction type, and size of the particles [18-20]. Previously,
many researchers have performed pyrolysis processes by uti-
lizing acidic zeolite, alumina, metals, bentonite clay, and red
mud [21]. The catalyst used for pyrolysis significantly
improves the production rate and number of aromatic
hydrocarbons. The olive mill solid wastes were previously
pyrolyzed by Christoforou et al. [22] with MgO catalyst.
The catalytic process improved the production of bio-oil
from 43.96 to 47.03 wt% compared to the noncatalytic pro-
cess. Stefanidis et al. [23] investigated the outcome of
ZSM-5 combined with biomass and showed improved bio-
oil quality because of increased surface area of the catalyst.
Hernando et al. [24] investigated pyrolysis reaction with h-
ZSM-5 with MgO and ZnO as catalysts and found increased
bio-oil production. The addition of catalyst in this study

Journal of Nanomaterials

showed a higher degree of deoxygenation with reduced char
products.

The use of eco-friendly, inexpensive catalysts for the pro-
duction of biofuel has been under attention in recent years.
Eggshells have no commercial value and are discarded as
solid waste. In 2018, global egg production reached 76.7 mil-
lion metric tonnes [25]. China, US, Indonesia, India, and
Mexico are the top five egg-producing countries, accounting
for over 63% of world total egg production. In India, eggshell
waste produced from poultry firm is huge. India has the 2nd
largest poultry market in the world with annual growth of
14%. The majority of it is dumped in landfills without being
pretreated. They are porous and contain a significant
amount of calcium carbonate [26]. The eggshells are more
efficient catalysts due to their higher reaction rates. Accord-
ing to Kim et al. [27], eggshell catalyst utilized for pyrolysis
process accelerated various reaction processes such as
cracking, deoxygenation, decarboxylation, and alkylation.
Valizadeh et al. [28] utilized eggshells for catalytic pyrolysis
of food wastes to produce clean and high quality gaseous
products. This research suggests that a CO2-assisted pro-
cess over a Ni-eggshell catalyst might be an environmen-
tally beneficial and long-term solution for food waste
disposal. Another study conducted by Rohim et al. [29]
showed higher bio-oil production through palm kernel
pyrolysis with eggshell. The study showed maximum bio-
oil production of 45.67 wt% compared to the noncatalytic
process (19.69 wt%).

India is one of the world’s top 10 forest-rich countries.
Forestry is a significant rural sector and an important envi-
ronmental resource in India, despite the fact that natural for-
ests cover 21.34% of the country’s total land area [30].
Prosopis juliflora is a spiny plant found in semiarid India.
The plant produces about 2.5 tonnes of hard wood per hect-
are, and around 70% of the wood has hemicellulose [31]. In
India, the occupancy of the tree is more in southern zone
compared to other part of the country. It covers 79.4%
invaded in this zone than western zone (46%). The higher
hemicellulose fractions in the wood give a positive approach
to produce maximum bio-oils. This plant is a nonfood plant,
and it does not pose a risk to food security. Furthermore, the
plant is suspected of depleting ground aquifers in its growing
area, and the government of Tamil Nadu, India, decided to
eradicate the plant completely in a particular region of the
state. Chandran et al. [32] utilized the hard wood of the tree
for high grade biofuel production. The pyrolysis oil pro-
duced in this study was characterized by various physical
and chemical analysis and showed 6% water. The chemical
analysis showed the presence of more than 20 organic ele-
ments in the bio-oil. Microwave pyrolysis of Prosopis juli-
flora for fuel intermediates was carried out by Suriapparao
et al. [33]. The study used five different types of susceptors
for the maximum bio-oil production. The study yielded
40 wt% of bio-oil by using fly ash as a susceptor. The pro-
duced bio-oil showed a maximum energy value of 26 MJ/
kg with a majority of phenolic and aromatic hydrocarbons.

The current study examines the process and quality of
the bio-oil acquired from Prosopis juliflora through the flash
pyrolysis method. There was no study reported on the use of
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waste eggshell as a catalyst along with the selected wood bio-
mass for the pyrolysis process. The experiments were carried
out through noncatalytic and catalytic environments with
the addition of eggshell as a catalyst. The experiments were
aimed at producing maximum bio-oil from biomass material
combined with powdered eggshell as a catalyst by changing
reaction temperature, particle size, and biomass to catalyst
ratio. In addition to that, the produced bio-oil was character-
ized by various spectrochemical analysis in order to find its
physical and chemical stability.

