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There has been a remarkable progress in synthesis of
“smart” nanomaterials over the past decade from realizing
lightweight graphene structures, carbon-metal nanohybrids,
biohybrid self-assembly nanoarchitectures, and stimuli-
responsive polymeric materials to shape-controlled inorganic
nanoparticles. These new nanomaterials have opened trans-
formative possibilities in application, beyond our current
technologies. They have catalyzed key innovations in flexible
electronics, drug delivery, catalysis, environmental remedia-
tion, and sustainable agriculture. Amid these emerging new
materials, risk assessment of nanomaterials has been a major
research thrust for our field over the past decade. New nano-
metrology parameters have been established to suitably
depict the properties and behavior of novel nanomaterials
in the environment. Emerging material characterization
techniques realized over the past decade have facilitated
transformative advances in understanding complex proper-
ties of smart nanomaterials for new applications. There is a
tremendous environmental significance to the progress of
each of these in advanced nanomaterials. Though risk assess-
ment has been widely reported in the field of environmental
nanoscience, the huge potential of new nanomaterial-based
technologies for environmental applications has not been
closely captured. In this thematic special issue, we aim to
highlight both the emerging applications of smart nanoma-
terials and the discoveries in nanomaterial toxicity from an
environmental perspective. The following sections briefly
describe the accepted papers in this special issue.

In the feature article by A. Boutchuen et al, plant
growth in legumes was significantly enhanced by nearly

230-830% with one drop of hematite nanoparticles. Unlike
conventional fertilizers that have to be directly added to
the soil or hydroponic environment in large quantities, the
nanoparticle dispersions were applied via a highly sustainable
and novel seed presoaking approach. The hematite nano-
particles served as a more efficient and high-throughput
Fe-enriching nutrient for the plants as compared to the cur-
rently available bulk fertilizers. The method is immensely
attractive from an environmental aspect as a small quantity
of the nanofertilizer could induce increased plant growth
and vitality without the need for direct addition of chemicals
to the environment. Another novelty of the study was a new,
multimodal material characterization approach to assess the
uptake and transport of hematite nanofertilizer within the
plants using Fourier transform infrared spectroscopy (FTIR),
hyperspectral imaging, and inductively coupled plasma opti-
cal emission spectroscopy (ICP-OES).

The feature review article by B. Gayen et al. captured one
of the newest members of the nanoworld, carbon dots.
Carbon dots were invented accidentally during the purifi-
cation of single-walled carbon nanotubes in 2004. These
nanoparticles, typically <10nm in size, have the structural
advantage of containing both sp> and sp’-hybrid carbon net-
works compared to the sp> hybridization of graphene quan-
tum dots. The detailed architecture, progress in synthesis
strategies, and novel applications of the quantum dots are
presented in the article. The combination of upconversion
photoluminescence, chemiluminescence, phosphorescence,
and band gap transition properties makes carbon dots a
unique class of material. In addition, carbon dots show highly
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promising results in a variety of key application areas includ-
ing environmentally friendly light harvesting devices, drug
delivery and bioimaging, chemical sensors, surface-enhanced
Raman spectroscopy, and detectors. Therefore, this nanoma-
terial will be notable in terms of future technological progress.

K. Workeneh and team suggested a new and sustainable
hydroxyapatite-adsorbent material synthesized from egg-
shell waste for fluoride remediation from groundwater.
The authors reported Langmuir and Freundlich adsorption
isotherm models for this novel hydroxyapatite adsorbent,
based on detailed fluoride adsorption experiments. The
removal of fluoride was highly influenced by the pH,
and a near complete removal of fluoride was achieved at
pH 3 under controlled study environments. The egg-shell-
derived hydroxyapatite showed 81% removal of fluoride
with real groundwater samples, suggesting highly promising
application of this material in groundwater remediation.

In the paper by M. V. Nsom et al., a pectin-starch magne-
tite nanocomposite was demonstrated as a new and more
efficient adsorbent for methylene blue dye to purify the
recycled waters from textile industries. The sponge-like
nanocomposite was synthesized using a coprecipitation tech-
nique and characterized in detail. It was found that a higher
starch : pectin ratio in the nanocomposite material facilitated
increased adsorption of the dye from the textile effluent. This
study further highlights the progress in new nanomaterials
for environmental remediation applications.

P. D. Du et al. synthesized a new class of metal-organic
framework, MIL-101, as a highly eflicient heterogeneous
photocatalyst for the degradation of Remazol Black B dye.
The paper reported detailed material characterization,
adsorption/desorption isotherms, and the catalytic activity
of MIL-101. The mechanism of photocatalytic activity of this
novel metal-organic framework was also suggested by the
authors. Photocatalysis in MIL-101 was facilitated through
electron transfer from the photoexcited organic ligands to
the metal cluster of the metal-organic framework. This new
photocatalyst exhibited excellent performance from the
recyclability and stability perspective. The MIL-101 catalyst
reported for the first time in this special issue could have
transformative impacts in sustainable remediation of organic
pollutants.

Another key review article of this special issue by T. A.
Dontsova et al. highlighted the immense progresses made
in the synthesis of metal oxide nanomaterials and nanocom-
posites and their significance in our current ecology and
environmental applications. Metal oxides have been one of
the most heavily researched families of nanomaterials over
the past decade, both due to their unique structure and appli-
cation potential. Special focus was given to TiO,, ZnO, SnO,,
ZrO,, and Fe;O, nanomaterials. Different synthesis strate-
gies, material properties, and application prospects of metal
oxide nanomaterials were discussed in detail in this review.

Z. Yao et al. addressed another major area of environ-
mental remediation, removal of nitric oxide pollutants
released from industrial and vehicular sources. The paper
reported new MnO,-CeO, hybrid nanoparticles supported
on a lightweight and flexible graphene aerogel interface as
monolithic catalysts for low temperature selective catalytic

Journal of Nanomaterials

reduction of nitric oxide by ammonia. The hierarchically
porous network of graphene aerogel and the nanoscale size
provided key advantages to this material in terms of catalytic
activity at lower operational temperatures. As a result, the
novel nanocomposite catalyst induced a significantly high
(90%) conversion rate of nitric oxides over a wide tempera-
ture range of 200-300°C, which is highly attractive for
practical applications.

In the paper by X. Hu et al., novel MnO, nanospheres of
hollow morphology were synthesized via a selective etching
technique using MnCO; sacrificial templates. This new
nanomaterial was applied as an adsorbent for pollutant dyes
from water using methyl orange as a model dye. The influ-
ence of pH, contact time, and dye concentrations on the
adsorption capacity of the hollow MnO, nanospheres was
reported in this paper. The study also presented the adsorp-
tion kinetics of these novel nanoparticles and the fundamen-
tal thermodynamics behind their adsorption capacity. This
new report is highly beneficial for applications in wastewater
purification.

New findings on the risk assessment aspect of nanoma-
terials were captured by M. Patel et al. in this special issue.
Caenorhabditis elegans (C. elegans) have been widely used
as complete model organisms in risk assessment of different
nanomaterials, but toxicity effects on subsequent generations
of the organism are largely unknown. The article by M. Patel
et al. reported key findings about the impact of engineered
Au nanoparticles on generations of C. elegans. Au nanoparti-
cles used in this study were synthesized via a facile biological
route from chloroauric acid with pomegranate peel extract as
the reducing agent. It was discovered that the Au NPs nega-
tively affected the fertility of C. elegans and the reproductive
toxicity was inherited by the next generations.
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Carbon dots (CDs) have received significant attention worldwide from the beginning of this century, and recently, it has bloomed in
every branch of applied sciences. Because of their outstanding physical and chemical properties together with biocompatibilities,
CD:s find a wide spectrum of applications in drug delivery, explosive detection, chemical sensing, food safety, bioimaging, energy
conversion, photocatalysis, etc. This brief review is focused on the synthesis of CDs and their applications. The photophysical

properties of CDs are also discussed herewith.

1. Introduction

Carbon dots (CDs) have emerged as most precious gifts in
nanotechnology because of their magical properties and
applications. CDs are typically carbon nanoparticles, most
of them with average diameter less than 10nm [1, 2].
These materials are derived from organic compounds
and are stable in aqueous media which is extremely signif-
icant in terms of biological points of view [3]. Surface
engineering plays a significant role for CDs in diversified
applications like explosive detection, chemical sensing,
food safety, bioimaging, drug delivery, energy conversion,
and photocatalysis. Photophysical and chemical properties
of CDs vary dramatically by tuning their shapes and sizes
and also by doping heteroatoms such as oxygen, nitrogen,
phosphorus, sulfur, and boron [4]. Moreover, photostabil-
ity, high quantum vyield, biocompatibility, low toxicity,
water solubility, good conductivity, and environmental
friendliness of CDs receive additional advantages over
other well-recognized quantum dots (QDs) like grapheme
quantum dots (GQDs), metal oxides (ZnO, TiO,), and inor-
ganic QDs (ZnO-PbS, CdSe, CulnS/ZnS, and CulnS/ZnS). In
fact, noncarbon QDs are not much graceful in their field of

applications compare to CDs, because of their serious
health and environmental issues [5, 6]. CDs can be syn-
thesized from both natural and synthetic organic precur-
sors. Synthetic methodologies that are very frequently
used in this concern are microwave irradiation, hydrother-
mal treatments, ultrasonic irradiation, laser ablation, electro-
chemical, arc discharge, and pyrolysis [7]. This short review
has been specifically focused on the synthetic methodologies
of CDs and their wide applications in pure and applied
sciences.

2. Discovery of CDs

CDs were discovered accidentally in 2004 at the time of
purification of single wall carbon nanotubes (SWCNTs)
by Xu et al. [8]. Two years later, in 2006, Sun et al. first
synthesized stable photoluminescent carbon nanoparticles
of different sizes and named them “carbon quantum dots”
(CQDs) [9]. Within a year, water soluble CDs passivated
with poly-propionylethylenimine-co-ethylenimine had been
reported by Sun et al. The as-prepared CDs showed two-
photon-induced luminescence spectra and were utilized
to detect human breast cancer MCF-7 cells [10].
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3. Architecture of CDs

CD is the youngest member in the family of nanoworld. They
are commonly spherical in shape having average diameter
less than 10 nm [3]. GQDs have only spz-hybridized carbon
framework whereas CDs are composed of both sp and sp’
hybrid carbon networks [11]. Moreover, they can be easily
functionalized with hydroxyl, carboxyl, carbonyl, amino,
and epoxy groups over their surfaces thereby offering extra
advantages for binding with both inorganic and organic moi-
eties (Figure 1) [12]. The functionalities specifically allow the
surfaces of CDs to espouse either with hydrophilic or with
hydrophobic character which finally provide the necessary
thermodynamic stabilities in different solvents especially in
water [13]. In addition to these, bare carbon nanoparticles
do not exhibit any kind of photoluminescent activities while
their surface modifications lead to exhibit strong photolumi-
nescent signals [7]. Surface modification of CDs by different
functionalities, passivating agent and solvent, reflects a smart
variation in their properties [14].

4. Synthesis

In the last few years, a number of facile synthetic methodol-
ogies have been developed for making CDs with varied func-
tionalities and photophysical properties. Synthetic pathways
for CDs are mainly classified into two categories: (a)
“bottom-up” and (b) “top-down” approaches (Figure 2).

4.1. Bottom-Up Approach. In the “bottom-up” methodology,
CDs are synthesized from small molecules by a microwave
irradiation, hydrothermal, and pyrolysis method.

4.1.1. Microwave Irradiation Method. Microwave- (Mw-)
assisted synthetic methodologies have recently received
significant attention in the scientific community because of
their time-saving, energy-efficient, and eco-friendly nature.
In this methodology, carbonization of small organic mole-
cule occurs by microwave heating within a very short period
of time (Figure 3). In 2009, Zhu et al. first reported CDs with
the aid of Mw methodology from carbohydrates with excel-
lent photophysical properties within a very short period of
reaction time [15]. Liu et al. synthesized photoluminescent
CDs from glycerol and 4,7,10-trioxo-1,13-tridecylenedia-
mine as a surface-passivating agent by a Mw irradiation
method. They reported moderately high quantum yield
(QY) of 12% due to the incorporation of amino groups
(NH,) over the surface of CDs (Figure 3) [16]. Feng et al.
synthesized CDs with QY~46% by Mw irradiation from silk-
worm chrysalis [17]. The as-synthesized CDs were used in
bioimaging due to their low toxicity and photoluminescent
nature. Recently, Liu et al. synthesized photoluminescent
CDs by a Mw heating method from citric acid, L-cysteine,
and dextrin with high QY of 22%. As-synthesized CDs are
reported to be photostable and were used in the detection
of Cu”" in drinking water [18]. Recently, Sun et al. synthe-
sized N-ethylcarbazole functionalized CDs by a microwave
method that exhibited very nice photoinduced redox prop-
erties [19].
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4.1.2. Hydrothermal Method. Hydrothermal methodology
perhaps is the most promising method in recent years for
the synthesis of CDs due to their nontoxic, environment
friendly, low cost, and easy operational technique. In this
methodology, a solution of organic precursors is sealed in a
hydrothermal synthetic reactor where reaction occurs at high
temperature and pressure (Figure 4(a)). In 2010, Zhang et al.
first reported a one-pot hydrothermal method to make CD
from ascorbic acid in the presence of ethanol as solvent. QY
and average particle sizes of their synthesized CDs were
6.79% and ~2 nm, respectively [20]. Pang et al. reported syn-
thesis of codoped nitrogen and sulfur in CDs (NS-CDs)
derived from methionine by a hydrothermal method [21].
NS-CDs, as recovered in their synthesis, exhibit selective
detections of heavy metal ions in water. Recently, Shen
et al. reported synthesis of highly photoluminescent CDs
from sweet potato as a natural source of carbon by a hydro-
thermal method with high QY. The as synthesized CDs uti-
lized for detection of Fe’* (Figure 4) [22]. In another
report, Zhang et al. prepared surface-modified CDs by poly-
ethylenimine from hyaluronic acid with very high QY 26%.
The as-synthesized CDs used those photoluminescent CDs
in tumor targeting and gene delivery [23].
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FIGURE 4: (a) Synthesis of CDs by a hydrothermal method from sweet potato; (b) sensing of Fe**

4.1.3. Pyrolysis Method. Pyrolysis is a facile method to syn-
thesize CDs from organic compounds by simple chemical
reactions carried out at very high temperature in the pres-
ence of strong acid or alkali (Figure 5(a)). Martindale et al.
synthesized CDs of average diameter ~6 nm by pyrolysis of
citric acid at 180°C for generation of hydrogen fuel-utilizing
solar energy [24]. Guo et al. synthesized stable CDs from
hair (keratin) by a one-step pyrolysis method at 200°C for
24 hours of reaction time. They successfully recovered
CDs and used their CDs in the detection of Hg** with
higher sensitivity and selectivity [25]. Recently, Rong et al.
synthesized highly photoluminescent nitrogen-doped CDs

«')
4

‘\

Addition of Fe**

=

()
ions by as-synthesized CDs.

(N-CDs) derived from guanidinium chloride and citric acid
by a pyrolysis method and fluorescence quenching observed
in the presence of Fe’* (Figure 5) [26]. N-CDs obtained by
their synthesis were profoundly used in metal ion detec-
tions and in bioimaging.

4.2. Top-Down Approach. In the “top-down” methodology,
CDs are synthesized by a laser ablation, electrochemical oxi-
dation, and arc discharge method.

4.2.1. Electrochemical Method. The electrochemical method
is used to synthesize ultrapure CDs from larger molecular
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matter like carbon nanotube, graphite, and carbon fiber by an
electrolytic process where larger organic molecules are used
as electrode in the presence of proper electrolytes
(Figure 6). Zhou et al. first reported synthesis of CDs from
multiwalled carbon nanotubes in the presence of tetrabuty-
lammonium perchlorate as electrolyte [27]. Zheng et al. syn-
thesized water soluble pure CDs by an electrochemical
method using graphite as electrode in the presence of
phosphate buffer at neutral pH. The as-prepared CDs were
successfully applied as potential biosensor [28]. Li et al. pre-
pared crystalline CDs by an electrochemical method from
graphite. The as-prepared CDs exhibited size-dependent
upconversion photoluminescence (PL) properties and are
used in photocatalysis [29]. Recently, CD with polyaniline
hybrid was synthesized by an electrochemical technique with
high QY and purity. The as-synthesized CD-polyaniline
composite reported to exhibit high capacitance and used in
energy-related devices (Figure 6) [30].

4.2.2. Laser Ablation Method. The laser ablation technique
has been widely used for making of CDs of varied sizes. In
laser ablation route, complex organic macromolecules are
exposed under laser radiation operated in CW or in pulsed
mode and nanosized carbon particles are detached from the
larger molecular structures (Figure 7(a)). Synthesis of CDs
by a laser ablation technique was first reported by Sun et al.
in 2006 from graphite powder [9]. They synthesized CDs
upon laser excitation from a Nd:YAG (1064nm, 10Hz)

source in an atmosphere of argon at 900°C and 75kPa.
Thongpool et al. synthesized CDs from bulk graphite in
the presence of ethanol using a Nd:YAG laser of wave-
length 1064 nm. The synthesized CDs showed a broad
absorption spectrum peaked at 325nm (Figure 7(b)) [31].
Recently, photoluminescent CDs of ~3nm size have been
synthesized by a laser irradiation technique from carbon
glassy particles in the presence of polyethylene glycol
200. CDs so prepared are applied in bioimaging for cancer
epithelial human cells [32].

4.2.3. Arc Discharge Method. CDs by an arc discharge
method had been an accidental event. This method was first
reported by Xu et al. during synthesis of SWCNTs [8]. Elec-
trical discharge across two graphite electrodes results in the
formation of small carbon fragment or CDs (Figure 8). Bot-
tini et al. reported CDs derived from pristine and SWCNT's
by means of an arc discharge method with bright PL in the
violet-blue and blue-green region, respectively [33]. Recently,
Boron- and nitrogen-doped QDs were synthesized by the arc
discharge method from graphite. They used B,H; for doping
boron and NH; for nitrogen (Figure 8) [34].

5. Photophysical Properties of CDs

CDs, as obtained by different synthetic methodologies and
precursors, show excellent optical properties and exhibit
absorption, photoluminescence (PL), chemiluminescence
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(CL), and phosphorescence spectra. In this section, the opti-
cal properties of CDs are described in brief.