2. Materials and Methods

2.1. Material Preparation. Wood samples were collected
from a village near Coimbatore, India. Initially, the wood
pieces had a moisture content of up to 30%. A chopping
machine was utilized to cut the wood into small pieces. After
that, the wood pieces were ball milled to get four different
particle sizes. The sieved feedstocks were dried in sunlight
for 15 days. Furthermore, the materials were dried in a fur-
nace for 2 hours at +90°C in a controlled environment.
The proximate and component analysis of the samples were
found according to ASTM standards and are listed in
Table 1. The material is having higher volatile mater and
lower ash content. The higher amount of volatiles in the bio-
mass is favour for the release for more condensable volatiles.
During pyrolysis, the higher ash content in the biomass
invariably reduces the production as well as the quality of
the biofuel. The fixed carbon of the material was computed
using the difference. Eggshells used for the catalytic process
were collected from a local restaurant. The collected shells
were cleaned well with fresh water to remove the dust parti-
cles and then dried in a furnace maintained at 100°C. The
dried shells were ground to a homogenised size. In a tube
furnace, raw eggshells were calcined for 1 hour under a
nitrogen atmosphere at 800°C.

2.2. Material Characterization. The analysis of the biomass
material and produced pyrolysis oil was done by using an
Elementar Vario EL IIT CHNS analyzer (N2410650, Perkin
Elmer Ltd., US). The physical analysis was done with a red-
wood - viscometer (Swastik Scientific Instruments, MH,
India), a Penske Martin closed cup apparatus (Ducom
Instruments, India), and a Parr-6772 bomb calorimetric.
The FT-IR spectra of the oil sample were recorded with
the help of BRUKER Optik GmbH TENSOR-27 (Bruker
Corporation)  FT-IR  spectroscopy. The spectra were
recorded in the range of 400-4000 cm™. For this analysis,
1 mg of the samples was mixed with 250 mg of KBr powder
to form a pellet. The various chemical elements of bio-oil
were analyzed and detected using Thermo GC-TRACE
Ultra-5.0, THERMO MS DSQ-II.

2.3. Reactor Setup. A fluidized bed reactor used for this study
has diameter of 150mm and a height of 30 cm, which is
operated by keeping the temperature between 350°C and
550°C. The reactor was designed to withstand temperatures
of up to 900°C. Generally fluidized bed reactors are well suit-
able one for pyrolysis process than other type of reactors.

They offer higher efficiency in heat transfer. They are very
easy to control and higher gas velocities do not cause any
pressure drop. This leads to reduced heat exchange area,
simple construction, and lower gas compression costs.
Nitrogen was supplied to fluidize the feed material along
with the sand particle of 0.5 mm. For all the experiments,
the flow rate of the nitrogen was maintained at 1.75 m?/hr
which is more than the minimum fluidization velocity of
the particle. The reactor was heated electrically, and the heat
input was controlled by a PID controller. In order to mea-
sure the temperature of the reactor, five K-type thermocou-
ples were attached at five different points. The exit of the
reactor tube was connected with two cyclone separators
and further connected to the condenser. The cooling water
circulated to the condenser was maintained at +5°C. The
condensed liquid fractions were collected separately. The
char was collected from the cyclone separator. Both the
components were weighed using an electronic weighing
machine. The weight of the gas components was found by
reaming material balance. The following is the formula used
for the determination of the desired output products:

Yield of gas or oil or char
% 100.

(1)

Yield of the desired products in wt% =

Amount of biomass

2.4. Experimental Scheme. The experimental work for this
study was conducted in three different phases. The first
two phases of the work were described with a noncatalytic
process of biomass material to optimize the operating
parameters such as reactor temperature and particle size.
The third phase of the work is associated with the effect of
eggshell on bio-oil yield. In this phase, the reactor was kept
at 500°C and the particle size of 1.0 mm. The readings in this
phase were taken by adding eggshell blended with the bio-
mass material at 5, 10, 15, and 20 wt%. The experiments in
all these phases were conducted at the heating rate of
20°C/min.

3. Results and Discussion

3.1. Thermogravimetric Analysis. The stability of the biomass
materials with regard to heat was analyzed from the data
acquired from TGA analysis done with the help of
TGA701 (LECO Corporation, Michigan, US) thermogravi-
metric analyzer shown in Figure 1. This analysis can also
be used to find the temperature at which pyrolysis can take
place. According to this analysis, the breakdown of the bio-
mass material occurred in four different stages. For this anal-
ysis, the biomass materials were heated to 600°C at 10°C/
min. In the first zone, the moisture content associated with
the biomass was removed from the material between 40°C
and 125°C. The second zone of the process was related to
the breakdown of hemicellulose between 150°C and 275°C.
This process was confirmed with the peak obtained at
275°C. The third zone is the active pyrolysis zone whereas
the degradation of hemicelluloses, cellulose, and lignin hap-
pen. This process was continued till it reaches to 500°C. The
breakdown of hemicellulose and cellulose at this stage is also
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TABLE 1: Biomass characterization.

Analysis Parameter Value in wt% Standard
Moisture 5.1 ASTM D3173
. Volatile matter 69.1 ASTM D3175
Proximate . a i
Fixed carbon 22.7 By difference
Ash 3.1 ASTM D3174
C 48.2 ASTM D5373
H 5.9 ASTM D5373
N 0.7 ASTM D5373
S 0.2 ASTM D5373
Ultimate (ash free basis) o? 45.0 By difference
H/C molar ratio 1.4585 —
O/C molar ratio 0.7008 —
Empirical formula CH, 455N0012007 —
Heating value in MJ/kg 17.21 ASTM D240
“By difference.
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FiGURE 1: TGA and DTG curve of the biomass.

associated with the literature [34, 35]. Due to lower molecu-
lar weight, the decomposition of the hemicellulose started
more quickly than other components. Here, the decomposi-
tion of cellulose began 250°C. Generally, the cellulose in the
biomass material started to decompose at 250°C and end
around 375°C [36]. The peak of cellulose degradation at
360°C in DTG curve confirmed highly ordered structure of
the polymer. The degradation of lignin was stated at 150°C
in the fourth zone, but it occurred slowly due to the complex
polymeric structure. Lignin is a higher molecular weight
component and more thermally stable than hemicellulose
and cellulose.

3.2. Pyrolysis Experiment

3.2.1. Effect of Reactor Temperature. Pyrolysis of wood was
conducted by changing the reactor temperature as shown
in Figure 2. The temperature of pyrolysis has a considerable
impact on product yield and properties [37, 38]. The yield of

bio-oil generally reach maximum at the temperatures
between 400 and 550°C and then begin to fall with further
increment [39, 40]. In this case, the yield of char reached
its maximum at 350°C and declined with increased temper-
ature. The production of char is lower at 550°C (30.3 wt%)
due to the cracking reaction of the volatile matter. According
to Sakhiya et al. [41], thermal cracking is the key factor for
the production of light hydrocarbons, resulting in substan-
tial proportions of bio-oil and gas yields. The bio-oil yield
increased as the reactor temperature increased from 350 to
500°C, with decreased char and gas products. At 350°C, the
bio-oil yield was 27.2wt%, and at 500°C, it reached to the
maximum value of 40.9wt%. The vyield of bio-oil is
decreased when the temperature is reached 500°C. The
increased bio-oil at 450 C is due to the maximum decompo-
sition of condensable volatile matters. The TGA analysis also
confirmed the complete decomposition of the biomass at
500°C with least volatiles remaining. Baghel et al. [35] con-
ducted pyrolysis experiments on Prosopis juliflora and
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obtained maximum bio-oil at 500°C. The gas yield is steadily
improved with increased temperature. The gas yield is chan-
ged from 10.7 wt% to 29.4 wt% when the reactor is changed
from 350 to 550°C. The increased gas yield can be described
by the cracking process and the formation of light hydrocar-
bons [42].