5.1. Absorption Spectroscopy (UV-Vis). CDs generally exhibit
broad optical absorption maxima in the ultraviolet (UV)
region (250-350nm) together with weak absorption tail in
the visible region of UV-Vis spectra [35]. The absorption
peaks appear at around ~240nm are due to 7-7* electronic
transition of C=C bonds, and peaks at around ~340 nm are
owed to n-7* transition from C=0 bonds present as func-
tionalities (Figure 9(a)) [36]. Surface engineering can modify
the corresponding absorption spectra of CDs that can alter
their emission spectra also [37]. Doping of heteroatom can

also regulate absorption spectra for doped CDs by altering
% heteroatom because of their alteration in the 7-7* energy
level [38]. Surface defects ingrained in CDs are considered
to be responsible for broad spectral features in their absorp-
tion spectra [39]. Moreover, carbonyl and amino functional-
ities promote red shifts of band maxima in UV-Vis spectra
due to the variations in HOMO-LUMO energy levels of
CDs because of fictionalizations (Figure 9(b)) [40].

5.2. Photoluminescence Spectroscopy. CDs show excellent PL
behaviors. Appearance of photoluminescent peaks (A,,,)
and their intensities depend on excitation wavelengths (A,,).
Multiple PL spectra thus can easily be attained from single
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CD (Figure 10(a)). The PL maximum for CDs commonly
appears in the blue and green region of the spectra
(Figure 10(b)) [41]. PL behavior of CDs can be controlled
by varying the initial precursors and synthetic methodologies
and by surface engineering [42]. Interestingly, PL that gener-
ates from CDs almost remains unchanged under irradiation
for long time [43] vis-a-vis to organic dyes that are suscep-
tible to photobleaching [8]. Sun et al. reported CDs with
an average particle size ~1.54nm. The as-synthesized CDs
exhibit PL spectra with peak maxima centred at ~460 nm,
540 nm, and 620 nm upon excitations with 380 nm, 460 nm,
and 540nm wavelengths, respectively [44]. Wang et al.
reported N-CDs derived from m-aminobenzoic acid with
highly intense PL maxima, peak appeared at 415nm. They

further reported amine-passivated CDs and used them as
biosensors for the sensing of Fe’* and pH [45]. Sun et al.
reported CDs passivated with oligomeric ethylene glycol
diamine (PEG, 5y)- These passivated CDs exhibit photoin-
duced electron transfer (PET) reactions from quenching of
its PL in the presence of 4-nitrotoluene, 2,4-dinitrotoluene,
Ag", and N,N-diethylaniline (DEA) [46].

5.2.1. Upconversion PL. Few CDs exhibit upconversion PL.
During upconversion, peak maxima in emission spectra
appear at shorter wavelengths even upon excitation with lon-
ger wavelengths. Upconversion PL of CDs are effective in
terms of higher efficiency and their inherent ability to
penetrate within deep tissue without causing any damage
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[47, 48]. Gude reported citric acid- and tyrosine-based N-
CDs and showed upconversion PL by irradiation above
500nm of A, (Figure 11(a)) [49]. Cui et al. synthesized
green photoluminescent CDs from ammonium citrate
and ammonia. These CDs exhibited upconversion behav-
ior and were used for HeLa cell imaging [50]. Recently,
Gogoi et al. reported CDs derived from citric acid by
the hydrothermal method which showed bright upcon-
verted PL. The as-synthesized CDs, when exited with
near infrared (NIR) radiation, PL spectra appeared in
the UV-Vis region (Figure 11(b)) [51].

5.3. Phosphorescence Spectroscopy. CDs are reported to
exhibit phosphorescence spectra. Carbonyl groups present
on the spherical surface of CDs offer exited triplet state which
are responsible for phosphorescence in CDs [52]. Deng et al.
reported room temperature phosphorescence (RTP) of CDs
derived from disodium salt of EDTA (ethylene diamine tetra-
acetic acid) in polyvinyl alcohol (PVA) by forming CD-PVA

composite. They obtained phosphorescence peak at 500 nm
having extended lifetime of 380 ms by exiting the sample with
325 nm (Figure 12) [53]. Li et al. synthesized CDs from citric
acid and urea by the hydrothermal method which showed
excellent PL behaviors. Subsequently, they prepared CD-
CA powder by centrifuging CD and cyanuric acid (CA) mix-
ture. The aqueous solution of CD-CA powder so prepared is
reported to emit green phosphorescent light that can be
observed even with the naked eye at room temperature [54].

5.4. Chemiluminescence Spectroscopy. Chemiluminescence
(CL) of CDs is another feature which is not explored too
much as yet and endowed with wide prospects for future
research. Lin et al. first reported CL of CDs where they
obtained intense CL in the presence of KMnO, and cerium
(IV) ion. Hole generated within the matrix of CD by various
oxidants combine with electron and release energy as CL
[55]. Zhao et al. reported CL from CD derived from glucose
and PEG,,, as a surface-passivating agent (Figure 13(a)).
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The as-synthesized CDs exhibited CL in the presence of dis-
solved oxygen present in an aqueous alkali medium [56].
Recently, Zhang et al. reported an enhancement of CL inten-
sity for the luminol-K;Fe(CN), system when in the presence
of CDs at alkaline pH. The as-fabricated CD composite mate-
rial is used for the detection of anticancer drug 2-
methoxyestradiol (Figure 13(b)) [57].

5.5. Quantum Yield. QY is the most important parameter for
light-emitting systems and provides an index for their future
possibilities to be used as photodevices. It has been reported
that high QY can be achieved by surface fabrication on CDs
[58, 59]. CDs synthesize from common precursors contain-
ing electron-withdrawing groups (EWGs) like carboxylic
and epoxy decrease electron density in CDs and produce rel-
atively low QY [60]. Surface engineering can convert EWGs
to electron-donating groups (EDGs) by easy chemical con-
version without much more alteration in the basic shape of

the carbon nanoparticles (Figure 14) [61]. Doping CDs with
heteroatom is another alternative approach that can generate
new CDs with high QY by changing the bandgap and elec-
tron densities [62, 63]. Initially, CDs originated from candle
soot, graphite, and citric acid exhibited very low QY maxi-
mum up to 10%. Recently, researchers have achieved very
high QY. Zhuo et al. synthesized CDs with high QY of 80%
in an aqueous medium by using citric acid and glutathione
as starting materials [64].

5.6. Spectroscopic Origin of CDs. Significant progress in syn-
thetic methodologies has been noticed in the last few years
while explanation about the photophysical properties espe-
cially the PL of CDs has not been clearly understood until
now. The PL behaviors of CDs are now being explained by
(a) the bandgap transition and (b) the surface defect model.

5.6.1. Bandgap Transition Model. Quantum confinement
effect (QCE) is thought to be responsible for PL in CDs.
The size of CDs plays an important role for PL of CDs as
because QCE are size-dependent phenomenon [65]. Li et al.
reported alkali-assisted electrochemical fabrication of CDs
varying size 1.2 nm to 3.8 nm. The as-prepared CD exhibited
blue PL with emission maximum ~450nm. The emission
wavelengths can be easily tuned from blue to green, green
to yellow, and red by altering sizes of CDs (Figure 15(a))
[29]. Theoretical modelling studies showed PL spectrum
peak positions, intensities varied with variation of their par-
ticle sizes [66]. Sk et al. claimed higher electron delocalization
of electron in the sp*-hybridized cyclic network due to the
presence of varied functionalities and doped heteroatom
reduced bandgap energy by virtue of the QCE and resulted
red-shifted PL spectra (Figure 15(b)) [67].

5.6.2. Surface Defect Model. PL exhibited by CDs are also
envisaged due to surface defects formed in CDs which helps
to capture excitations. Surface defects in CDs are normally
generated due to surface oxidation, presence of functionali-
ties, and doping of heteroatoms [68]. Surface oxidations lead
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to higher surface defects, resulting in larger number of emis-
sive sites within CDs (Figure 16(a)) [39, 69, 70]. Enhanced
photoluminescent property has been explained by doping
of heteroatom that altered electron density in the cyclic struc-
ture of CDs (Figure 16(b)) [71] and multiphoton PL mecha-
nism followed by anti-Stoke transitions (Figure 16(c)) [49].
Chen et al., Hu et al., and other groups noticed significant
variation of PL spectra of CDs which had been attributed to
surface defects resulting in the alteration of bandgap energies
[69]. Ding et al. observed red-shifted PL of CDs from 440
to 625nm by rising oxygen percentage in CD matrix [70].
Tetsuka et al. reported similar phenomenon where they var-
ied nitrogen content by functionality of primary amine [72].

6. Applications of CDs

6.1. Detection of Toxic Chemicals in Food. Serious health
issues are destined due to the presence of toxic materials like

heavy metal ions [73], pesticides [74], antibiotics [75],
preservatives [76], and nonbiodegradable chemicals over a
certain permissible limit in food staff [77]. CD-based PL
quenching sensors are successfully employed for ultrasensi-
tive detections of heavy and highly poisonous metal ions like
Hg*" (Figure 17(a)) [73, 78], Cr®" [79], Pb** [80], Cu®" [81],
AI’* [82], and Co®" [83]. In most cases, linear relationships
between quenching of PL intensity of CDs and concentra-
tion of metal ion present in samples have been observed
[84]. Along with metal ions, anions like F~ [85], PO43' [86],
I' [87], and HCIO, [88] can also be detected by utilizing
CD-based “off-on” logic gate sensor. These types of CD-
based sensor are very much selective and independent over
the presence of other ions (Figure 17(b)) [73, 89].
Excessive use of veterinary drugs in poultries can cre-
ate severe health issues in animal bodies. Antibiotic used
in poultries may leave antibiotic residues above danger
level in animal-derived food products like in milks, eggs,
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and meats [90]. Residue corresponding to antibiotics was
determined by CD-based composite sensor where either
PL quenching (turn off) or enhancement (turn on) was
observed. Antibiotics or their residues like tetracycline
[91], cephalexin [92], ciprofloxacin [93], norfloxacin [94],
oxytetracycline, and chlortetracycline [95] have been
detected from raw milk, egg, meat, and human urine sam-
ple. Estrogen drugs those were used in animals, birds, for
fast growth can also be traced out by CD-based sensor
very effectively [96].

The presence of bacteria like Escherichia coli [97], Bacil-
lus subtilis, Listeria monocytogenes [98], and salmonella
typhimurium [99] in food is also detected by composite
CDs. Other food additives like sugar, vitamin, amino acid,
and different dyes used in food items are detected by means
of CD-based sensor (Figure 17(c)) [100-102].

6.2. Detection of Explosives. Detection and monitoring of
explosives have drawn worldwide attention [103] in concern
with national and international security [104]. Picric acid,
trinitrotoluene (TNT), and dinitrotoluene (DNT) are very
commonly recognized explosives whose presence even in

trace concentrations proves life threatening to mankind
[105]. Thus, the detections of these chemicals are a challeng-
ing task for researchers. Technologies which are normally
used for their detections are very expensive. Interestingly,
CDs or CD-based composites are proved useful for their
detections. There are several reports found where CDs uti-
lized for sensitive detection of explosive with better efficiency
and low-cost technology [106, 107]. Zhang et al. reported
amino-containing surface-fabricated CDs that have the
potential to detect TNT even at ultralow concentrations by
the PL quenching technique [106]. Tb-CD-composites con-
structed with CDs and rare earth metal terbium (Tb) are
employed for screening of picric acid ranging from 500 nM
to 100 mM (Figure 18) [107].

6.3. Chemical Sensors. CD-based logic gate sensors are exten-
sively used in the detection of different chemicals. YES, INH,
NOT, NOR, AND, integrative NOR and INH, and integra-
tive IMP plus NOR plus AND logic gates have been devel-
oped to sense different chemicals [108]. Jana et al. reported
a composite logic gate sensor (CD-MnO,) for sensing low
concentration of NaAc and H, respectively (Figure 19(a))
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[109]. Interestingly, PL active N-CDs derived from D-
(+)-glucose and spermine selectively interacted with right-
handed B-DNA and modified it to left-handed Z-DNA under
physiological salt conditions (Figure 19(b)) [110]. CDs
derived from chitosan [111] and anchored with metal [112]
find wide potential applications in biosensings, in cellular
imagings, and in drug deliveries. Metal ion like Hg*" ion

and organic compound like glutathione have been simulta-
neously determined by CD-based logic gate sensor up to
micromolar limit [113].

6.4. Surface Enhance Raman Spectroscopy (SERS). SERS has
now been established as an elegant analytical technique to
detect molecules at ultrasensitive concentrations down to a
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single molecule detection limit [114-116]. However, SERS
spectra as obtained from dielectric molecular assay and sur-
face plasmon materials are not so much effective due to lack
of proper interaction of the organic molecules with metal or
metal complexes. Composite CDs remove such difficulties
by behaving as mediator between active metal surfaces
and the probe molecules. Wang et al. reported N-CDs
which acted as catalyst for the formation of gold nanopar-
ticles by the reaction between HAuCl, and H,O,. They
quantitatively determined SO,> concentration by means
of SERS intensity measurement (Figure 20) [117]. Bhunia
et al. reported a composite-SERS active film fabricated
with polydimethylsiloxane (PDMS), CD, and silver nano-
particles. Such substrate exhibited SERS spectra, much well
resolved than that reported for conventional SERS-active
dyes as well as for bacterial samples [118]. Recently, Zhao
et al. reported Ag-CD composites obtained by combina-
tion of N-CDs and Ag nanoparticle. The as-synthesized
composites were used as a logic gate sensor and exhibited
potential SERS activities [119].

6.5. Drug Delivery, Bioimaging, and Biosensing. CDs are
extensively utilized in health and medicinal chemistry for
drug deliveries and bioimagings and in the development of
efficient biosensors [13] because of their excellent biocom-
patibility, water solubility, nontoxic, photoluminescent, and
high photostability. Most of the nanomaterials reported as

drug carriers have not shown any PL activities whereas CDs
acted as super drug carrier because of their emissive nature
which helped in tracing drugs in normal cell as well as abnor-
mal (disease affected) cell. Zheng et al. reported CD modified
with oxaliplatin and used it as an efficient cancer drugs [120].
Composite-CD released oxaliplatin within cell in an optimal
condition of cell environment and exhibited their activities
on malignant cells. Then, free CDs with their PL behavior
assisted to carry out complete study about cancer cell.
Recently, Shu et al. synthesized a composite assembly of cur-
cumin with ionic liquid-based CDs which showed its efficacy
as anticancer drug having excellent drug-carrying potential,
high cell-penetration power, and high drug-loading capacity.
The composite exhibited 69.2% drug loading and 87.5% cell
viability on HeLa cells [121].

In vitro and in vivo bioimaging study is a very essential
tool for clinical purposes for the detection and monitoring
of disease-affected abnormal cell in animals. CDs derived
from arginine have been successfully utilized in vitro cytotox-
icity on different cells like MCF-7, HeLa, and NIH 3T3 with
very high cell viability above 90% [122]. Recently, brighter
fluorescent spectra of CDs doped with ZnS inorganic salt
have been reported by Sun et al. These CDs are efficiently
applied in vivo cell imaging study in mice [123]. Huang
et al. reported modified CDs with dye ZW800 that exhibited
excellent photoluminescent properties and were utilized in
in vivo imaging to understand the circulation of blood and
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in tumor detection [124]. Recently, Singh et al. reported CD-
based drug carrier. They showed that their drug carrier inter-
acted with cytosine-rich single-stranded DNA phosphorami-
date linkage and released drug due to change in electrostatic
interaction with DNA at optimum pH condition (Figure 21)
[125].

6.6. Photocatalyst. Pure or composite CDs both can absorb
light with a broad wavelength range and are used for different
photocatalytic activities. Generation H, fuel from water by
utilizing CD-based photocatalysts are the most promising

research topic in recent years. Sun et al. recently reported
photodecomposition of CO, by utilizing doped CDs with
Au as photocatalyst [126]. Liu et al. reported a low cost and
environmentally friendly CDs-C;N, composite catalyst
which successfully produced H, by splitting of water [127].
BiVO,- and CD-containing composites have also been
employed as photocatalyst for degradation of organic pol-
lutants and water splitting (Figure 22) [128]. PEG;5yon-
functionalized CDs coated with Au have the potential to
convert most active components of greenhouse gas, CO,,
into formic or acetic acid [129]. A number of toxic
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chemicals can be damaged or better converted to less toxic
chemical by CD-based photocatalyst [130]. Further, simple
CDs can be used as photocatalyst in normal organic
oxidation-reduction reaction. Li et al. reported that oxidation
of benzyl alcohol to benzaldehyde can be achieved with a very
high (92%) conversion rate and excellent selectivity (100%)
by means of CD as photocatalyst [131].

6.7. Solar Energy Conversion. Doped CDs [14] introduce a
new age in scientific world for the development of solar cells
(SCs) by fabricating with CDs in the presence of other mate-
rials [132, 133]. In concern of pollution, development of eco-
friendly solar cell free from any toxic chemical carries an
extra importance. Carolan et al. first reported this achieve-
ment to form a completely eco-friendly composite SC
device. Their device worked on a FRET-based mechanism
(Figure 23) [134, 135] where doped CDs acted as photoac-
tive as well as photoanode layer [136, 137]. Wang et al.
reported N-CD-perovskite-based composite that acted as
SCs with better efficiency in comparison to normal perov-
skite SCs [138]. Yang et al. reported unique SCs that worked
in very low light even at night [139].

7. Future Perspectives and Conclusion

This review is focused on the recent progress of CDs in
terms of their rational synthesis, surface engineering, and
recent applications. Thousands of new synthetic methodol-
ogies of CDs are being reported every year, albeit simple
and high yields still remain a challenge to their prepara-
tions in large scale. Despite of innumerable publications,
there are no unequivocal theoretical explanations on the
photophysical properties of CDs as yet that leave hence a
bright scope of research for the physicists and physical
chemists in the near future. Due to its biocompatibility,
CDs are expected to replace inorganic quantum dots and
will find wide applications in bioimaging and the prepara-
tion of logic gate biosensors. In addition, eco-friendly
light-harvesting devices constructed with composite CDs
are proving their unique presence in energy conversion
sector. However, developmental works for low cost and
better efficient light-harvesting devices are urgently needed
in the future.
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The discharge of dye wastewater has become an unavoidable problem for human health and the environment. Developing an
economical and rapid method to prepare effective adsorbents for selective removal of dyes is extremely urgent. In this work,
MnO, hollow nanospheres (MHNSs) were prepared through the selective etching method with the MnCO; as the sacrificial
template. The effect of the pH value, contact time, and initial concentration on the adsorption of methyl orange (MO) onto the
MHNSs was systematically investigated. The unique mesoporous hollow structure and large BET surface area (43.74 m?/g) of
MHNSs lead to an excellent adsorption capacity (1677.14 mg/g) at the optimal condition. Furthermore, the prepared MHNSs
also showed great stability (90% removal rate after four cycles). The adsorption kinetics data fitted well with the pseudo-second-
order kinetic model (R*>0.9997). The overall process was jointly controlled by external mass transfer and intraparticle
diffusion, and intraparticle diffusion was the dominant factor. The adsorption isotherm results showed that the Freundlich
model was more accurate to describe the experimental data than the Langmuir model. The thermodynamic analysis showed that
the adsorption of MO on MHNSs was spontaneous and exothermic. Moreover, the calculated AG® and the XPS spectra showed
that the process was mainly a physical process. It is expected that MHNS has a potential application for purifying dye
wastewater due to its great adsorption performance and excellent stability.

brane filtration, chemical oxidation, and adsorption have
been proposed to solve this problem [13-18]. Nevertheless,
these methods are often expensive, technically demanding,

Water pollution has become a worrying challenge for human
health and the ecosystem [1-7]. The release of dye wastewa-
ter leads to serious environmental problems. However, the
treatment of this class of wastewater has proven to be quite
difficult because of its stable and complex aromatic structure
[8-12]. Therefore, there is an urgent need to design an effi-
cient method for removing dye molecules from wastewater.
Various technologies such as photoelectrocatalysis, mem-

or only effective at a certain concentration. The adsorption
technology has been considered to be an efficient, nontoxic,
and economic water treatment technique, and the key of this
technology is to develop highly effective adsorbents.
Currently, as one of typical metal oxides, manganese
oxide with various structures and morphologies was widely
used in the fields of catalysis, electrochemical supercapacitors,
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and adsorption. The morphology and structure of prepared
manganese oxide are seriously restricted by its synthetic route
and conditions. Many researchers have prepared manganese
oxide composite adsorbents with uniform microstructure
and highly specific surface area through molten salt, sol-gel,
coprecipitation, and hydrothermal processes [19-23]. Among
reported materials, the hollow micro-/nanostructures are a
special class of materials due to their unique morphologies,
which have superior advantages such as high BET surface area,
surface permeability, and potential scale-dependence [24-27].
Gheju et al. have reported an efficient MnO, adsorbent for
adsorption of Cr®" and investigated the influence of the pH
value, temperature, and initial Cr®" concentration [28]. The
highest adsorption capacity was obtained at 20°C and pH5.9.
Li. et al. have successfully synthesized hierarchical hollow
MnO, microspheres by a hydrothermal method, and the
prepared materials show high performance for the adsorption
of benzene [29]. However, conventional MnO,-based adsor-
bents were usually irregular nanoparticles or required a high
temperature/pressure condition. Therefore, it is necessary to
design a simple operation and short-reaction-time method
for preparing a MnO, adsorbent with high efficiency.

In this study, hollow manganese dioxide adsorbents with
high efficiency were prepared by a low-temperature acid etch-
ing method [30]. The size and shell thickness of the hollow
manganese oxide could be exactly controlled by adjusting the
amount of etch acid and reaction time. Subsequently, the
adsorption capacity of prepared hollow manganese oxide
microspheres under different pHs, temperatures, and initial
concentrations was evaluated by the adsorption of MO.
The adsorption kinetics, rate-determining step, and thermo-
dynamic analysis of the adsorption process were also investi-
gated. Moreover, the possible mechanism of a MO molecule
absorbed onto the MHNSs was studied and discussed.

2. Experimental

2.1. Materials. Methyl orange, sodium hydroxide, hydro-
chloric acid, potassium permanganate, manganese nitrate,
ammonium carbonate, and polyethylene glycol were all pur-
chased from Sinopharm Chemical Reagent Co. Ltd.

2.2. Synthesis of the MHNSs. Typically, 1.6 g Mn(NO;), (50%
solution) and 0.5 g PEG powder were dissolved in 100 mL of
ethanol-water solution (v : v=1 : 1) under 40°C water bath.
Afterward, 1.6g (NH,),CO; powder was dissolved into
20mL deionized water and then transferred to a 20mL
syringe. The above (NH,),COj; solution was slowly dripped
into the manganese nitrate solution, and the entire drip pro-
cess was completed within 2h. After aging for 4 h, the prod-
uct was collected, washed, and fully dried at 60°C. Then, 0.5 g
of prepared MnCO; powder was dispersed in 20 mL of dis-
tilled water and 25 mL of 0.03 M KMnO, solution was added
into the suspension. Then, 8 mL 2.5M hydrochloric acid
solution was added into the mixture with fierce stirring.
The etching reaction was sustained for 2 min, then the prod-
uct was filtered immediately and washed with distilled water.
Finally, the obtained solid was dried in a vacuum oven at
60°C for 12 h.

Journal of Nanomaterials

2.3. Characterization of the Samples. The crystal structure of
the prepared MnCOj, template and MHNSs was studied with
X-ray powder diffraction (XRD, Bruker D8 Advance, Cu Ka,
A =0.15418 nm). The morphology of the samples was char-
acterized by field emission scanning electron microscopy
(FESEM, ZEISS Merlin compact) and transmission electron
microscopy (TEM, TecnaiG2 F2o S-TWIN). The surface
functional groups were analyzed by Fourier transform infra-
red (FT-IR) spectra (Nicolet 5700). The BET surface area,
pore volume, and pore size distribution of the MHNSs char-
acterized at 77K were investigated using an Autosorb-iQ
Quantachrome surface area and porosity analyzer. The sur-
face compositions were analyzed by X-ray photoelectron
spectroscopy (XPS, ESCALab 250Xi).

2.4. Evaluation of the Adsorption Capacity. The MO solution
was used as a model pollutant to evaluate the adsorption per-
formance of the as-prepared MHNSs. In order to study the
effect of initial concentrations, the MO solution with selected
concentrations (50, 100, 150, 200, 250, and 300 mg L) was
prepared. Similarly, the pH value of the solution was adjusted
from 2.0 to 11.0 using 1 M HCI or NaOH to investigate the
effect of pH value. The 20 mg MHNS adsorbent was added
into 200mL MO solution, and the solution was kept at
15°C under stirring at 300 rpm. At selected intervals, about
3 mL suspension was collected and filtered to remove the cat-
alysts using a 0.45 ym membrane filtration. The MO concen-
tration was recorded on a Lambda 35 UV-Vis spectrometer.
The equilibrium absorption capacity of the MHNSs g,
(mgg") was calculated using the following equation [31, 32]:

V(CO - Ce)

Q=" (1)

where C, (mg/L) is the initial MO concentration, C, (mg/L)
is the equilibrium MO concentration, V (L) is the volume
of the solution, and m (g) is the mass of the added MHNS
adsorbents.

The reusability of the MHNSs was a very important fac-
tor for industrial application. In the stability evaluation, the
used adsorbent was collected. Then, the stability test of the
MHNSs was conducted by repeating the MO solution under
the same conditions for five cycles without any regeneration
treatment [33, 34].

3. Results and Discussion

3.1. XRD, Morphology, and the BET Measurements of the
MHNSs. In this study, low-cost (NH,),CO; and KMnO,
were selected as the raw materials. The MHNSs were success-
fully fabricated by the selective etching method with the
MnCOj; as the template. The typical SEM and TEM images
of the MnCO, template and MHNSs are shown in Figure 1.
The MnCO; templates show a well-defined microsphere
structure with a diameter of about 2 ym, and the micro-
spheres show a slight agglomeration between each other.
Furthermore, some broken microspheres demonstrated that
the spherical hollow structure of prepared MHNSs is derived
from the selective etching of the MnCO, template. The
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FIGURE 1: Scheme illustration and the typical SEM and TEM images of the samples.



thickness of the spherical shell was about 300 nm. As shown
in the high-resolution images, the original smooth nano-
sheets were replaced by the rough MnO, nanoparticles.
When the KMnO, solution was added, the MnO, nanoparti-
cles formed by hydrolysis were adhered on the surface of the
MnCO, template. At the same time, the MnCO; template
was selectively etched by the HCl solution, then the MHNSs
with a spherical hollow structure were obtained. Meanwhile,
it can be observed that some dispersed MnO, microsphere
with the diameter at 200~300 nm coated on the surface of
the hollow spheres. Furthermore, the hollow structure of pre-
pared MHNSs was confirmed by the TEM techniques
(Figure 1(g)-1(i)). The diameter of the hollow shells range
from 1 pm to 2um, and the shell thickness was about
300 nm, which was consistent with the SEM analysis. Thus,
a plausible formation mechanism was proposed in the
scheme illustration figure (as shown in Figure 1).

Figure 2 showed the XRD patterns of prepared MnCO,
and MHNS samples. The diffraction peaks at 20 =24.25°,
31.36°, and 51.68" can be assigned to the (012), (104), and
(116) planes of MnCO, (JCPDS card no. 44-1472), respec-
tively. For the MHNS sample, the diffraction peaks at 20 =
37.12°, 45.01°, and 65.70" correspond to the (311), (400)
and (440) crystal planes, respectively, which was consistent
with the a-MnO, (JCPDS card no. 44-0992). However, it
can be observed that the MHNSs exhibit low and broad dif-
fraction peaks. As mentioned in the FESEM discussions,
the KMnO, will hydrolyze to form MnO, nanoparticles
coated on the surface of the MnCO, template. Meanwhile,
the MnO, maintains a low level of crystallinity due to the
low-temperature and short-time reaction conditions. Thus,
the characteristic peak intensity of the MHNSs was weak
compared to that of prepared MnCO, templates.

In order to investigate the specific surface area, pore size
distribution and pore volume of the MHNSs, the N,
adsorption-desorption isotherm was conducted and the
result was as shown in Figure 3. The N, adsorption-
desorption isotherms exhibit type-IV isotherms. The BET
surface area, total pore volume, and average pore size are
determined to be 43.74 m? g'l, 0.1133 cm?® g'l, and 1.04 nm,
respectively. Thus, it can be concluded that the prepared
MHNS sample is dominated by mesopores, promoting the
adsorption ability for the MO molecule.

3.2. Effect of pH Value on MO Adsorption. Many studies have
reported that the adsorption capacity of the adsorbent was
pH-dependent. The reason can be that the pH value can
influence the surface charge of the adsorbent and the degree
of ionization/dissociation of the MO molecules. Thus, the
adsorption on MO at different pH values are performed
and shown in Figure 4. With the increase of pH value from
2.0 to 11.0, the adsorption capacity of MHNSs on MO
decreases from 99% to 2%. Obviously, MHNSs can only
effectively adsorb MO molecules under acidic conditions,
but it could hardly act at alkaline or neutral solution condi-
tions. Since most of the free hydroxyl groups on the surface
of MHNSs are derived from the hydrogen ions in the solu-
tion, the surface is positively charged. However, the sulfonate
ions ionized by methyl orange molecules are negatively
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Ficure 4: Effect of solution pH on the MO adsorption
(experimental conditions: initial dye concentration: 50mgL’”,
adsorbent dosage: 20 mg/200 mL, temperature: 288 K, and contact
time: 120 min).

charged under acidic condition. Therefore, the negatively
charged sulfonate ions will be adhered to the positively
charged MHNS surface, then forming the ligand complex.
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At an acidic pH value, the solution is rich of hydrated hydro-
gen ions (H" and H;0"), and the surface of MHNSs become
more positively charged, which makes it more likely to
adsorb MO in solution. On the contrary, the adsorption effi-
ciency is relatively low under alkaline conditions. Moreover,
there is a competitive adsorption relationship between the
negatively charged MO ions and excessive hydroxide ions.
With the increase of pH value, the concentration of hydrox-
ide ions in the solution increases and the negative charge on
the surface of MHNSs increases. So the Coulombic repulsion
between the hydroxide ions and the anionic dye was
enhanced, and the adsorption activity of MHNSs on the
MO solution was decreased. Therefore, the significant influ-
ence of the adsorption amount of the MHNS surface was
caused by the pH value of the solution, indicating that the
electrostatic interaction may be the main mechanism for
the adsorption process of anionic dyes. It can also be seen
from Figure 5 that the adsorption process of MHNSs on
MO is very fast, in which almost 90% of MO molecules were
removed within 5 min.

3.3. Effect of Contact Time and Initial Concentration. Three
initial concentrations (50, 100, and 150 mgL™") of MO solu-
tions were chosen to investigate the equilibrium time and
the adsorption capacity of prepared MHNSs and the results
was shown as in the Figure 6. With the increase of the initial
concentration, the equilibrium absorption capacity (q,) of
the MHNSs increased from 475.95mgg™" to 1420.08 mgg’’,
indicating that the initial concentration had a significant
impact on the adsorption capacity. The reason can be
ascribed to the increasing driving force of concentration gra-
dient. Moreover, the adsorption rate of MO was rapid at the
initial 30 min and then slows (at the contact time of
30~120 min). During the initial stage, the MO molecules
were rapidly absorbed by the MHNS adsorbent due to the
sufficient adsorption sites on the surface. Then, the adsorp-
tion rate slowed down with the dwindling number of active
sites and the increasing mutual repulsive forces between the
MO molecules on the surface of MHNSs and the bulk solu-
tion. The reusability of the MHNS adsorbent was tested with
the initial concentration of MO solution at 50 mg L', and the
results are shown in Figure 7. It was found that the removal
rate of MO was still maintained at 90% after four cycles.
Therefore, it can be concluded that the MHNS adsorbent
exhibited well adsorption stability on the MO solution.

3.4. Evaluation of Adsorption Kinetics. The Lagergren-first-
order equation, pseudo-second-order equation, and intra-
particle diffusion model were used to investigate the adsorp-
tion kinetics of the MO molecule on MHNSs, and the
correlation coeflicient value (R?) was used to select the best-
fit model [35, 36]. Figures 8-10 present the analysis results
of MHNSs acted on the MO solution with different dynamic
models. The pseudo-first-order kinetic model was specified
as follows [37, 38]:

In(q,-q,)=In(q,) ~ ki1, (2)

where g, (mg/g) is the adsorption capacity at time ¢ (min),
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Ficure 6: Effect of contact time on MO adsorption at different
initial concentrations.
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Ficure 7: Efficiency of the MHNS composite after five cycles.

q, (mg/g) is the equilibrated adsorption capacity, and k,
(min~') is the rate constant of the pseudo-first-order
kinetic model.
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FIGURE 8: Regressions of kinetic plots at different initial
concentrations: pseudo-first-order kinetic model.
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FIGURE 10: Regressions of kinetic plots at different initial
concentrations: intraparticle mass transfer diffusion model.
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The value of k; can be calculated from the plots of In
(q,-9,) verse t according to the equation. The linear formula
of the pseudo-second-order kinetic model can be expressed
as follows [39, 40]:

t_ 1t )
a ka? q,

where k, (gmg ' min~") is the rate constant of the pseudo-
second-order kinetic model.

The slope and intercept of the linear plots of ¢/g, against
t was used to calculate the value of k, and g, according to
the equation.

Then, the initial adsorption rate h (mgg" min") was
determined as follows [41]:

h= k2qe2 . (4>

The actual rate-controlling step of the MO absorbed
on the MHNSs was very crucial for researching the
adsorption mechanism. However, the aforementioned two
kinetic models could not predict it exactly, then the intra-
particle mass transfer diffusion model proposed by Weber-
Morris was employed. And the calculation equation was as
follows [42, 43]:

q, =kt +C, (5)
where k; (mgg ' min~'?) is the intraparticle diffusion rate
constant and C is the constant that reflects the thickness
of the boundary layer.

The graph of g, against the square root of time can be
used calculated the value of k; and the constant C.

The three kinetic model parameters of MO adsorption
onto MHNSs with different initial concentrations are shown
in Table 1. It could be observed that all the experimental data
agreed well with the pseudo-second-order kinetic model
(R?>0.9997). Therefore, the pseudo-second-order kinetic
model was selected to analyze the adsorption process of
MO molecule onto MHNSs in this study.

Generally, the adsorption process of MO on the MHNSs
was controlled by the following three steps: external mass
diffusion, intraparticle diffusion, and the adsorption on the
MHNS surface. Because the adsorption process was very fast,
this rate-limiting step often was not considered in this study.
In order to determine the exact rate-controlling step, the
intraparticle diffusion model was involved in the analysis
process for MO adsorption on the MHNSs, and the results
are shown in Figure 10.

Multivariate linear regression was used to analyze the
MHNS adsorption MO data. According to the intraparticle
diffusion model, the linear plot of adsorption capacity versus
square rout of time (#'/?) indicated that there were two obvi-
ous regions in the graph. The first region was from 0 to 30
minutes, and the second one was 30-120 minutes. The linear
portion in the first region has a larger slope, which represents
the external mass transfer process. However, during the
second stage, the adsorption capacity of MHNSs on MO still
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TaBLE 1: Parameters of pseudo-first- and pseudo-second-order adsorption kinetic models and the intraparticle diffusion model at various

concentrations.

. Pseudo-first-order model
C, (mgL™) Geexp k, q. 2
50 475.95 0.04402 43.793 0.9869
100 942.99 0.04788 136.904 0.9683
150 1420.08 0.0598 560.220 0.9962

. Pseudo-second-order model Intraparticle diffusion model
Co (mglL™) k, x 107 q 7 h k; C r

2 e i

50 2.7822 478.469 0.9999 636.943 8.339 421.176 0.9562
100 0.9187 952.381 0.9999 833.333 42.114 705.854 0.8299
150 0.2349 1458.99 0.9997 500.000 78.136 881.039 0.9830

increased with t'2, but compared with the first stage, the
slope of the linear portion was much smaller. This can be
ascribed to the second stage which was controlled by the
intraparticle diffusion. Additionally, all the linear portions
did not pass through the origin, indicating that the intrapar-
ticle diffusion was not the only rate-controlling step in the
MHNS adsorption process. The ratio of the diffusion dura-
tion of the external mass to the intraparticle is about 1:3,
which means that the whole adsorption process was con-
trolled by the external mass transfer and the intraparticle dif-
fusion, and the intraparticle diffusion was superior to the
external mass transfer.