3.2.2. Effect of Particle Size. Particle size is another factor that
influences the yields of biofuels. The yield of pyrolysis oil
will be maximum at which the maximum heat transfer and

complete decomposition will occur [43]. Figure 3 depicts
the effect of particle size on different biofuel yields. The fig-
ure demonstrates that as particle size decreases, liquid yield
also decreases. The yield of pyrolysis oil was 36.3 wt% when
a 0.5 mm particle was utilized for the experiment. The yield
of char increased steadily with increasing particle size. The
yield of char was 36.5wt% at 0.5mm particle size, and the
yield was changed to 42.3 wt% at 1.25 mm. The yield of gas
fractions has a tendency to decrease with increasing particle
size up to 1.0 mm. The decreased increased pattern of the gas
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yield can be explained by two perspectives. The smaller par-
ticles inside the reactor are subjected to maximum heat
transfer due to increased surface area. The maximum heat
transfer produces light gases and less char [43]. When the
particle exceeds 1.0 mm, the residence time of the particle
is prolonged, which leads to secondary cracking reactions
[44]. With an increased particle size of 1.25mm, the yield
of gas improved from 18.6wt% to 20.5wt%. Since the
smaller particles produced a maximum gas of 27.2 wt% than
the larger particles, it can be concluded that the maximum

heat transfer with smaller particles is more pronounced than
the secondary cracking reactions.

3.2.3. Effect of Catalyst. The effect of eggshell catalysts on the
pyrolysis of Prosopis juliflora conducted at 500°C is shown in
Figure 4. The conversion of biomass into oil increased from
41.3 to 48.3 wt% with the addition of 15% catalyst. With fur-
ther increase of catalyst, the yield is reduced to 45.2 wt%.
The primary aim of using catalysts for the pyrolysis process
is to increase the reaction rate at lower temperatures. The
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TaBLE 2: GC-MS analysis of the bio-oil.
RT/min Compound name Molecular formula Area %
3.41 2-Cyclopenten-1-one C;H,O 2.24
3.78 Pyrogallol 1,3-dimethyl ether CgH,,0; 2.97
4.04 Formic acid CH,0, 3.33
6.12 4-Hydroxy-3-methoxy benzaldehyde CgH O, 2.47
9.44 1,2-Cyclopentanedione, 3-methyl C.H;0, 4.04
9.52 Acetic acid CH,;COOH 3.11
10.01 Butyrolactone C,HO, 3.97
12.22 Phenol C.H;OH 8.76
14.52 Dibenzola,e]cyclooctene Ci6His 0.84
14.69 1,4-Dimethoxybenzene C¢H,,0, 2.67
16.87 Butyholachone C,H,0, 4.38
16.91 4-Methyl phenol (p-cresol) C,HO 0.91
18.08 Phenol, 2-methoxy- C,H,O, 12.33
18.83 Phenol, 3,4-dimethyl- CgH,,O 341
20.15 Benzenemethanol, 4-hydroxy C,H O, 1.72
20.26 9-Octadecenoic acid (Z)-,methyl ester C,oH360, 7.55
20.84 4-Ethyl-2-methoxy phenol C,H,,0, 2.74
2251 1-Propyne, 3-iodo- C,H,I 1.42
22.89 2-Methoxyphenol C,HgO, 5.11
23.58 Cyclohexanol,3,3,5-trimethyl CyH,O0 4.12
23.80 Triamcinolone C,,H,,FOq 0.95
24.04 9-Octadecenamide C,sH;5sNO 1.14
24.15 Phenol, 3-amino C,H,NO 5.07
24.58 2H-Pyran, 2-(2 heptadecynyloxy)tetrahydro- C,,H,,0, 4.74
24.99 1-Methyl-1,3,3-triphenylindan-2-one C,sH,,0 1.52
25.04 4-(2'-Methyl-3’ -butenyl)azulene CisHyg 0.21
26.57 Pyridine, 2-propyl- CgH, N 2.74
26.91 2,4-Methanoproline C.H,NO, 0.62
27.09 Methyl 4-T-butyl-2-furoate C,oH 405 3.98

yield of bio-oil was higher at 15% addition of catalyst than
other percentages due to catalytic contact of the higher
vapours produced during the pyrolysis reaction [45]. Con-
sidering char and gas yield, both decreased with the addition
of the catalyst. The char and gas yields were 40.1 wt% and
18.6 wt% at noncatalytic pyrolysis, respectively. But the yield
was decreased to 35.6 wt% and 16.1 wt% with 15% addition
of eggshell. In this case, the yield of gas fractions was not
affected much due to catalytic reaction. Rohim et al. [19]
conducted pyrolysis experiments on palm kernel shells using
eggshell catalyst and found maximum bio-oil production of
45.67wt% by adding 20% catalyst with the biomass. In
another study conducted by Ahmad et al. [46] 65.67 wt%
of bio-oil was produced by utilizing 20% of eggshell and
palm shell under 450°C.