3.5. Adsorption Isotherm Study. In order to further study the
adsorption interaction between the MO and the MHNSs, the
equilibrium adsorption data were analyzed and fitted using
the Langmuir and Freundlich isothermal models in this study
[44, 45]. The Langmuir isotherm can be expressed as follows:

C
£ —C,, 6
Qe QmKL ' Qm ¢ ( )

where Ce (mg/L) is the equilibrium concentration, Q, (mg/g)
is the adsorption capacity of adsorbate per unit mass, Q,, is
the Langmuir constant, and K| is the adsorption rate.

The essential characteristic of the Langmuir equation was
expressed by the dimensionless separation factor R;:

1

R=—
L7 1+K,.C,

(7)

where K; (L/mg) is the Langmuir isotherm constant, C,
(mg/L) is the initial MO concentration, and R; is the type
of isotherm.

The linear form of the Freundlich equation is

(®)

1
InQ,=lnKz+-InC,,
n

where K (L/mg) is the adsorption capacity, and # is the def-
inition of how favorable the adsorption process is.

As shown in Table 2, the R; value of the Langmuir model
was between 0 and 1 and the 7 value of the Freundlich model
was between 1 and 10. These results indicated that the
adsorption process of MO molecules on the MHNSs was
favorable. In addition, the correlation coeflicient results of
different models showed that the Freundlich model had a
better fit of experimental data than that of the Langmuir
model. When the temperature of the adsorption process
increased from 273K to 303K, the maximum adsorption
capacity of MO molecules on MHNSs decreased signifi-
cantly from 1677.14 mg/g to 1589.40 mg/g. The maximum
adsorption capacity of MHNSs and other adsorbents
reported in literature on MO solution are listed in Table 3.
It can be seen from the table that the saturated adsorption
capacity of MHNSs was much higher than that of other
adsorbents. Therefore, it can be considered that the pre-
pared MHNSs have a potential application in the sewage
treatment field.

3.6. Thermomechanical Analysis. In general, depth informa-
tion such as the internal energy transformation can be ana-
lyzed by the thermodynamic parameters in the adsorption
process. The standard Gibbs free energy change AG’, the
standard molar enthalpy change AH® and the standard
molar entropy change AS® were determined according to
the adsorption thermodynamic equilibrium constants at dif-
ferent temperatures. For the adsorption process, the adsorp-
tion equilibrium constant K, can be defined by the following
formula [55, 56]:

k=% - <?) . (q>
®  \Ye C,

where « is the activity (effective concentration) of adsorbed
methyl orange and «, is the activity of methyl orange in the
equilibrium solution. y; is the activity coeflicient of adsorp-
tion methyl orange. y, is the activity coefficient of methyl
orange in equilibrium solution. With the progress of adsorp-
tion, the concentration of methyl orange in the solution
keeps decreasing and tends to zero when the adsorption
equilibrium is reached. Therefore, the equilibrium constant

)
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TaBLE 2: Parameters of the adsorption isotherm for the removal of MO by the MHNSs at different temperatures.
Langmuir Freundlich

o q,, (mgg’") b ¢ r R, n K, P2
273 1718.712 0.2824 0.9992 0.01167~0.06614 1.6213 380.8478 0.9257
288 1688.416 0.2278 0.9989 0.01442~0.08071 1.1274 214.6052 0.9786
303 1633.290 0.2089 0.9981 0.01571~0.08737 1.1029 191.8282 0.9899

TaBLE 3: Comparison of the adsorption capacities of MO onto various adsorbents.

Adsorbates Adsorbents Gy (Mg ) Reference

Amine modified PIM-1 ultrafine fibers 312.50mgg™ [46]

3-dimensional (3D) flower-like Ni/Al@PAB LDH 412.80 mg g’1 [47]

Date palm ash (DPA) and MgAl-LDH composites 242.98 mg g'1 [48]

Magnetic lignin-based carbon nanoparticles (MLBCN) 113.00 mg g'1 [49]

MO Chitosan-lysozyme biocomposite (CLC) 43500mgg” [50]

MnO,-graphene-carbon nanotube (MnO,-G-CNT) 476.19mgg’" [51]

CaFe,0, and ZrO, magnetic nanocomposite (CaF-ZO-MNC) 370.37mgg™ [52]

An amorphous solid contains large cationic aMOC-1 359.00mgg (53]

B-CD and PEI bifunctionalized magnetic (Fe;O,-PEI/-CD) 19220 mgg’" (54]
The MnO, hollow nanospheres (MHNSs) 1677.13mgg’" This work

K, value could be obtained by plotting In (g,/C,) versus g,
and extrapolating g, equal to zero.

For any interaction, the adsorption standard Gibbs free
energy change AG’ can be expressed by

AG" = -RT In (K,),

(10)
AG = AH’ - TAS'.
From the above two formulas, K, can be concluded
as follows:

AH® AS

SR T 3

, (11)

where R is the standard gas constant (8.314Jmol™" K™') and
T is the Kelvin temperature (K); AH® and AS® can be calcu-
lated from the slope and intercept of plot In (K,) versus 1/T.
The thermodynamic data is listed in Table 4. It can be seen
that the AG” values at the three temperatures were all nega-
tive, indicating that the adsorption of MO on the surface of
MHNSs was a spontaneous process and thermodynamically
feasible. In general, the AG® of the physical adsorption pro-
cess was less than that of the chemical adsorption process.
Normally, the AG® value of the physical adsorption process
was between -20 and 0kJ mol !, while that of the chemisorp-
tion process was between -400 and -80Kk]J mol™ [57]. And
the adsorption standard value AH® of the physical process
was 2~21kJmol™ [58]. Therefore, the value of AH®
(-16.825) also suggested that the adsorption of MO onto
the surface of MHNSs was mainly a physical process, which
was also consistent with the previous results. Therefore, the
adsorption process of MO on MHNSs was mainly a physical

TaBLE 4: Values of thermodynamic parameters for the adsorption of
the MO dye on the MHNS:s.

T(K) InK, AG (k] mol™) AH® (Kfmol™") AS (Jmol™ K)

273 7.3756 -16.740
288  6.7616 -16.189 -16.825 -1.160
303  6.6528 -16.759

process. Moreover, the negative value of AH® revealed that
the adsorption process is an exothermic process, which
was well consistent with the aforementioned results that
the adsorption capacity of MO decreased with the increase
of temperature. Meanwhile, the negative AS® of the adsorp-
tion demonstrated that the MO molecule in bulk solution
was in a more chaotic distribution compared to the ordered
state (adsorbed on the surface of MHNSs).

3.7. Adsorption Mechanism Analysis. In order to further
study the mechanism of the MO adsorption process on
adsorbents, the FT-IR spectra of the fresh and used MHNS
samples are shown in Figure 11. The weak peaks around at
about 530cm™ in the low frequency region could be attrib-
uted to the Mn-O and Mn-O-Mn shrink vibration [59, 60].
Importantly, the FT-IR spectra of the MHNS-MO sample
were significantly different from its original spectrum. In
the case of the MHNS-MO sample, the new peaks located
at 1039, 1193, and 1384 cm™ correspond to the contraction
vibrations of the -S=0, CH;-, and CN bonds, respectively.
And the peaks located at 818, 849 cm™ can be indexed to
the fingerprint region indicating that MO molecules were
concentrated on the surface of MHNSs [61, 62].
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FIGURE 12: XPS spectra of the MHNS composites before and after
adsorption of MO.

Generally, adsorption reaction may cause some changes
of physical properties changes in the adsorbent, and the
resulting change may help to investigate the adsorption
reaction. As shown in Figure 12, the surface chemical compo-
sition and valence state of MHNSs before and after adsorp-
tion of MO molecules were characterized by XPS. It can be
seen that the peaks of Mn 2p,,, and Mn 2p, , were located
at 642.1eV and 653.5eV, respectively, indicating that the
Mn of the prepared MHNSs were in the form of Mn*". The
energy separation between the two peaks was 11.4 eV, which
was well in agreement with the previous literatures [63, 64].
Furthermore, the position and intensity of the Mn 2p peaks
did not change after the adsorption, which confirmed that
the adsorption process of MO did not cause a significant
change in the oxidation state of manganese. Additionally, it
was found that there was a weak N 1s peak located at
399.8 eV for the adsorbed MHNS-MO spectrum, which indi-
cated that a large amount of MO was adsorbed onto the
MHNSs. These results indicated that the adsorption of MO
molecules did not change the chemical composition and
valence states of MHNSs. This adsorption process was

mainly a physical process, which was consistent with the con-
clusions in thermomechanical analysis.

4. Conclusions

The MnO, hollow nanospheres (MHNSs) were prepared
through a selective etching method using MnCO; as sacrifi-
cial templates. The crystal structure, morphology, and BET
surface area were investigated. The adsorption capacity of
MO onto the MHNSs was systematically investigated by
adjusting the pH value, the initial MO concentration, and
the contact time. The prepared MHNSs showed an excellent
adsorption capacity toward MO compared to other adsor-
bents. The adsorption kinetics followed the pseudo-second-
order model. Moreover, the overall process was apparently
controlled by the external mass transfer and intraparticle dif-
fusion based on the adsorption kinetics data. The thermody-
namic analysis showed that the adsorption of MO on
MHNSs was a spontaneous, exothermic, and physical pro-
cess. Similarly, the XPS results also confirmed that the
adsorption was mainly a physical process. The superior
adsorbing performance of the MHNSs could be attributed
to their unique hollow structure and large BET surface area,
which provided much active adsorption sites. It is expected
that the prepared MHNSs may be a promising adsorbent
for water treatment due to its superior adsorbing perfor-
mance and good stability.

Data Availability

All data included in this study are available upon request by
contact with the corresponding author.

Conflicts of Interest

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

Acknowledgments

This project was financially supported by projects of the
China Postdoctoral Science Foundation (No. 2017M610491),
Key Program of Natural Science Foundation of Hubei
Province (No. 2016CFA079), Scientific Research Plan Project
of Education department of Hubei province (No. B2017057),
and the Principal Fund of Wuhan Institute of Technology
(NO. 2018003).

References

[1] R. Xu, J. Mao, N. Peng, X. Luo, and C. Chang, “Chitin/clay
microspheres with hierarchical architecture for highly efficient
removal of organic dyes,” Carbohydrate Polymers, vol. 188,
pp. 143-150, 2018.

[2] Z.Wen,]. Ke, ]. Xu, S. Guo, Y. Zhang, and R. Chen, “One-step
facile hydrothermal synthesis of flowerlike Ce/Fe bimetallic
oxides for efficient As(V) and Cr(VI) remediation: perfor-
mance and mechanism,” Chemical Engineering Journal,
vol. 343, pp. 416-426, 2018.



10

(3]

=
2

[9

—

(10]

(11]

(12]

(13]

(14]

(15]

(16]

Z. Wen, Y. Zhang, Y. Wang, L. Li, and R. Chen, “Redox
transformation of arsenic by magnetic thin-film MnO,
nanosheet-coated flowerlike Fe;O, nanocomposites,” Chemi-
cal Engineering Journal, vol. 312, pp. 39-49, 2017.

Z. Gao, S. Xie, B. Zhang, X. Qiu, and F. Chen, “Ultrathin Mg-
Al layered double hydroxide prepared by ionothermal synthe-
sis in a deep eutectic solvent for highly effective boron
removal,” Chemical Engineering Journal, vol. 319, pp. 108-
118, 2017.

S. Luo, F. Qin, Y. Ming, H. Zhao, Y. Liu, and R. Chen, “Fabri-
cation uniform hollow Bi,S; nanospheres via Kirkendall effect
for photocatalytic reduction of Cr(VI) in electroplating indus-
try wastewater,” Journal of Hazardous Materials, vol. 340,
Pp. 253-262, 2017.

F. Chen, S. Xie, X. Huang, and X. Qiu, “lonothermal synthesis
of Fe;O, magnetic nanoparticles as efficient heterogeneous
Fenton-like catalysts for degradation of organic pollutants
with H,0,,” Journal of Hazardous Materials, vol. 322, Part
A, pp. 152-162, 2017.

S. Guo, A. Naeem, H. Fida, M. Hamayun, M. Muska, and
J. Chen, “Removal of Cu(Il) from aqueous solution by iron
vanadate: equilibrium and kinetics studies,” Desalination and
Water Treatment, vol. 75, pp. 124-131, 2017.

S. Guo, Z. Yang, Z. Wen, H. Fida, G. Zhang, and J. Chen,
“Reutilization of iron sludge as heterogeneous Fenton catalyst
for the degradation of rhodamine B: role of sulfur and mesopo-
rous structure,” Journal of Colloid and Interface Science,
vol. 532, pp. 441-448, 2018.

J. Ke, X. Li, Q. Zhao, B. Liu, S. Liu, and S. Wang, “Upcon-
version carbon quantum dots as visible light responsive
component for efficient enhancement of photocatalytic per-
formance,” Journal of Colloid and Interface Science, vol. 496,
pp. 425-433, 2017.

H. Fida, G. Zhang, S. Guo, and A. Naeem, “Heterogeneous
Fenton degradation of organic dyes in batch and fixed bed
using La-Fe montmorillonite as catalyst,” Journal of Colloid
and Interface Science, vol. 490, pp. 859-868, 2017.

J.-X. Yu, W. L. Xiong, J. Zhu, J. D. Chen, and R. A. Chi,
“Removal of Congo red from aqueous solution by adsorption
onto different amine compounds modified sugarcane bagasse,”
Clean Technologies and Environmental Policy, vol. 19, no. 2,
article 1243, pp. 517-525, 2017.

Z.He,]. Yu, Y. Qi, and R. A. Chi, “PMDA-modified biosor-
bents for enhancement adsorption of basic magenta,” Environ-
mental Earth Sciences, vol. 70, no. 2, article 2147, pp. 635-642,
2013.

S. Song, K. Wu, H. Wu, J. Guo, and L. Zhang, “Multi-shelled
ZnO decorated with nitrogen and phosphorus co-doped car-
bon quantum dots: synthesis and enhanced photodegradation
activity of methylene blue in aqueous solutions,” RSC
Advances, vol. 9, no. 13, pp. 7362-7374, 2019.

L. Chen, J. Wei, W. Wang, and C. Wang, “Combination of
microalgae cultivation with membrane processes for the treat-
ment of municipal wastewater,” Water Science & Technology,
vol. 68, no. 11, pp. 2374-2381, 2013.

M. Zhang, L. Wang, T. Zeng et al, “Two pure MOF-
photocatalysts readily prepared for the degradation of methy-
lene blue dye under visible light,” Dalton Transactions, vol. 47,
no. 12, pp. 4251-4258, 2018.

H. Wang, L. Liang, X. Cheng, Y. Luo, and S. Sun, “Facile fabri-
cation of porous ZnS and ZnO films by coaxial electrospinning

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

[25]

(26]

(27]

(28]

[29]

Journal of Nanomaterials

for highly efficient photodegradation of organic dyes,” Photo-
chemistry and Photobiology, vol. 94, no. 1, pp. 17-26, 2018.

J. Huang, Y.”. Ming, Y. du, Y. Wang, and C. Wang, “Study on
the effect of the three-dimensional electrode in degradation
of methylene blue by lithium modified rectorite,” Journal of
Analytical Methods in Chemistry, vol. 2016, Article ID
8198235, 6 pages, 2016.

G. Cheng and F. J. Stadler, “Achieving phase transformation
and structure control of crystalline anatase TiO,@C hybrids
from titanium glycolate precursor and glucose molecules,”
Journal of Colloid and Interface Science, vol. 438, pp. 169-
178, 2015.

Z. Wen, Y. Zhang, S. Guo, and R. Chen, “Facile template-free
fabrication of iron manganese bimetal oxides nanospheres
with excellent capability for heavy metals removal,” Journal
of Colloid and Interface Science, vol. 486, pp. 211-218, 2017.
J. Qian, H. Jin, B. Chen et al., “Aqueous manganese dioxide ink
for paper-based capacitive energy storage devices,” Ange-
wandte Chemie (International Ed. in English), vol. 54, no. 23,
pp. 6800-6803, 2015.

Y. Sun, Z. Fang, C. Wang, K. R. R. M. Ariyawansha, A. Zhou,
and H. Duan, “Sandwich-structured nanohybrid paper based
on controllable growth of nanostructured MnO, on ionic
liquid functionalized graphene paper as a flexible supercapa-
citor electrode,” Nanoscale, vol. 7, no. 17, pp. 7790-7801,
2015.

T. Raj Kumar, G. Gnana Kumar, and A. Manthiram, “Bio-
mass-derived 3D carbon aerogel with carbon shell-confined
binary metallic nanoparticles in CNTs as an efficient electroca-
talyst for microfluidic direct ethylene glycol fuel cells,”
Advanced Energy Materials, vol. 9, no. 16, article 1803238,
2019.

G. Jenita Rani, M. A. Jothi Rajan, and G. Gnana kumar,
“Reduced graphene oxide/ZnFe,O, nanocomposite as an effi-
cient catalyst for the photocatalytic degradation of methylene
blue dye,” Research on Chemical Intermediates, vol. 43, no. 4,
pp. 2669-2690, 2017.

H.-P. Jing, C.-C. Wang, Y.-W. Zhang, P. Wang, and R. Li,
“Photocatalytic degradation of methylene blue in ZIF-8,”
RSC Advances, vol. 4, no. 97, pp. 54454-54462, 2014.

J. Salamon, Y. Sathishkumar, K. Ramachandran et al., “One-
pot synthesis of magnetite nanorods/graphene composites
and its catalytic activity toward electrochemical detection of
dopamine,” Biosensors and Bioelectronics, vol. 64, pp. 269-
276, 2015.

G. Gnana Kumar, G. Amala, and S. M. Gowtham, “Recent
advancements, key challenges and solutions in non-
enzymatic electrochemical glucose sensors based on graphene
platforms,” RSC Advances, vol. 7, no. 59, pp. 36949-36976,
2017.