3.3. Characterization

3.3.1. Analysis of Functional Groups. The FT-IR spectra dis-
played in Figure 5 help to detect the various functional
groups of the catalytic pyrolysis oil. The test was carried

out on the sample obtained at maximum yield conditions.
The existence of broad -OH stretching vibrations indicates
the occurrence of phenols and alcohols. The presence of
the water components in the oil sample is indicated by the
peak that appears at 3200-3600 cm™ [47]. The C=C stretch
at 2000-2200 cm™ shows the appearance of alkynes. The C-
H stretching vibrations of alkenes and aromatics match the
peak found at 1650-1750 cm™. The peak obtained at 1400-
1600cm™ confirms the presence of mono, polycyclic, and
aromatic components. The C-H stretching vibration that
appeared at 1350-1450 cm™' shows the existence of alkanes.
The existence of alcohols and phenols is confirmed by peaks
that appear between 800 and 1250 cm™ [48].

3.3.2. Composition of Bio-oil. The various chemical compo-
nents present in the bio-oil derived from the catalytic pro-
cess were analyzed using GC-MS. Bio-oil is a complex
mixture of several elements. Around 30 compounds were
identified through mass spectra and are listed in Table 2.
The oil has large quantities of acids, phenols, ketones, furfu-
ral, and alcohols. Similar components have been found in



bio-oil derived from wood chips, pressed oil cake, and red
pine [49-51]. Phenols and their constituents are the key ele-
ments of bio-oil, which are ascribed to the oxidation of cel-
lulose and lignin [52]. The breakdown of carbohydrates in
the biomass material may result in the formation of acids
and alkanes. The presence of furfural suggests that it has a
possible potential for usage as a biofuel for burners and bio-
medical applications. The total percentage of phenol and its
derivatives is greater than the other components. These
components are important industrial feedstock used for the
production of plastics and other products. In addition to
that, pharmaceutical medications require phenol and its
chemical derivatives.

4. Conclusion

In this study, the flash pyrolysis characteristics of Prosopis
juliflora biomass with Ca-rich eggshell wastes were investi-
gated. Eggshell waste collected from restaurants can be
repurposed as a catalytic material for this study. According
to the experimental findings, a maximum of 48.3 wt% bio-
oil was achieved at 500°C, 1.0mm particle size, with the
addition of 15% waste eggshell. The reuse of waste based
environmental friendly eggshell components can reduce
the risk of microbiological activities and the disposal cost
into the environment as well as provide raw materials. Com-
pared to thermal pyrolysis processes, the catalytic pyrolysis
improved the bio-oil output by 16.95% due to higher lignin
decomposition influenced by the calcium-based catalyst.
The addition of eggshell potentially reduces the production
costs due to the increased reaction rate. The analysis of
bio-oil with FT-IR and GC-MS analysis showed the exis-
tence of acids, phenols, ketones, furfural, and alcohols. The
chromatographic study showed that the bio-oil can be used
as a potential source for industrial chemicals. The current
research can be expanded in the future to include blending
bio-oil with diesel to make biodiesel and testing its efficiency
in IC engines.

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

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

References

[1] K. V. Shivaprasad, R. Rajesh, W. A. Wogasso, B. Nigatu, and
F. Addisu, “Usage of hydrogen as a fuel in spark ignition
engine,” IOP Conference Series: Materials Science and Engi-
neering, vol. 376, article 012037, 2018.

[2] R.Prakash, R. K. Singh, and S. Murugan, “Experimental stud-
ies on combustion, performance and emission characteristics
of diesel engine using different biodiesel bio oil emulsions,”
Journal of the Energy Institute, vol. 88, no. 1, pp. 64-75, 2015.

Journal of Nanomaterials

[3] C.S.Dhanalakshmiand P. Madhu, “Recycling of wood bark of
Azadirachta indica for bio-oil and chemicals by flash pyroly-
sis,” Indian Journal of Ecology, vol. 46, no. 2, pp. 347-353,
2019.

[4] P. Das and A. Ganesh, “Bio-oil from pyrolysis of cashew nut
shell-a near fuel,” Biomass and Bioenergy, vol. 25, no. 1,
pp. 113-117, 2003.

[5] P. Madhu, M. Sasireka, R. Samikannu et al., “Production and
characterization of maximum liquid oil products through indi-
vidual and copyrolysis of pressed neem oil cake and waste
thermocol mixture,” Advances in Polymer Technology,
vol. 2022, 11 pages, 2022.

[6] M. E. Bildirici, “Economic growth and biomass energy,” Bio-
mass and Bioenergy, vol. 50, pp. 19-24, 2013.

[7] F. Abnisa and W. M. A. W. Daud, “A review on co-pyrolysis of
biomass: an optional technique to obtain a high- grade pyrol-
ysis oil,” Energy Conversion and Management, vol. 87, pp. 71-
85, 2014.

[8] R. O. Arazo, D. A. D. Genuino, M. D. G. de Luna, and S. C.
Capareda, “Bio-oil production from dry sewage sludge by fast
pyrolysis in an electrically-heated fluidized bed reactor,” Sus-
tainable Environment Research, vol. 27, no. 1, pp. 7-14, 2017.

[9] M. Parthasarathy, S. Ramkumar, and J. I. J. R. Lalvani, “Influ-
ence of various flow rates of CNG in CI engine with blend of
tamanu methyl ether and ethanol,” International Journal of
Vehicle Structures & Systems, vol. 11, no. 2, pp. 144-148, 2019.

[10] J. I J. Lalvani, M. Parthasarathy, B. Dhinesh, and
K. Annamalai, “Pooled effect of injection pressure and turbu-
lence inducer piston on performance, combustion, and emis-
sion characteristics of a DI diesel engine powered with
biodiesel blend,” Ecotoxicology and Environmental Safety,
vol. 134, Part 2, pp- 336-343, 2016.

[11] S.Jiang, X. Hu, X. Shao, Y. Song, D. Xia, and C. Z. Li, “Effects
of thermal pretreatment and ex-situ grinding on the pyrolysis
of mallee wood cylinders,” Fuel Processing Technology,
vol. 159, pp. 211-221, 2017.

[12] J. Asomaning, S. Haupt, M. Chae, and D. C. Bressler, “Recent
developments in microwave-assisted thermal conversion of
biomass for fuels and chemicals,” Renewable and Sustainable
Energy Reviews, vol. 92, pp. 642-657, 2018.

[13] X. Chen, Q. Che, S. Li et al., “Recent developments in lignocel-
lulosic biomass catalytic fast pyrolysis: strategies for the opti-
mization of bio-oil quality and vyield,” Fuel Processing
Technology, vol. 196, article 106180, 2019.

[14] B. Valle, A. Remiro, N. Garcia-Gémez, A. G. Gayubo, and
J. Bilbao, “Recent research progress on bio-oil conversion
into bio-fuels and raw chemicals: a review,” Journal of
Chemical Technology & Biotechnology, vol. 94, no. 3,
pp. 670-689, 2019.

[15] A. V. L. N. Sujith, R. Swathi, R. Venkatasubramanian et al.,
“Integrating nanomaterial and high-performance fuzzy-based
machine learning approach for green energy conversion,”
Journal of Nanomaterials, vol. 2022, Article ID 5793978, 2022.

[16] Y. Wang, A. Akbarzadeh, L. Chong, J. Du, N. Tahir, and M. K.
Awasthi, “Catalytic pyrolysis of lignocellulosic biomass for
bio-oil production: a review,” Chemosphere, vol. 297,
p. 134181, 2022.

[17] R.Liu, M. Sarker, M. M. Rahman et al., “Multi-scale complex-
ities of solid acid catalysts in the catalytic fast pyrolysis of bio-
mass for bio-oil production - a review,” Progress in Energy and
Combustion Science, vol. 80, article 100852, 2020.