M. Ranjani, Y. Sathishkumar, Y. S. Lee, D. Jin Yoo, A. R. Kim,
and G. Gnana kumar, “Ni-Co alloy nanostructures anchored
on mesoporous silica nanoparticles for non-enzymatic glucose
sensor applications,” RSC Advances, vol. 5, no. 71, pp. 57804—
57814, 2015.

M. Gheju, I. Balcu, and G. Mosoarca, “Removal of Cr(VI) from
aqueous solutions by adsorption on MnO,,” Journal of Haz-
ardous Materials, vol. 310, pp. 270-277, 2016.

D. Li, X. Wu, and Y. Chen, “Synthesis of hierarchical hollow
MnO2Microspheres and potential application in abatement
of VOCs,” Journal of Physical Chemistry C, vol. 117, no. 21,
pp. 11040-11046, 2013.



Journal of Nanomaterials

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

(42]

(43]

(44]

Y. Chen, Q. Wang, and T. Wang, “Facile large-scale synthesis
of brain-like mesoporous silica nanocomposites via a selective
etching process,” Nanoscale, vol. 7, no. 39, pp. 16442-16450,
2015.

J. Ke, X. Duan, S. Luo et al.,, “UV-assisted construction of 3D
hierarchical rGO/Bi,MoO, composites for enhanced photo-
catalytic water oxidation,” Chemical Engineering Journal,
vol. 313, pp. 14471453, 2017.

J. Xiong, G. Cheng, F. Qin, R. Wang, H. Sun, and R. Chen,
“Tunable BiOCI hierarchical nanostructures for high-efficient
photocatalysis under visible light irradiation,” Chemical Engi-
neering Journal, vol. 220, pp. 228-236, 2013.

S. Danwittayakul, M. Jaisai, T. Koottatep, and J. Dutta,
“Enhancement of photocatalytic degradation of methyl orange
by supported zinc oxide nanorods/zinc stannate (ZnO/ZTO)
on porous substrates,” Industrial ¢ Engineering Chemistry
Research, vol. 52, no. 38, pp. 13629-13636, 2013.

L. Zhang, K. Wu, Y. Zhou et al., “Synthesis of MnO,@gra-
phene oxide flower-like nanocomposite as adsorbent for
methyl orange decolouration,” Micro & Nano Letters, vol. 12,
no. 5, pp. 335-337, 2017.

M. K. Sahu, S. Mandal, L. S. Yadav, S. S. Dash, and R. K. Patel,
“Equilibrium and kinetic studies of Cd(II) ion adsorption from
aqueous solution by activated red mud,” Desalination and
Water Treatment, vol. 57, no. 30, pp. 14251-14265, 2015.

J. Shou and M. Qiu, “Adsorption of copper ions onto activated
carbon from capsicum straw,” Desalination and Water Treat-
ment, vol. 57, no. 1, pp. 353-359, 2014.

M. Loredo-Cancino, E. Soto-Regalado, R. B. Garcia-Reyes
et al, “Adsorption and desorption of phenol onto barley
husk-activated carbon in an airlift reactor,” Desalination and
Water Treatment, vol. 57, no. 2, pp- 845-860, 2015.

T. N. Ramesh, D. V. Kirana, A. Ashwini, and T. R. Manasa,
“Calcium hydroxide as low cost adsorbent for the effective
removal of indigo carmine dye in water,” Journal of Saudi
Chemical Society, vol. 21, no. 2, pp. 165-171, 2017.

Y. Xie, C. He, L. Liu et al., “Carbon nanotube based polymer
nanocomposites: biomimic preparation and organic dye
adsorption applications,” RSC Advances, vol. 5, no. 100,
pp. 82503-82512, 2015.

H. Faghihian, S. N. Mirsattari, and K. Asghari, “Kinetics &
thermodynamics of Cu(I) adsorption by imprinted salen-
functionalized silica gel,” Desalination and Water Treatment,
vol. 52, no. 37-39, pp. 7205-7217, 2013.

P. Koilraj and S. Kannan, “Aqueous fluoride removal using
ZnCr layered double hydroxides and their polymeric compos-
ites: batch and column studies,” Chemical Engineering Journal,
vol. 234, pp. 406-415, 2013.

J. Ma, M. Yang, F. Yu, and J. Zheng, “Water-enhanced
removal of ciprofloxacin from water by porous graphene
hydrogel,” Scientific Reports, vol. 5, no. 1, article 13578,
2015.

B. Cheknane, F. Zermane, M. Baudu, O. Bouras, and J. P.
Basly, “Sorption of basic dyes onto granulated pillared clays:
thermodynamic and kinetic studies,” Journal of Colloid and
Interface Science, vol. 381, no. 1, pp. 158-163, 2012.

F. Ayari, E. Srasra, and M. Trabelsi-Ayadi, “Low-cost adsor-
bents for a dye uptake from contaminated water modeling of
adsorption isotherms: the Langmuir, Freundlich and Elovich
models,” Surface Engineering and Applied Electrochemistry,
vol. 44, no. 6, pp. 489-498, 2008.

(45]

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

[55]

(56]

(57]

(58]

11

B. Kwakye-Awuah, E. Von-Kiti, I. Nkrumah, R. Erdoo Ikyreve,
I. Radecka, and C. Williams, “Parametric, equilibrium, and
kinetic study of the removal of salt ions from Ghanaian seawa-
ter by adsorption onto zeolite X,” Desalination and Water
Treatment, vol. 57, no. 45, pp. 21654-21663, 2016.

B. Satilmis and T. Uyar, “Amine modified electrospun PIM-1
ultrafine fibers for an efficient removal of methyl orange from
an aqueous system,” Applied Surface Science, vol. 453, pp. 220-
229, 2018.

S. Chen, Y. Huang, X. Han et al., “Simultaneous and efficient
removal of Cr(VI) and methyl orange on LDHs decorated
porous carbons,” Chemical Engineering Journal, vol. 352,
pp- 306-315, 2018.

N. L. Blaisi, M. Zubair, Thsanullah et al., “Date palm ash-MgAl-
layered double hydroxide composite: sustainable adsorbent for
effective removal of methyl orange and eriochrome black-T
from aqueous phase,” Environmental Science and Pollution
Research, vol. 25, no. 34, pp. 34319-34331, 2018.

Y.-z. Ma, D.-f. Zheng, Z.-y. Mo, R.-j. Dong, and X.-q. Qiu,
“Magnetic lignin-based carbon nanoparticles and the adsorp-
tion for removal of methyl orange,” Colloids and Surfaces A:
Physicochemical and Engineering Aspects, vol. 559, pp. 226-
234, 2018.

K. Rathinam, S. P. Singh, C. J. Arnusch, and R. Kasher, “An
environmentally-friendly ~chitosan-lysozyme biocomposite
for the effective removal of dyes and heavy metals from aque-
ous solutions,” Carbohydrate Polymers, vol. 199, pp. 506-515,
2018.

Y. Liu, Y. Tian, C. Luo, G. Cui, and S. Yan, “One-pot prepara-
tion of a MnO,-graphene-carbon nanotube hybrid material
for the removal of methyl orange from aqueous solutions,”
New Journal of Chemistry, vol. 39, no. 7, pp. 5484-5492, 2015.
M. Bhowmik, A. Debnath, and B. Saha, “Fabrication of mixed
phase calcium ferrite and zirconia nanocomposite for abate-
ment of methyl orange dye from aqua matrix: optimization
of process parameters,” Applied Organometallic Chemistry,
vol. 32, no. 12, article e4607, 2018.

Y. Gao, S. Q. Deng, X. Jin, S. L. Cai, S. R. Zheng, and W. G.
Zhang, “The construction of amorphous metal-organic
cage-based solid for rapid dye adsorption and time-dependent
dye separation from water,” Chemical Engineering Journal,
vol. 357, pp. 129-139, 2019.

B. Chen, S. Chen, H. Zhao, Y. Liu, F. Long, and X. Pan, “A ver-
satile B-cyclodextrin and polyethyleneimine bi-functionalized
magnetic nanoadsorbent for simultaneous capture of methyl
orange and Pb(Il) from complex wastewater,” Chemosphere,
vol. 216, pp. 605-616, 2019.

1. I. Fasfous, E. S. Radwan, and J. N. Dawoud, “Kinetics,
equilibrium and thermodynamics of the sorption of tetrabro-
mobisphenol A on multiwalled carbon nanotubes,” Applied
Surface Science, vol. 256, no. 23, pp. 7246-7252, 2010.

R. Niwas, U. Gupta, A. A. Khan, and K. G. Varshney, “The
adsorption of phosphamidon on the surface of styrene sup-
ported zirconium (IV) tungstophosphate: a thermodynamic
study,” Colloids and Surfaces A: Physicochemical and Engineer-
ing Aspects, vol. 164, no. 2-3, pp. 115-119, 2000.

Y. Yu, Y.-Y. Zhuang, Z.-H. Wang, and M.-Q. Qiu, “Adsorption
of water-soluble dyes onto modified resin,” Chemosphere,
vol. 54, no. 3, pp- 425-430, 2004.

Y. Liu and Y.-J. Liu, “Biosorption isotherms, kinetics and ther-
modynamics,” Separation and Purification Technology, vol. 61,
no. 3, pp. 229-242, 2008.



12

(59]

[60]

[61]

(62]

[63]

(64]

G. Gnana kumar, Z. Awan, K. Suk Nahm, and J. Stanley
Xavier, “Nanotubular MnO,/graphene oxide composites for
the application of open air-breathing cathode microbial fuel
cells,” Biosensors and Bioelectronics, vol. 53, pp. 528-534, 2014.

M. Hu, K. S. Hui, and K. N. Hui, “Role of graphene in MnO,/-
graphene composite for catalytic ozonation of gaseous tolu-
ene,” Chemical Engineering Journal, vol. 254, pp. 237-244,
2014.

J. Ma, F. Yu, L. Zhou et al., “Enhanced adsorptive removal of
methyl orange and methylene blue from aqueous solution by
alkali-activated multiwalled carbon nanotubes,” ACS Applied
Materials & Interfaces, vol. 4, no. 11, pp. 5749-5760, 2012.

S. S. Bayazit, “Magnetic multi-wall carbon nanotubes for
methyl orange removal from aqueous solutions: equilibrium,
kinetic and thermodynamic studies,” Separation Science and
Technology, vol. 49, no. 9, pp. 1389-1400, 2014.

K. Luo, S.-X. Zhao, Y.-F. Wang, S.-J. Zhao, and X.-H. Zhang,
“Synthesis of petal-like §-MnO, and its catalytic ozonation
performance,” New Journal of Chemistry, vol. 42, no. 9,
pp. 6770-6777, 2018.

H. Liu, Z. Hu, Y. Su, H. Ruan, R. Hy, and L. Zhang, “MnO,na-
norods/3D-rGO composite as high performance anode mate-
rials for Li-ion batteries,” Applied Surface Science, vol. 392,
pp. 777-784, 2017.

Journal of Nanomaterials



Hindawi

Journal of Nanomaterials

Volume 2019, Article ID 8767943, 7 pages
https://doi.org/10.1155/2019/8767943

Research Article

Hindawi

Reproductive Toxicity of Pomegranate Peel Extract Synthesized
Gold Nanoparticles: A Multigeneration Study in C. elegans

Mahnoor Patel ®,' Nikhat J. Siddiqi ,”> Preeti Sharma,' Abdullah S. Alhomida ®,>

and Haseeb A. Khan ®?>

"Department of Biotechnology, Veer Narmad South Gujarat University, 395007, Surat, Gujarat, India
Department of Biochemistry, College of Science, King Saud University, Riyadh 11451, Saudi Arabia

Correspondence should be addressed to Haseeb A. Khan; khan_haseeb@yahoo.com

Received 28 April 2019; Revised 30 June 2019; Accepted 11 July 2019; Published 28 August 2019

Guest Editor: Ziyou Zhou

Copyright © 2019 Mahnoor Patel et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

C. elegans is a preferential model for testing environmental toxicity of compounds including nanomaterials. The impact of
multigeneration exposure of gold nanoparticles (AuNPs) on the lifespan and fertility of C. elegans is not known and therefore is
investigated in this study. We used pomegranate (Punica granatum) peel extracts as a reducing agent to synthesize gold
nanoparticles (PPE-AuNPs) from chloroauric acid. Nematodes were grown till adult stage and then exposed to 25, 50, and
100 pug/ml of PPE-AuNPs at 20°C for 72 hours and then assessed for lifespan and fertility. The same protocols were followed for
subsequent F1, F2, and F3 generations. The results showed that PPE-AuNPs dose-dependently but insignificantly reduced the
lifespan of C. elegans. Exposure of PPE-AuNPs significantly and dose-dependently reduced the fertility of C. elegans in terms of
the number of eggs produced. The reproductive toxicity of PPE-AuNPs was found to be minimal in parental generation (F0)
and maximal in F3 generation. In conclusion, biologically synthesized PPE-AuNPs adversely affect the fertility of C. elegans

while the factors responsible for reproductive toxicity are inherited by subsequent generations.

1. Introduction

There is a growing trend for the synthesis and widespread
use of nanoparticles (NPs) for applications in different
areas such as medicine, engineering, bioremediation, cos-
metics, and food industry [1-7]. Such a wider scope of
engineered NPs needs to be channelized by their prudent
use for availing their benefits without ignoring their
adverse effects on humans and the environment [8]. The
extensive use of nanoparticle has led to their release in
the environment causing them to be considered environ-
mental toxicants [9]. Among the metallic NPs, gold nano-
particles (AuNPs) have been recognized as promising tools
for biomedical applications due to their biocompatibility
and ease in functionalization [10, 11]. Although gold is a
chemically inert material, its transformation into nanoscale
imparts the antigenic quality as several studies have shown
an acute phase immune activation following injection of
AuNPs in rats [12-15] and mice [16, 17]. However, the

primed animals (preexposed to AuNPs) showed protection
against AuNP-induced acute immune activation in the form
of reduced expression of proinflammatory cytokines [18].

Caenorhabditis elegans (C. elegans) is a free-living, trans-
parent nematode with a short life cycle of a few days and
can be quickly grown in a laboratory. Interestingly, the
majority of human genes have homologs in C. elegans.
A comparative proteomics study has shown that 83% of
the worm proteome possesses human homologous genes
[19]. C. elegans is therefore considered a model organism
for understanding human gene function. The neural
system, immune system, and digestive and reproductive
systems of C. elegans are identical to the vertebrates
which makes it an excellent model for toxicity studies
as well [20-22]. C. elegans is ideally suited for the screen-
ing of NPs while mitigating the hurdles associated with
the use of mammalian animal models, such as ethical
issues, handling expertise, space requirement, and time
constraints [23-25].


https://orcid.org/0000-0003-4073-5952
https://orcid.org/0000-0002-4830-3217
https://orcid.org/0000-0001-9245-885X
https://orcid.org/0000-0001-6084-8589
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/8767943

The pomegranate (Punica granatum) is a fruit-bearing
deciduous shrub belonging to the family Lythraceae.
Pomegranate fruits possess antioxidant and medicinal
properties and are commonly used in baking, cooking,
juice blends, meal garnishes, smoothies, and alcoholic
beverages. Recently, pomegranate juice and peel extracts
have been utilized as reducing and stabilizing agents for
the synthesis of AuNPs [26-29]. Kim et al. [30] have
shown that parental (FO) exposure of 10nm size AuNPs
caused reproductive toxicity in unexposed F2 generation
which was gradually recovered in the unexposed F3 and
F4 generations. We hypothesized that the antioxidant
potential of pomegranate peel extract [31] would modify
the toxicological profile of AuNPs synthesized from it.
In this investigation, we studied the transgenerational
effects of pomegranate peel extract synthesized gold nano-
particles (PPE-AuNPs) on the lifespan and fertility of C.
elegans after exposing parental (FO) and three generations
(F1, F2, and F3) of C. elegans to three different concen-
trations of PPE-AuNPs.

2. Materials and Methods

2.1. Synthesis of PPE-AuNPs. Pomegranate fruits were pur-
chased from the local market. The fresh peel (50 g) obtained
from a prewashed pomegranate fruit was added to 250 ml of
distilled water and boiled for 25min. The same ratio of
pomegranate peel and solvent has been reported earlier for
obtaining the extract [31]. The extract was filtered using a
Whatman filter paper to get the aqueous fruit peel extract.
The freshly prepared extract was stored in a sterile bottle
and kept at 4°C for a short time to cool the extract. Pome-
granate peel extract (0.9 ml) was mixed with 25 ml of 1 mM
solution of chloroauric acid (HAuCl,). The reacting mixture
was kept for 24h at room temperature with intermittent
shaking. The color change from gold to pink indicated
the synthesis of PPE-AuNPs. The synthesized nanoparti-
cles were washed with sterile water using the sequential
steps of centrifugation (17,000 g, 30min), supernatant
removal, and redispersion by vortex. Aqueous dispersions
of PPE-AuNPs in the concentrations of 10, 50, and 100 pg/ml
were used for C. elegans exposure.

2.2. Characterization of PPE-AuNPs. UV -visible spectropho-
tometry (Shimadzu, Japan) was used to monitor the bio-
reduction of AuCl, ions to metallic Au leading to the synthe-
sis of PPE-AuNPs. The wavelength range from 300nm to
800 nm was scanned for obtaining the absorption spectra of
PPE-AuNPs. Scanning electron microscopy (SEM, Jeol,
Japan) was used to characterize the morphology and size of
the synthesized PPE-AuNPs. An energy-dispersive X-ray
spectrometer (EDX, Oxford System) was used for elemental
analysis. A sample for EDX analysis was prepared by
sprinkling the dispersed PPE-AuNPs onto a double-sided
adhesive carbon conductive tape which was then mounted
on the microscopic copper stub. Photographic images were
visualized on a computer screen, and the results of SEM
and EDX were interpreted.
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2.3. Maintenance of Caenorhabditis elegans. C. elegans (wild
type, Bristol, N2) were obtained from the National Institute
of Immunology, New Delhi, India. All worms were
cultured in Nematode Growth Media (NGM: NaCl, 3 g/l;
peptone, 2.5g/l; agar, 17g/l; 1M potassium phosphate,
25ml; 1M CaCl,, 1ml; 1M MgSO,, 1 ml; and cholesterol,
1 ml) on agar plates. The food source was Escherichia coli
OP50 strain. To obtain synchronized worms, gravid
hermaphrodites were treated with sodium hypochlorite
(5% NaOCI/IN NaOH, 2:5) for 10 minutes and 1ml
aliquots of the solution were centrifuged at 2000 rpm for
2min and washed with K-medium which consisted of
0.032M KCI and 0.051M NaCl [32]. C. elegans were
allowed to mature till the fourth larval stage for further
experiments. The experimental design for multigenera-
tional toxicity assay is summarized in Figure 1.