Journal of Nanomaterials

(18]

(19]

(20]

(21]

(22]

(23]

[24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

C. Vibhakar, R. S. Sabeenian, S. Kaliappan et al., “Production
and optimization of energy rich biofuel through co-pyrolysis
by utilizing mixed agricultural residues and mixed waste plas-
tics,” Advances in Materials Science and Engineering, vol. 2022,
9 pages, 2022.

M. Sharifzadeh, M. Sadeqzadeh, M. Guo et al., “The multi-
scale challenges of biomass fast pyrolysis and bio-oil upgrad-
ing: review of the state of art and future research directions,”
Progress in Energy and Combustion Science, vol. 71, pp. 1-80,
2019.

D. Raguraman, A. Kumar, S. Prasanna Raj Yadav et al., “Per-
formance and emission characteristics of pyrolysis oil obtained
from neem de Oiled cake and waste polystyrene in a compres-
sion ignition engine,” Advances in Materials Science and Engi-
neering, vol. 2021, pp. 1-10, 2021.

R. Liu, M. M. Rahman, M. Sarker, M. Chai, C. Li, and J. Cai, “A
review on the catalytic pyrolysis of biomass for the bio-oil pro-
duction with ZSM-5: focus on structure,” Fuel Processing Tech-
nology, vol. 199, article 106301, 2020.

E. A. Christoforou, P. A. Fokaides, S. W. Banks et al., “Com-
parative study on catalytic and non-catalytic pyrolysis of olive
mill solid wastes,” Waste and Biomass Valorization, vol. 9,
no. 2, pp. 301-313, 2018.

S. D. Stefanidis, K. G. Kalogiannis, E. F. Iliopoulou, A. A. Lap-
pas, and P. A. Pilavachi, “In-situ upgrading of biomass pyrol-
ysis vapors: catalyst screening on a fixed bed reactor,”
Bioresource Technology, vol. 102, no. 17, pp. 8261-8267, 2011.

H. Hernando, I. Moreno, J. Fermoso et al., “Biomass catalytic
fast pyrolysis over hierarchical ZSM-5 and beta zeolites modi-
fied with Mg and Zn oxides,” Biomass Conversion and Biore-
finery, vol. 7, no. 3, pp. 289-304, 2017.

T. A. Ahmed, L. Wu, M. Younes, and M. Hincke, “Biotech-
nological applications of eggshell: recent advances,” Fron-
tiers in Bioengineering and Biotechnology, vol. 9, p. 548,
2021.

Y. Gao and C. Xu, “Synthesis of dimethyl carbonate over waste
eggshell catalyst,” Catalysis Today, vol. 190, no. 1, pp. 107-111,
2012.

S. Kim, C. G. Lee, Y. T. Kim, K. H. Kim, and J. Lee, “Effect of Pt
catalyst on the condensable hydrocarbon content generated
via food waste pyrolysis,” Chemosphere, vol. 248, article
126043, 2020.

S. Valizadeh, C. H. Ko, J. Lee et al., “Effect of eggshell- and
homo-type Ni/Al,O; catalysts on the pyrolysis of food waste
under CO, atmosphere,” Journal of Environmental Manage-
ment, vol. 294, article 112959, 2021.

R. O. H. A. Rohim, R. Ahmad, N. Ibrahim, N. Hamidin,
and C. Z. A. Abidin, “Potential of eggshell waste for pyrol-
ysis process,” Advanced Materials Research, vol. 1087,
pp. 77-80, 2015.

D. K. Davis and P. Robbins, “Ecologies of the colonial present:
pathological forestry from the taux de boisement to civilized
plantations,” Environment and Planning E: Nature and Space,
vol. 1, no. 4, pp. 447-469, 2018.

A. Demirbas, “Biofuels securing the planet’s future energy
needs,” Energy Conversion and Management, vol. 50, no. 9,
Pp. 2239-2249, 2009.

R. Chandran, R. Kaliaperumal, S. Balakrishnan, A. J. Britten,
J. MacInnis, and M. Mkandawire, “Characteristics of bio-oil

from continuous fast pyrolysis of Prosopis juliflora,” Energy,
vol. 190, article 116387, 2020.

(33]

[34]

(35]

(36]

(37]

(38]

[39]

[40]

(41]

(42]

[43]

(44]

(45]

[46]

(47]

(48]

D. V. Suriapparao, N. Pradeep, and R. Vinu, “Bio-oil produc-
tion from Prosopisjuliflora via microwave pyrolysis,” Energy
& Fuels, vol. 29, no. 4, pp. 2571-2581, 2015.