2.4. Lifespan Assay. Worms were grown on NGM agar till
they became gravid adults. The gravid adults were bleached
to obtain the eggs. All the worms were grown till adult stage,
which were then exposed to 25, 50, and 100 ug/ml PPE-
AuNPs at 20°C for 72 h. The young adults were then treated
with fluorodeoxyuridine to inhibit the development of the
next progeny. The numbers of worms were similar in control
and experimental plates. Scoring was done on every alternate
day for live and dead worms till all the worms died. Live and
dead worms were distinguished by a touch-provoke method
under a dissecting microscope with the help of worm pick.
Lifespan assay was performed for every generation for a
multigenerational toxicity study. The lifespan of the worm
was the time between the egg and the death of the worm.
The experiments were conducted in three replicates.

2.5. Fertility Assay. Age-synchronized adult worms (L4
stage/PO worms) were exposed to different concentrations
(25, 50, and 100 pg/ml) of PPE-AuNPs at 20°C for 72 h. After
exposure, the worms were washed with M9 buffer and a
single worm was transferred to a 35mm petri plate con-
taining NGM medium, supplemented with E. coli OP50.
The worms were washed and pelleted, and the progeny
were counted under the dissecting microscope. For each
test concentration and control, the numbers of eggs were
counted for every single worm. Fertility assay was per-
formed for every subsequent generation to study multigen-
erational toxicity. The experiments were conducted in
three replicates.

The L4 stage worms were considered parent generation
(FO). Parental worms were exposed to different concentra-
tions of PPE-AuNPs. For reproductive toxicity studies, one
exposed worm was transferred to a 35 mm petri dish to deter-
mine the brood size. The rest of the worms were transferred
to 60 mm MGM plates to obtain the eggs by an alkali bleach
method. The worms were collected and washed thrice with
distilled water. The washed worms were placed in NGM
plates, and the next generation was produced. The second-
generation worms were grown till the L4 stage to produce
the first filial generation (F1) which were exposed to the same
concentration of PPE-AuNPs and for the same duration as
conducted in F0. A single worm was isolated for reproductive
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FIGURE 1: Schematic representation of study protocol for testing the effect of PPE-AuNPs on lifespan and fertility in C. elegans.

toxicity studies while the rest of the worms were allowed to
grow till the L4 stage to produce the second filial genera-
tion (F2). The same protocol was followed for the third
filial generation (F3).

2.6. Statistical Analysis. The data were analyzed by one-way
analysis of variance (ANOVA) followed by Tukey’s test using
SPSS package. P values < 0.05 were considered statistically
significant.

3. Results

3.1. Synthesis and Characterization of PPE-AuNPs. The
appearance of pink color following the mixing of pomegran-
ate extract with the solution of chloroauric acid indicated the
formation of PPE-AuNPs. The UV-visible spectra of the
reaction mixture showed the absorption peak at 540 nm with
a maximal intensity at 24h, indicating the time course of
PPE-AuNP synthesis (Figure 2(a)). The Energy Dispersive
X-ray (EDX) analysis of PPE-AuNPs showed the presence
of the elemental peaks of carbon, oxygen, magnesium, and
gold (Figure 2(b)). The presence of peak at 2keV on spec-
trum confirmed the formation of gold nanoparticles. Small
amounts of other elements including carbon, oxygen, and

magnesium also appeared due to their occurrence in plant
extract (Figure 2(b)). SEM image showed the morphology
of PPE-AuNPs to be round with an average particle diameter
of 11.0 + 1.5 nm (Figure 2(c)).

3.2. Multigenerational Effect of PPE-AuNPs on C. elegans
Lifespan. The average lifespan of unexposed C. elegans in
the parental generation (FO) was 17 days which was dose-
dependently reduced after exposure of PPE-AuNPs; how-
ever, this decrease in lifespan was statistically insignificant
(Figure 3). Similar trends were observed in subsequent F1,
F2, and F3 generations while the exposure of different con-
centrations of PPE-AuNPs did not cause any significant
change in the lifespan of C. elegans (Figure 3).

3.3. Multigenerational Effect of PPE-AuNPs on C. elegans
Fertility. The fertility assay in terms of the number of eggs
showed that the parental generation (F0) unexposed C.
elegans laid 195+ 5 eggs which were significantly reduced
following the exposure of 100 pg/ml PPE-AuNPs
(Figure 4). Although the low (10ug/ml) and medium
(50 pg/ml) concentrations of PPE-AuNPs slightly reduced
the fertility of FO nematodes, this effect was statistically
nonsignificant. However, all the concentrations of PPE-
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on the lifespan of C. elegans.

AuNPs significantly reduced the fertility of C. elegans in
the F2 and F3 generations (Figure 4). The severity of
reproductive toxicity of PPE-AuNPs in C. elegans was

directly related to generations, while FO nematodes were
the least sensitive, and F3 nematodes were highly sensitive
to the adverse effects of PPE-AuNPs on the fertility of C.
elegans (Figure 4).

4. Discussion

In this study, we used pomegranate (Punica granatum) peel
extract for the synthesis of AuNPs using a “green synthesis”
approach. The production of AuNPs involves the reduction
of a solution of chloroaurate ions (AuCl,") with a reducing
agent. Sodium borohydride is commonly used as a reducing
agent in the synthesis of AuNPs; however, it is an environ-
mental contaminant and highly toxic to biological systems
[33]. Therefore, phytochemicals like epigallocatechin [34]
and mangiferin [35] have been utilized for the green synthe-
sis of AuNPs. The reducing agent used in this study was the
pomegranate peel extract (PPE) to synthesize AuNPs. Earlier
studies have demonstrated the presence of gallic acid in PPE,
which results in the formation of larger AuNPs when
compared to other plant extracts [27]. Pomegranate extract
contains ellagic acid which is responsible for its antioxidant
properties. Other phenolic compounds like anthocynanins
enhance the antioxidant properties of ellagic acid. The pres-
ence of the hydroxyl and carboxyl groups in plant organic
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compounds helps them to chelate metal ions and act as anti-
oxidants. The interaction of metal salts with ellagic acid
found in the peel extract causes esterification of the carboxyl
and hydroxyl groups of ellagic acid. This leads to the loss of
hydrogen from the orthophenolic hydroxyl group resulting
in a semiquinone structure. Therefore, due to its easier
electron-losing ability, ellagic acid can easily form H" radical
which reduces gold salt to AuNPs [36].

The concentrations of PPE-AuNPs used in this study
(10-100 pg/ml) did not demonstrate any antibacterial activity
against E. coli, which was used as food for C. elegans. Elia
et al. [27] have shown that AuNPs synthesized using plant
extract did not exhibit any measurable adverse effect on
the growth of intestinal L-cells. The minimum inhibitory
concentrations (MIC) of PPE-AuNPs against various path-
ogenic bacteria have been reported as follows: C. albicans
(310 pg/ml), A. flavus (340 ug/ml), S. aureus (330 ug/ml),
S. typhi (370 ug/ml), and V. cholera (410 ug/ml) [28].

The exposure of PPE-AuNPs to C. elegans had no sig-
nificant effect on the lifespan of the nematode in the
parental as well as three subsequent generations studied
(Figure 3). Kim et al. [30] have also demonstrated that
feeding of C. elegans with E. coli dosed with AuNPs did
not show any significant effect on the survival of nema-
todes. On the other hand, a previous study has reported
toxicogenomic effects of AuNPs on C. elegans by activat-
ing some biological pathways [37]. The cellular uptake
and toxicity of nanoparticles mainly depend on their size,
shape, and surface chemistry [38-40]. Wang et al. [41] used
the C. elegans model to understand whether the “nanoscale”
size is the determining factor for the nanomaterials to induce
autophagy. They used four types of similar sized nanomater-
ials including silicon nanoparticles (SiNP), CdTe quantum
dots, carbon dots, and AuNPs. They observed that unlike
other nanomaterials tested, no autophagosome formation
was detected in C. elegans with SINP exposure, suggesting
that the “nanoscale” size is not the determining factor for

the nanomaterials to induce autophagy in C. elegans [41]. A
recent microarray study showed that developmental changes
in C. elegans following mercaptoundecanoic acid-coated
AuNPs were related to differential gene expression in clec-
174 (involved in cellular defense), cut-3 and fil-1 (both
involved in body morphogenesis), dpy-14 (expressed in
embryonic neurons), and mtl-1 (functions in metal detoxifi-
cation and homeostasis) genes [42].

The most striking finding of this study is the reproductive
toxicity of PPE-AuNPs that showed dose-dependent as well
as transgeneration cumulative effects (Figure 4). Kim et al.
[30] were the first to conduct a multigenerational study of
AuNPs in C. elegans and revealed that reproduction rate
was clearly affected in the F2 generation but then gradually
recovered in the F3 and F4 generations, suggesting that just
one exposure to the FO generation can induce the adverse
effects on subsequent generations. Moon et al. [43] demon-
strated that continuous AuNP exposure to C. elegans
impaired reproduction from F2 to F4, whereas intermittent
exposure caused more pronounced effects on F3 worms,
which may have resulted from damage during the convales-
cence period up through F2. It has been shown earlier that
nanoparticles, which are able to permeate the gonad, can be
transferred to the next generation [44]. Gold nanoparticles
functionalized with lectin found in the tubers of the Winter
Aconite (Eranthis hyemalis) plant delayed the onset of repro-
duction and reduced fecundity for L4 stage, preadult C. ele-
gans [45].

Gonzalez-Moragas et al. [25] observed that citrate-
stabilized 11 nm AuNPs (100 yg/ml) induced a significant
decrease in the survival as well as reproductive output as
compared to control C. elegans. However, the decreases in
survival and brood size were not statistically significant in
case of larger (150nm) AuNPs. Other investigators also
reported that smaller size nanoparticles (<10 nm) were more
toxic to C. elegans than their larger counterparts (>50nm)
[46, 47]. The higher toxicity of small sized AuNPs was attrib-
uted to their higher uptake as the worms ingested smaller
AuNPs about 500 times more than the larger AuNPs [25].
The above literature indicates that small size AuNPs are more
toxic for the survival of C. elegans [25] whereas the PPE-
AuNPs of the same size and in the same dosage are compar-
atively safe (Figure 3).

In conclusion, exposure of 11 nm PPE-AuNPs did not
cause any significant change in the lifespan of C. elegans;
however, it significantly and dose-dependently impaired
the fertility of nematodes. The reproductive toxicity of
PPE-AuNPs in C. elegans was found to increase in subse-
quent generations in the following order: FO<F1<F2<F3.
The transgeneration flow of toxicity may be attributed to
the transfer of abnormal germ cells from one generation
to another. The findings of this study are of particular rel-
evance for understanding the safety and biocompatibility
of AuNPs, as strict regulatory guidelines and high cost
restrict the use of laboratory animals, especially during
the pilot and initial screening studies. C. elegans could
serve as a model organism for testing the reproductive
toxicity of many other toxicants including a wide range
of nanomaterials.
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Fluoride has become a notable toxicological environmental hazard worldwide because it is often found in groundwater. In the
present study, hydroxyapatite adsorbent was synthesized from eggshell waste to remove fluoride from aqueous solution. XRD,
FT-IR, and TGA techniques were used to characterize the prepared adsorbent. Batch adsorption studies were performed to
examine the adsorption capacity of hydroxyapatite such as the effect of the initial pH of the solution, contact time, adsorbent
dose, and initial fluoride concentration. The fluoride ion-selective electrode was used to determine the fluoride removal
efficiency. 98.8% of fluoride was removed at pH 3.0, but at pH ~7.0, 85% of fluoride was removed; it shows that the fluoride
adsorption is pH dependent. The adsorption isotherm studies (Langmuir and Freundlich models) and the experimental results
for the removal of fluoride showed that the Langmuir model was more favorable and the reaction followed pseudo-second-order
kinetics. In real water samples, the prepared hydroxyapatite derived from eggshell exhibited 81% removal efficiency. Our results
indicate that eggshell waste-derived hydroxyapatite may be an alternative source for defluoridation in developing countries.

1. Introduction

Water is an essential element in human life which may be
adulterated by industrial wastes and natural causes. It is esti-
mated that poor quality of drinking water causes 80% of dis-
eases worldwide. It has been reported that 65% of endemic
fluorosis is caused by fluoride-contaminated drinking water
[1, 2]. Fluoride is vital for mineralization of hard tissues in
humans; however, it is harmful when the concentration is
higher than 1.5mg/L. Excess fluoride ions (>1.5mg/L) are
strongly attracted to cationic calcium present in bones and
teeth that results in skeletal and dental fluorosis [3, 4]. World
Health Organization (WHO) standards suggest that the con-
centration range of fluoride should be within 1.0 to1.5 ppm in
drinking water. However, it has been reported that 11 million
individuals living in the Rift Valley region of Ethiopia are
highly vulnerable to fluoride-related problems as they rely
on drinking water sources having high fluoride concentra-

tions (33mg/L) [5]. Therefore, developing a cost-effective
fluoride removal technique is paramount in developing
countries like Ethiopia. Currently, a range of techniques has
been used for fluoride removal that includes precipitation,
membrane filtration, ion exchange/adsorption, and distilla-
tion. However, these fluoride removal techniques have their
own drawbacks such as poor removal capacities, lack of selec-
tivity, adverse effects on water quality, production of high
volumes of sludge, and complex procedures. Hence, it is crit-
ical to develop a cost-effective strategy to remove the surfeit
fluoride from the drinking water.

Recently, the adsorption method is shown to be effective
in the removal of fluoride even at low concentrations, and
additionally, it has low maintenance cost [6-9]. Consequently,
a range of low-cost materials has been investigated for their
excess fluoride removal efficiency from drinking water. How-
ever, all these materials showed poor fluoride adsorption
capability and are not enough for wide application. Because
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of economic reasons, bone char has been commonly used as
adsorbent for defluoridation of drinking water in develop-
ing countries [5, 6, 10]. However, challenges on obtaining
high-quality bone char materials and hygiene-related issues
limited their usage on a large scale worldwide. Recently,
several researchers have investigated a range of calcium-
based adsorbent materials, of which synthetic hydroxyapa-
tite has been the promising candidate due to its identical
chemical composition with bone, nontoxicity, and specifi-
cally high fluoride removal capability [11-17]. Recently,
researches indicate that HA has better defluoridation capabil-
ity and the defluoridation efficiency is greatly size dependent
on synthetic hydroxyapatite [13, 18, 19]. Traditionally, the
preparation of synthetic HA uses any of the following
methods such as wet precipitation methods, sol-gel technique,
hydrothermal technique, or low-temperature synthesis.

Among them, the wet chemical precipitation method has
shown to be advantageous over other methods due to its cost-
effective simple procedure [12]. In addition, the main advan-
tage of this method is that it is eco-friendly and water is the
only by-product. In general, HA can be synthesized either
from biowastes like coral and seashell or from calcium and
phosphate source precursors [12, 20, 21]. Eggshells are a nat-
urally occurring calcium source. Daily, a large number of
eggshells are left without use and produce waste. More
importantly, eggshell supports microbial production that
leads to environmental pollution. As per our understanding,
only a limited number of researchers have used eggshells for
preparing synthetic HA [22-25]. Therefore, in this study, we
aimed to synthesize hydroxyapatite from eggshell through
wet chemical precipitation and tested for its defluoridation
capacity. The removal efficiency of the HA obtained from
eggshell was compared with that of commercial HA to assure
that eggshell-derived HA powder is a low-cost adsorbent that
has the potential to remove excess fluoride from drinking
water. In addition, various operating parameters that may
influence the adsorption process such as pH, initial concen-
tration of adsorbate, and the amount of adsorbent (HA) used
were studied.

2. Materials and Methods

Chicken eggshells were collected from local restaurants in
Adama city. Analytical-grade chemicals and reagents were
purchased from Addis Ababa (NEWAY PLC, Chemicals).
All test solutions were prepared with deionized water.

2.1. Synthesis of Hydroxyapatite. Hydroxyapatite powder
was synthesized from eggshell waste and phosphoric acid
through wet chemical precipitation in two phases. In phase I,
the surface of the eggshells was washed three times with dis-
tilled water and the internal thin layer of the shell was
removed to decrease the collagens. The cleaned raw shells
were boiled in distilled water for 1hr at 100°C to remove
impurities and organic matter. The eggshell was dried in
an oven at 80°C for 3 hours in order to crush and grind using
a pestle and mortar to obtain a powder. The eggshell residue
was sieved with a 150 ym size sieve and calcined in a furnace
at 850°C for 2hr on the ceramic crucible to obtain a fine
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powder. The prepared powder was analyzed by TGA and
XRD to confirm the presence of calcium oxide.

In phase II, a stoichiometric amount of calcined eggshell
powder (calcium oxide) and 0.3M H;PO, (to obtain the
Ca/P mole ratio equal to 1.67) was added and dispersed in
distilled water in a 500 mL beaker. Analytical-grade phos-
phoric acid was diluted to 0.3M and added dropwise into
the suspension at room temperature by monitoring the pH
with a pH meter until the pH reaches 8.5. The solution was
subjected to aging treatment for 12 hr at room temperature
followed by stirring on a magnetic stirrer for 30 minutes
without heating and left for an extra 10 hr for precipitate for-
mation. The precipitate was washed and filtered using a filter
(Whitman # 1) paper. Finally, the precipitate obtained was
dried in an oven at 80°C for 3 hr and calcined (900°C) in a
furnace on a ceramic crucible for 2 hr to obtain the hydroxy-
apatite (HA) powder. The synthesized HA powder was
stored in a dry place and taken for further characterization.

2.2. Thermogravimetric Analysis (TGA). TGA analysis was
used (Shimadzu DTG-60 Plus instrument) for the determi-
nation of the calcination temperatures. The prepared eggshell
and synthesized HA powders were sieved with a 50 ym size
sieve, and 10 mg of each sample was weighed on an electronic
mass balance and placed in the alumina crucible for
TGA/DTA analysis under an air atmosphere at a heating rate
of 10°C/minute.

2.3. XRD Analysis. The HA samples were grounded using a
marble mortar and pestle before distributing 100 mg of the
ground sample powder over a 10 mm diameter. The prepared
HA samples were analyzed by XRD using a CuKa mono-
chromatic beam (wavelength =0.154056 nm) produced at
40kV and 30mA. The XRD spectrum was recorded from
10” to 80° with 20 angles.

2.4. Phase Identification. For the phase identification step, the
X-ray diffraction patterns were directly compared to the
files to HA from the Joint Committee Powder Diffraction
Standards (JCPDS, card no. 09-432) as was supplied by the
International Centre for Diffraction Data (ICDD).

2.5. Crystal Size. Scherrer’s formula was used to determine
the crystal size from the XRD pattern. As per this equation,
a single crystal dimension (nm) can be calculated from the

peak broadening.
D= (&) 0. (1)
FWHM

In the above equation, D is the crystal size (nm), K is the
Scherrer constant (0.9 for hexagonal HA), « is the wave-
length of the monochromatic X-ray beam (0.15418 nm),
and FWHM is the experimental full width at half maximum
intensity of the diffraction peak under the consideration
peak; 0 is the diffraction angle (°).

2.6. Fourier Transform Infrared (FT-IR) Spectroscopy. Fourier
transform infrared spectroscopy (FT-IR) was handled by a
Spectrum 65 FT-IR (PerkinElmer). Sample preparation was
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done by mixing 2mg of each sample with 300mg of
potassium bromide (KBr), compressed to form a pellet and
then placed on a specimen holder; the spectrum was recorded
from 400 to 4000 cm™.

2.7. Sample Preparation of Synthesized HA for the
Defluoridation Test. After characterization of the synthesized
HA, four samples of the powder were accurately weighed on
an electronic mass balance for the defluoridation test. The
samples have constant intervals of 1g, 3g, 5g, and 7g.

2.8. Preparation of Stock Solution for the Defluoridation Test.
Fluoride stock solution was prepared by dissolving 2.21 g of
sodium fluoride in 1000 mL of distilled water in a plastic
standard flask. Equal intervals of fluoride solutions of 5, 10,
15, and 20mg/L fluoride were prepared by serial dilution
from the stock solution for the defluoridation test.

2.9. Preparation of the Raw Water Sample for the
Defluoridation Test. Six samples (30mL) of groundwater
(raw water) were donated from Bofo and Serenity sites under
the supervision of OSHO Lab Technical for the practical
defluoridation test. Three samples from Bofo located at East
Shewa, Lome district, and three samples from Serenity
located at East Shew around Meki town were carefully mea-
sured with the graduated cylinder and kept in a 50 mL plastic
beaker until their fluoride concentration was determined.
The fluoride concentrations of water samples were 8.3 and
10.5 mg/L, respectively, and both are above the WHO guide-
line. The defluoridation test was done with 1, 3, and 5 g doses
of synthesized HA powder by using the same procedure for
optimizations.

2.10. Preparation of TISAB (Total Ionic Strength Adjustment
Buffer). TISAB is essential in ion-selective electrode measure-
ments because it masks minor changes made in the ionic
strength of the solution and hence increases the accuracy of
the reading. 7 g trisodium citrate (Na,C,H,0,), 56 g sodium
chloride (NaCl), and 2g EDTA are dissolved into 500 mL of
double-distilled water. After the solution was dissolved, 57 g
of glacial acetic acid is added into it, and finally, 5M sodium
hydroxide was added until the pH reached 5.3, then trans-
ferred to a 1000 mL volumetric flask, and brought up to the
mark using double-distilled water.

2.11. Calibration of the Electrode. 20 mL of fluoride solution
with different fluoride ion concentrations was prepared in
constant intervals, and 2mL of TISAB was added to each
solution. The potential (E in mV) versus the logarithm of
concentration (log ¢) in mg/L was plotted. The slope of the
graph and R* were calculated to check the accuracy of the
measurement. The prepared concentrations of 2.5, 5, 7.5,
and 10 mg/L of fluoride were used for calibration.

2.12. Fluoride Determination Technique. A fluoride ion-
selective electrode was used to determine the fluoride ion
concentration. For this test, the HA powders were separately
added on to 30 mL of the known concentration of fluoride
water (5, 10, 15, and 20 mg/L) in a 50 mL plastic beaker. To
eliminate the interference effect of complex ions in the

solution and to maintain ionic strength and the pH, 2mL
of total jonic strength adjustment buffer (TISAB) solution
(10:1 volumetric ratio) was added. In this way, the effect of
various parameters like contact time, pH, adsorbent dose,
and initial fluoride concentration was obtained by changing
a parameter and keeping the other parameters constant.
Finally, the equilibrium fluoride concentration (residual)
for each test was determined using a pH meter in combina-
tion with a fluoride-selective electrode, and the pH was mea-
sured with a pH meter. The electrode was calibrated prior to
each experiment.

2.13. Defluoridation Test. All experiments were conducted
using 30 mL of fluoride solution (10 mg/L) taken in four dif-
ferent 50 mL plastic beakers. 1g, 3¢, 5g, and 7 g HA samples
were added in this solution for different contact times. Then,
the solution was stirred for 1 minute at 25°C to reach equilib-
rium on a homogenous solution. Each sample was taken at a
specified time interval for their contact times 1 hr, 3 hr, 5hr,
7hr, 11 hr, and 24 hr and filtered with a Whitman filter paper
(no. 1) before analysis. The fluoride-selective electrode reads
the electrovolt in terms of a millivolt. The millivolt was con-
verted into mg/L of residual fluoride concentration using
predetermined calibration slop by Microsoft Excel. The per-
centage of adsorption efficiency and the fluoride removal
capacity (mg of fluoride ion adsorbed per gram of adsorbent)
at a given contact time for the HA adsorbent was calculated
using the following:

[Co - Ct]
Percentage removal = —c x 100,
C UC ®
[ o~ [] X V.

Adsorption capacity =
m

In the above equation, C, and C, are the initial and final
fluoride concentrations, respectively, m is the mass of the
adsorbent HA, and V is the volume of the solution.

2.14. Optimization of Different Parameters. In this study, the
effect of major parameters like adsorbent dose, initial fluoride
concentration, contact time, and pH was optimized to inves-
tigate the maximum defluoridation efficiency of the synthe-
sized natural hydroxyapatite (HA) from the eggshell.

2.14.1. Effect of Adsorbent Dosage. Experimental examina-
tions were carried at different concentrations of 1, 3, 5, and
7 g of adsorbent in 10 mg/L of fluoride initial concentration
at pH3.

2.14.2. Effect of Contact Time. Residual anionic fluoride con-
centration was measured at different contact times of adsorp-
tion, 1, 3,5, 7, 11, and 24 hours, with 5 g of adsorbent (HA) to
study the effect of contact time. Other parameters like pH,
the concentration of the solution, and HA dosage remain
constant.

2.14.3. Effect of Initial Fluoride Concentration. To study the
effect of initial fluoride concentration, experiments were
conducted at various fluoride concentrations (5, 10, 15, and
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TasLE 1: Dimensionless separation factors (Ry).
Concentration (mg/L) 5 10 15 20
Ry 0.235 0.136 0.095 0.073

20mg/L) at a constant temperature, pH (pH 3), adsorbent
dose (5g), and contact time (5 hr).

2.14.4. Effect of pH. To investigate the effect of pH on defluor-
idation, the test solutions containing the optimized concen-
tration of fluoride were changed to pH values of 3, 5, 7, and
9 using HCI (1 N) and NaOH (1 N) and the adsorbent mass
remained constant through acidic, neutral, and basic media.
Then, the determined 5g HA was added in into each test
solution separately and stirred for 1 minute to reach equilib-
rium. Residual F~ ion concentrations were evaluated in each
experiment after 5hr contact time. Finally, pH versus per-
centage removal graph was plotted to explain the adsorption
performance of the adsorbent HA at each pH.

2.15. Adsorption Isotherm Models. The relationship between
the amounts of substances sorbed at a constant tempera-
ture and its concentration equilibrium solution is called
adsorption isotherm. The frequently used adsorption iso-
therm models for surface average analysis are Langmuir and
Freundlich isotherms.

2.15.1. Langmuir Adsorption Isotherm. The Langmuir iso-
therm model is widely used to quantify the amount adsorbed
on the adsorbent as a function of concentration at a given
temperature. Theoretically, the adsorbent has a limited num-
ber of available sites for the adsorbate. Therefore, beyond sat-
uration value, no further adsorption can occur. The linear
form of the Langmuir is as follows:

e ey (3)

The Langmuir isotherm can be expressed by a dimen-
sionless separation factor or equilibrium parameter, R,
which is defined by

(4)

The value of R; indicates the type of isotherm which is
either favorable (0<R; <1), unfavorable (R, >1), or
irreversible (R =0) (Tables 1 and 2).

2.15.2. Freundlich Adsorption Isotherm. The Freundlich iso-
therm equation takes into account repulsive interactions
between adsorbed solute particles and also accounts for sur-
face heterogeneities. The logarithm form of the Freundlich
isotherm is given as follows:

1
Logq, = - log C, + log kf. (5)
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TaBLE 2: Kinetic data obtained by varying the contact time using a
constant adsorbent dose of 5g HA, pH=3, and 10mg/g of
fluoride concentration.

Residual q

Time (hr) fuoride t/q; In(g,-q,) Ing,

(mg/g)
1 0.15 0.0591 16.92047 -8.1117  -2.82855
3 0.12 0.0592  58.67567 -8.5171 -2.8265
5 0.10 0.0594  84.17508 0 -2.8234
7 0.11 0.0593 118.04384 -9.2103 -2.8251
9 0.11 0.0592 151.77065 -9.2103 -1.8251
11 0.13 0.0592 185.81081 -8.5171 -2.8268
24 0.13 0.0592 405.40545 -8.5171 -2.8268
1.0 -
05
0.0 , , ,
g, 5 10 15
= —-0.5 pH
~1.0 4
-15 -

F1GURE 1: Plot of ApH vs. final pH of the adsorbent to determine the
point of zero charges.

Finally, the applicability of two adsorption isotherms
(Langmuir and Freundlich) can be compared by evaluating
the multiple regression correlation coefficients, R* (Table 2).

2.16. pH at the Potential of Point of Zero Charges (pH,,.)
Determination. The isoelectric point or point of zero charges
(pH,,.) were determined by using the reported method [26].
Ten NaCl (0.1 M) solutions with an initial pH range of 2-11
were prepared in duplicate. Each duplicate was added with
2 g of HA and mixed for 0.5 hr. Then, the adsorbent was sep-
arated from the solutions by filtration. The final pH values of
the 10 solutions were measured by a pH meter and therefore
calculation of ApH (ApH = final pH — initial pH). A graph of
final pH values plotted against ApH is shown in Figure 1. The
pH,,. (point of zero charges) of the adsorbent was deter-

mined from the plotted graph (Table 3).

2.17. Kinetics of Adsorption. It is very important to know the
rate at which the adsorption process takes place and the fac-
tors that control the rate of the process; for this purpose, the
kinetics of the process were evaluated. The adsorption kinetic
studies describe the rate of uptake of the adsorbate molecule;
in this case, fluoride ion onto adsorbent, the rate depends
on the physicochemical characteristics of the adsorbate
and adsorbent, pH, temperature, and concentration. To
describe the adsorption kinetic behavior, the following
models are used.
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TaBLE 3: ApH vs. final pH of the adsorbent perfumed on 2 g HA, 10 mg/L of fluoride concentration, and 5 hr contact time.

Initial pH 2 3 4 5 6 7 8 9 10 11

Final pH 2.90 3.60 4.50 5.40 6.30 7.21 7.90 8.30 8.90 9.86

Change in pH 0.90 0.60 0.50 0.40 0.30 0.21 0 -0.7 -1.1 -1.14

TaBLE 4: Adsorption kinetic parameter for pseudo-first-order
kinetics.

TaBLE 5: Adsorption kinetic parameter for pseudo-second-order
kinetics.

Intercept K R? 9.
-8.634 0.005 0.0089 -0.1602

Pseudo-first-order kinetics

Intercept K, R? 4,
2.1152  134.048 0.999 0.0596

Pseudo-second-order kinetics

2.17.1. Pseudo-First-Order Equation. The pseudo-first-order
differential equation is generally expressed as follows [27]:

QU

Tk (@, -a)- (6)

In the above equation, g, and g, refer to the amount of
fluoride ion adsorbed per unit mass of the adsorbate at
equilibrium time and any time (mg/g), respectively. K, is
the rate constant of pseudo-first-order adsorption. Inte-
grating equation (6) by applying the boundary conditions
q,=0 at t=0 and g,=q to obtain the following linear
equation t at t =1 gives

Logg, a Kt
2.303°

(7)

4. — 9;

Equation (7) can be rearranged and described by In.
In (q, - q,) =In g, - K,t. (8)

The rate constant K, and equilibrium adsorption
capacity g, can be predicted from the slope and intercept,
respectively, of the linear plots of log (g, —q,) versus t
(Table 4).

2.17.2. Pseudo-Second-Order Equation. The rate of a pseudo-
second-order differential equation is given as follows [28, 29]:

dq
K -a)h ©)

where K, is the rate constant of the pseudo-second-order
equation (g/mg-min.) and g, is the equilibrium adsorp-
tion capacity (mg/g). By applying the boundary conditions
q,=0att=0and g, = g, at t =t on equation (9) and rearran-
ging, the following linearized equation is obtained:

t 1
+ Tk
qt K qe

t
— = (10)
q;

The values of g, and K* can be determined experimen-
tally from the slope and intercept, respectively, of the plots
of t/q, versus t (Table 5).

3. Results and Discussion

3.1. Characterization of the Calcium Precursor Material
(Eggshell Powder). The calcium precursor used for the HA
synthesis was derived from the decomposition of eggshell.
The complete calcium precursor decomposition temperature
was obtained from the TGA/DTA result. The thermogravi-
metric analysis (TGA) of the eggshell powder was carried
out between room temperature and 1000°C in order to deter-
mine the thermal stability and the decomposition tempera-
ture of eggshell powder. The TGA result revealed that a
significant mass loss was observed between the temperatures
600 and 800°C, probably due to the removal of impurities,
and the eggshell residue was stable above 800°C as indicated
in Figure 2. XRD diffraction graph of calcined eggshell resi-
due at 850°C is shown in Figure 3. The diffraction peaks at
34.078°, 37.123°, 54.351°, and 63.613" corresponding to
(111), (200), (220), and (311) planes, respectively, shown
on the graph are in good agreement with the reported stan-
dard values of CaO [30].

3.2. Characterization of HA Powder. TGA/DTA experiments
were done to determine the calcination temperature for the
formation of pure-phase hydroxyapatite synthesized from
calcined eggshell residue and phosphoric acid. As illustrated
in Figure 4, the result revealed that the material is stable or
has no significant mass loss above 900°C. The XRD pattern
of HA powder obtained after calcination at 900°C is shown
in Figure 5. According to the figure, there is no peak attribut-
able to possible impurities, which indicates that the final
product is highly pure HA according to the ICDD powder
diffraction file (pdf number 009-0432). All possible peaks
can be indexed to the pure hexagonal phase of HA (P63mc)
without secondary phases such as a-TCP (alpha-tricalcium
phosphate) and B-TCP (beta-tricalcium phosphate). This
confirmed the successful synthesis of pure-phase HA via
the chemical precipitation from calcined eggshell residue.
The crystallite size was calculated using Scherer’s formula
from the XRD pattern. The calculated single crystallite sizes
were D1 =50.5, D2 =45.2, and D3 = 48.7 nm, and the aver-
age crystal size obtained was 48.13 nm. The FT-IR spectrum
shows band 3444cm™ of the OH™ bond stretching
(Figure 6). The intensified peak in the region between 1414
and 1040cm ™' is attributed to the phosphate group. The
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F1Gure 3: XRD pattern of calcinated eggshell at 850°C.

band at 595cm™" belongs to the phosphate group. These
peaks confirm that the phosphate group occupies two sites
in the crystal lattice [11, 31].

3.3. Defluoridation Efficacy of HA on Prepared
Fluoride Solution

3.3.1. Determination of the Adsorbent Dose (HA). The con-
centration range was selected based on the preliminary test
results at room temperature. The experiment was conducted
on different masses of adsorbent at 1g 3g, 5g, and 7g in
10 mg/L of the initial fluoride concentration with 5 hr contact
time at pH 3. As described in Figure 7, the fluoride removal

efficiency is directly proportional to the adsorbent dose up
to 5g because of a large number of fluoride-binding site
availability. As identified, the equilibrium was fully estab-
lished at a 5 g dose with high fluoride removal of about 99%.
When the initial fluoride concentration is 10 mg, the equilib-
rium fluoride concentration falls within the WHO limit and
there is no significant change on the efficiency beyond this
5 g adsorbent dose. Therefore, for further adsorption experi-
mentation, 5g of HA was considered as an ideal dose. The
adsorption versus percentage removal of fluoride is given in
Figure 7. The experimental result of different HA doses exhib-
ited increases with adsorbent dosage, until it is equal to 5 g,
then decreases, when the dosage is increased to 7 g. The results
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Ficure 5: XRD pattern of HA powder calcined at 900°C.
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FI1GURE 6: FT-IR patterns of calcinated HA powder.

FIGURE 7: Investigation of the optimum dose test using 10 mg/L
initial fluoride concentration, pH 3, and contact time of 5 hr.

show that an increase in adsorbent dosage results in increas-
ing of fluoride removal efficiency because of the increased
availability of fluoride-binding sites. The decrease in removal
ata 7 g dose is due to the depletion of fluoride in the solution
with an increasing dose of the adsorbent.

3.3.2. Determination of Contact Time. To determine the effect
of contact time on adsorption of fluoride on hydroxyapatite,
batch experiments were carried with different contact times
(Lhr, 3hr, 5hr, 7hr, 9hr, and 11 hr) under constant dosage
(5g, 10g/L fluoride concentration) and pH (pH3) at room
temperature. As shown in Figure 8, rapid fluoride removal
was observed at the initial stage until reaching equilibrium
time (5 hours) with a high removal efficiency of about 99%.
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F1GURrek 8: Fluoride removal efficiency as a function of contact time
at 5 g of the HA dose, pH = 3, and initial concentration of 10 mg/L.