A. Sahoo, S. Kumar, J. Kumar, and T. Bhaskar, “A detailed
assessment of pyrolysis kinetics of invasive lignocellulosic bio-
masses (Prosopisjuliflora and Lantana camara) by thermogra-
vimetric analysis,” Bioresource Technology, vol. 319, article
124060, 2021.

P. Baghel, A. K. Sakhiya, and P. Kaushal, “Influence of temper-
ature on slow pyrolysis of Prosopis Juliflora: an experimental
and thermodynamic approach,” Renewable Energy, vol. 185,
pp. 538-551, 2022.

A. Chandrasekaran, = S. Subbiah, S. Ramachandran,
S. Narayanasamy, P. Bartocci, and F. Fantozzi, “Natural
draft-improved carbonization retort system for biocarbon pro-
duction from Prosopis juliflora biomass,” Energy ¢ Fuels,
vol. 33, no. 11, pp. 1111311124, 2019.

P. Madhu, L. Vidhya, S. Vinodha et al., “Co-pyrolysis of Hard-
wood Combined with Industrial Pressed Oil Cake and Agri-
cultural Residues for Enhanced Bio-Oil Production,” Journal
of Chemistry, vol. 2022, pp. 1-12, 2022.

P. Madhu, M. M. Matheswaran, and G. Periyanayagi, “Optimi-
zation and characterization of bio-oil produced from cotton
shell by flash pyrolysis using artificial neural network,” Energy
Sources, Part A: Recovery, Utilization, and Environmental
Effects, vol. 39, no. 23, pp. 2173-2180, 2017.

1. Kathir, K. Haribabu, A. Kumar et al., “Utilization of tea
industrial waste for low-grade energy recovery: optimization
of liquid oil production and its characterization,” Advances
in Materials Science and Engineering, vol. 2022, 9 pages, 2022.
Y. K. Park, M. L. Yoo, H. W. Lee et al., “Effects of operation
conditions on pyrolysis characteristics of agricultural resi-
dues,” Renewable Energy, vol. 42, pp. 125-130, 2012.

A. K. Sakhiya, I. Aier, S. Pathak et al., “Copper (II) removal
from aqua solution using rice straw derived biochar,” Mate-
rials Today: Proceedings, vol. 43, pp. 740-745, 2021.

J. Park, Y. Lee, C. Ryu, and Y. K. Park, “Slow pyrolysis of rice
straw: analysis of products properties, carbon and energy
yields,” Bioresource Technology, vol. 155, pp. 63-70, 2014.
L.J. Cui, W. G. Lin, and J. Z. Yao, “Influences of temperature
and coal particle size on the flash pyrolysis of coal in a fast-
entrained bed',” Chemical Research in Chinese Universities,
vol. 22, no. 1, pp- 103-110, 2006.

S. Luo, B. Xiao, Z. Hu, and S. Liu, “Effect of particle size on
pyrolysis of single-component municipal solid waste in fixed
bed reactor,” International Journal of Hydrogen Energy,
vol. 35, no. 1, pp. 93-97, 2010.

B. B. Krishna, R. Singh, and T. Bhaskar, “Effect of catalyst con-
tact on the pyrolysis of wheat straw and wheat husk,” Fuel,
vol. 160, pp. 64-70, 2015.

R. Ahmad, N. Kasmuri, S. Ramasamy, R. Santiagoo, and N. A.
Mabhadi, “Catalytic pyrolysis of agricultural waste using waste
egg shell,” AIP Conference Proceedings, vol. 2347, no. 1, article
020013, 2021 AIP Publishing LLC.

E. R. Kenawy, A. A. Ghfar, S. M. Wabaidur et al., “Cetyltri-
methylammonium bromide intercalated and branchedpolyhy-
droxystyrene functionalized montmorillonite clay to sequester
cationic dyes,” Journal of Environmental Management,
vol. 219, pp. 285-293, 2018.

A. Aboulkas, H. Hammani, M. El Achaby, E. Bilal, and
A. Barakat, “Valorization of algal waste via pyrolysis in a