This is because a high number of active sites at the initial
stage lead to high diffusion of fluoride towards the adsorbent
surface, as shown in the figure after the equilibrium time
slowly desorbed from the surface of the adsorbent to the solu-
tion. Therefore, this parameter determines the rate of mass
transfer from the solution to the surface of the adsorbent,
and the data were used to study the kinetic study of batch
adsorption. This trend was also reported by other studies
on defluoridation processes [11, 18]. This is due to the faster
saturation of the active sites with time. This implies that
the adsorbent has a specific number of active sites, which
eventually are saturated after prolonged exposure to fluoride
solution. After saturation of the active sites, no further
adsorption is carried out on the residual fluoride concentra-
tion (Figure 8).

3.3.3. Determination of Initial Fluoride Concentration. For
this test, the initial concentration of fluoride is selected ran-
domly with 5 increments from 5 to 20 mg/L. The effects of
other parameters remain constant, and the adsorbent dose
was 5 g with 30 mL solution. The results indicate that the ini-
tial fluoride concentration has an influence on the removal
capacity of the adsorbent (Figure 9). For a given mass of
HA, the fluoride removal capacity decreases with increasing
initial concentration because of the increased diffusion of
fluoride to adsorption sites and utilization of less active sites
of the adsorbent. The optimized result is selected as 10 mg/L
which encountered 95% removal efficiency, and the residual
fluoride concentration was 0.5 which satisfied the optimum
WHO guideline for drinking water.

3.3.4. The Effect of pH on Percentage Removal of Fluoride. The
adsorption process is controlled by the pH of the adsorbate
solution. To make inclusive all the 3 media, the pH range
was deliberately selected from 3 to 9. The effect of pH was
investigated by varying the pH from 3 to 9 with 2 increments.
As illustrated in Figure 10(a), the maximum defluoridation
was achieved at pH 3 which is 98.8%. A decrease in the fluo-
ride removal extent of the adsorbent was observed at increas-
ing pH. The main reason behind the maximum defluoridation
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FIGURE 9: The effect of initial fluoride concentration on percentage
removal of fluoride using 5g adsorbent, 5hr contact time, and
pH=3.

at low pH values may be because of the presence of a large
number of H" ions at these pH values. This leads to neutrali-
zation of the OH™ ions on the adsorbed surface and hence
reduction of the hindrance to the diffusion of fluoride ions.
Therefore, pH is determinant to drinking water, and hence,
the optimum removal efficiency for this adsorbent HA was
85% observed on pH =7.

3.4. Synthesized HA on Raw Water Defluoridation. Samples
of water were collected from two different locations of the
Oromia region, East Showa district, near Adama city. Sample
1 is from Bofo around the Bati Lome District and sample 2
from around Maki Town; the secured groundwater had fluo-
ride ion concentration of 8.3 mg/L and 10.5mg/L, respec-
tively, which is still more than the permissible limit of
WHO. After adsorption, the fluoride ion concentration of
the two samples was measured and it was found that the fluo-
ride ion concentration was decreased significantly in adsor-
bent doses of 1g, 3g, and 5g, at a temperature of 25°C,
rotation speed of 400 rpm for 1 minute steering time, 5h con-
tact time, and optimum pH =7 adjusted by a drop of 1M
NaOH. The HA adsorbent almost had good removal effi-
ciency for field samples on the comparable condition to the
result obtained on the fluoride solution test. In this paper, it
was observed that on the two sites, the synthesized HA mate-
rial shows fluoride removal efficiencies of 81.92 and 82. 85%
for Bofo and Maki, respectively, upon addition of a 5g dose
and at pH 7. The synthesized HA from eggshell waste shows
comparable fluoride removal efficiency values to the com-
mercial HA (Figure 10(b)). The final pH of the treated water
was found in the range of 7.5 to 8.

3.5. Experimental Result on Adsorption Isotherm. In this
investigation, the data based on the optimized fluoride con-
centration were interpreted in Table 6. As can be observed
from the table, R* =0.97 is less than one, and hence, the
adsorption favors the Langmuir adsorption isotherm model.
To determine whether the adsorption favors the Langmuir or
the Freundlich model, we can apply the comparison ofR* or
R, favoring Langmuir’s (0 < R; < 1), unfavorable (R > 1),
or irreversible (R = 0) [32, 33]. Therefore, as we can observe
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TaBLE 6: Langmuir’s adsorption isotherm data for concentration
versus adsorption capacity.

C, (mg/L) C, 9, log C, log g, C./q,
5 0.25 0.0285 -0.6020 -1.5451 8.7719
10 0.50 0.0570 -0.3010 -1.2441 8.7719
15 0.96 0.0842 -0.0177 -1.0746 11.4014
20 1.6 0.1104  -02041  -0.9570  14.4927
15 4
10 4
S
UN
5 .
0 T T T 1
0.0 0.5 1.0 1.5 2.0
C

FIGURE 11: Linearized Langmuir adsorption isotherm for fluoride
adsorption.

from the R? value, which is 0.96 which is less than one, the
adsorption isothermal obeys Langmuir’s model (Figure 11).
The value of correlation coefficients (R? =0.9657) for the
Langmuir isotherm is higher in comparison to that obtained
for the Freundlich isotherm. For the Freundlich model, the
value of correlation coefficient (R*) was 0.763 (Figure 12).
The maximum adsorption capacity of the adsorbent for the
Langmuir isotherm is greater than that for the Freundlich
model (Tables 1 and 7). Hence, it can be concluded that the
Langmuir isotherm model is more suitable for adsorption
of fluoride ions than the Freundlich isotherm on the basis
of the experimental study.

0.0
—-0.5
=
:O]D -1.0 1 . .
-1.5 1
-2.0 - T T T T T T T T 1
-1.0 -0.8 -0.6 -0.4 -0.2 -0.0

LogC,
F1GURE 12: Freundlich isotherm graph of adsorption fluoride by HA.
TaBLE 7: Langmuir and Freundlich isotherm model parameters

describing the HA fluoride adsorption at a constant adsorbent
dose of 5g, contact time of 5hr, and pH =3.

Parameter ~ Langmuir model — Parameter  Freundlich model
q (mg/g) 02212 kf 0.3879
b (L/mg) 0.6349 1/n 0.914
R’ 0.9657 R 0.763

3.6. Adsorption Kinetic Models. In the present study, the
kinetics of defluoridation was carried out to study the behav-
ior of the synthesized hydroxyapatite Table 2.

3.6.1. Pseudo First-Order Kinetic Model. The different param-
eters of pseudo-first- and pseudo-second-order kinetics are
given in Tables 4 and 5, respectively.

log (g, — q,) =log q, — (11)

Ly
2.303

For kinetic studies, 5g of HA would be contacted with
30mL of fluoride solution having a fluoride concentration
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FiGURE 14: Pseudo-second-order kinetic result.

of 10g, at a pH of 3, and shaken at 200 rpm and room tem-
perature (Table 4). In the true first order, log g, should be
equal to the intercept as it can be observed from the graphs
(Figure 13). Lower correlation coefficients are obtained indi-
cating that the adsorption of fluoride ion on the adsorbent
hydroxyapatite does not follow the pseudo-first-order
kinetics.

3.6.2. Pseudo-Second-Order Kinetic Model. From the result of
adsorption kinetic first-order and second-order data, it is
possible to summarize the adsorption behavior of the adsor-
bents prepared (Table 5). The correlation coefficient (R?) was
found to be 0.0089 and 0.999 for pseudo-first-order kinetics
and pseudo-second-order kinetics, respectively. The value
of R* for pseudo-second-order kinetics approaches to one
(Figure 14). The experimental equilibrium adsorption capac-
ity and the calculated capacity are close to the R* value of
0.999 [34]. This indicated that it is unity and the adequate
linear fitting of the plots confirmed that the adsorption of
fluoride ions using the synthesized hydroxyapatite followed
pseudo-second-order kinetics [15, 18].

3.7. pH at the Potential of Point of Zero Charge (pH,,.)
Determinations. pH,,. is the pH value at the point where
values

the net surface charge of the adsorbent is 0. pH,,
for the synthesized HA powder at an optimized operational

Journal of Nanomaterials

parameter are around 7.90 (Table 3). In general, the pH
values of the adsorbents fall in the acidic to the slightly neu-
tral region. The net surface charge of the adsorbents under
pH,,. is positive, while it is negative when above pH,,
(Figure 1). Therefore, determination of the pH,,. value helps
to identify the working pH value for adsorption studies.
Hence, the adsorbent percent removal capacity increases
below the pH_,_ value [29, 35].

pzc

4. Conclusion

In the present investigation, pure-phase hydroxyapatite was
successfully synthesized from chicken eggshell through the
wet precipitation method for defluoridation of water by
adsorption. The main advantage of this eco-friendly method
is that water is the only by-product. The XRD result revealed
that the synthesized HA powder was pure phase with a hex-
agonal structure. The prepared HA (adsorbent) was applied
to the real water samples under ideal conditions and found
to be effective with 81% fluoride removal efficiency. Our
results show that eggshell waste-derived hydroxyapatite
may be an alternative source for defluoridation in developing
countries. Additionally, natural raw water contains ions that
compact with fluoride for adsorption such as HCO, ™, SO4°",
and CI". The effect of these coions should be investigated so
that it helps to selectively use the adsorbent in preference to
other ions.
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Pectin-starch magnetite hybrid nanoparticles were fabricated, characterized, and evaluated as potential absorbents for methylene
blue dye based on recycling water from the textile industry. The nanocomposite adsorbent was synthesized with the iron salt
coprecipitation method, and the precipitates obtained were sponge-like. The effects of a pectin : starch ratio in the absorbent and
the amount of methylene blue adsorbed were investigated. The nanocomposites obtained were characterized using a Fourier-
transform infrared spectroscopy (FTIR), before and after methylene blue adsorption. Fourier-transform infrared spectroscopy
(FTIR) spectra provided the evidence that the starch-pectin iron oxide hybrid nanoparticles were successfully synthesized. It also
indicated that the hybrid nanoparticles actually absorbed the methylene blue dye from the effluent. PXRD results showed that
the synthesized hybrid composite adopted the spinel microstructure of Fe;O, though the crystallinity of the composite
decreased with an increase in the pectin:starch ratio. Furthermore, calculations based on PXRD showed that the synthesized
powders were nanoparticles. The amount of adsorbed dye by hybrid adsorbent increased with an increase in the starch: pectin
ratio, and the increase was better observed at a low polymer concentration of 18%. The amount of adsorbed dye by hybrid
adsorbent was high at high pH and low at low pH value which attested to the ion exchange and electrostatic force mechanism
during the adsorption process. Finally, the capacity of the absorbent decreased with an increase in temperature.

1. Introduction

Day-to-day human activities (domestic and industrial) influ-
ence the flow, storage, and quality of available fresh water.
Industries have a large potential to cause lake, stream, and
river pollution. The nature of pollution varies from one indus-
try to another and from one plant to another [1]. Dye-
containing wastewaters from the textile industry are an
important cause of severe pollution problems worldwide [1].
Effluents containing dyes are usually coloured, and the break-
down products of dyes are toxic as well as carcinogenic or
mutagenic by virtue of the presence of benzidine, naphtha-
lene, and other aromatic compounds [1]. High concentrations

of textile dyes in water bodies reduce the reoxygenation
capacity of the receiving water and cut off sunlight thereby
upsetting biological activities such as photosynthesis in
aquatic organisms. Toxicity and mutagenicity of synthetic
dyes have increasingly become a major occupational hazard
and challenge with regard to their use and safety in the textile
industry [2]. Textile printing and dyeing industries such as
Cotonniere Industrielle du Cameroun (CICAM) in Douala,
Cameroon, are water-intensive and require large volumes of
freshwater at various steps of printing which lead to the
release of large volume of wastewater. The wastewater, if
treated, can be recycled into the industries and the neighbor-
ing communities. The effluents from the wastewater usually
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contain suspended solids such as azoic, indigo and aniline,
bleaching agents, salts, acids/alkalis, and heavy metals and
have a high biological oxygen demand (BOD) and chemical
oxygen demand (COD) [3]. The first contaminant to be
recognized in such wastewater is colour. The presence of
small amounts of dyes in water is very visible and undesir-
able. Thus, the decolourisation of wastewater is a major
environmental concern because dyes prevent light penetra-
tion and reduce photosynthetic activities of water plants.
Methylene blue is one of the commonly used dyes. On
inhalation, it can give rise to short periods of rapid or difficult
breathing while ingestion through the mouth produces a
burning sensation and may cause nausea, vomiting, diar-
rhoea, and gastritis [4]. Many physicochemical methods
such as adsorption, irradiation-oxidation, precipitation,
and ion exchange have been used for the removal of dyes
from wastewater.

Among all these physicochemical methods, adsorption is
known to be the most popular technique due to the ease of
operation, the comparable low-cost of application, and the
high-quality of the treated effluents especially for well-
designed sorption processes [5].

Activated carbon is widely used as an adsorbent (because
of its high performance) for the removal of dyes from indus-
trial wastewater [6]. However, commercially available acti-
vated carbon is very expensive, and the high cost of the
method of dye removal from wastewater is a major problem
to developing countries. There is therefore the need for the
development of adsorbents which exhibit good adsorption
capacities from locally available low-cost materials. Agricul-
tural waste materials are cheaper and represent renewable
sources [4] which have proven to be useful alternative adsor-
bents to high-priced commercial activated carbon. Chemical
modifications have been made on some of these agricultural
waste adsorbents to enhance their adsorption capacities
and consequential usefulness in the treatment of wastewater
[7]. Biopolymers extracted from various sources of biomass
including agricultural waste have also been investigated
intensively. Alginates, chitosan, and pectin have all been
shown to have variable adsorption capacities [8, 9]. Their
adsorption abilities are attributed to hydroxyl and carboxyl-
ate groups. These biopolymers are however highly biode-
gradable and do not have adequate strength and physical
stability required for good adsorption. Starch is a biopoly-
mer with hydroxyl functional groups only, and no data is
available on its adsorption capacity. It can be extracted from
agricultural waste in large quantities using low-cost methods.
A common approach to improve the mechanical, chemical,
and physical performance of biopolymers is to incorporate
oxide particles which also have adsorption properties. Tradi-
tional oxides used as adsorbents include alumina, silica, and
aluminosilicates [7, 10]. Recently, magnetic oxide adsorbents
have attracted a lot of interest because of the possibility of
using magnetic fields to facilitate the separation of adsorbent
from treated waters [6]. The most important oxide particles
in this regard are the superparamagnetic magnetite, maghe-
mite, and hematite nanoparticles. However, iron-oxide
nanoparticles are easily oxidised and difficult to handle. This
problem has been overcome by coating the particles with
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more stable polymer sheaths. Biopolymers are particularly
interesting because of their biocompatibility, biodegradabil-
ity, and nontoxicity [11].

Chitosan, a natural polysaccharide with many useful
characteristics such as hydrophilicity, antibacterial proper-
ties, and affinity for heavy metal ions, has been used to show
that the covalent attachment of carboxymethylchitosan at the
surface of magnetite nanoparticles through the carboxylate
function makes it efficient in the fast removal of Co** and
Cu”" ions from aqueous solutions [12]. Coating improves
the surface properties and increases stability of adsorbents.
Pectin-coated iron oxide magnetic nanocomposite has been
tested and proven to be an effective adsorbent for Cu (II)
removal [5]. The coated iron oxide magnetic nanocomposite
has been considered competent for removing different types
of contaminants from water because of their high sorption,
fast removal capabilities, and easy isolation methods in an
aqueous medium. The nanomaterials are preferred because
they have the adsorption properties of pectin and magnetic
properties of iron oxide. Coprecipitation followed by its
encapsulation with pectin and cross-linking with calcium
ions has been employed to produce pectin-coated iron oxide
magnetic nanostructured hybrid [13]. A binding method
using glutaraldehyde and adipic acid has been used to syn-
thesize pectin-iron oxide magnetic nanocomposite, and the
adsorption behavior of the pectin-iron oxide magnetic adsor-
bent has been investigated for the removal of methylene blue
from aqueous solution [5, 14]. Iron oxide-based composites
are of particular interest because of the possibility to syn-
thesize large quantities of superparamagnetic hybrid nano-
particles using a one-step facile synthetic method. Their
superparamagnetism offers the possibility of using them
for targeted delivery of active molecules as well as adsorbents
because of the ease of separation under the influence of a
magnetic field. However, low-cost ecofriendly treatment
solutions that use biomass as adsorbents are of special inter-
est. In Cameroon, there are both small and large scale opera-
tions that make use of dyes and need low cost effective
adsorbents to clean their operations. Our interest in replacing
either partially or wholly the pectin in the pectin-iron oxide
with starch is to respond to this need. Starch is a waste prod-
uct obtained from processing staple food such as cassava.
Starch has the ~-OH functional group but not the -COOH
(found in pectin), and no work has been done with a starch
hybrid matrix. Our investigation seeks to establish and
understand the effect of replacing pectin with starch on the
structure of the nanocomposite and adsorption capacity.

2. Experimental Details

2.1. Chemicals. Hydrated ferrous chloride (FeCl,-XH,O)
from Loba Chemie PVT. LTD, Mumbai (India), hydrated
ferric chloride (FeCl,-6H,0) from J.T. Baker Chemical CO,
Phillipsburb, N.J., ammonia solution from Fisons science
equipment, hydrochloric acid and pectin (D-galacturonic
acid) from Sigma-Aldrich, starch (native) from the Douala
market, and methylene blue from Merck were of analytical
grade and used without further purification.
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TaBLE 1: Variation of pectin (P) to starch (S) ratios.

Final polymer P Volume of pectin ~ Volume of starch Total volume of Volume of Fe**/Fe** Volume of ammonia Code
conc. (%) ’ used (mL) used (mL) P/S mix used (mL) added (mL)

0.18 1:2 100 200 300 60 120 MV001_NP
0.18 1:4 50 200 250 50 110 MVO002_NP
0.18 1:9 30 270 300 60 120 MVO003_NP
0.86 1:2 100 200 300 60 140 MV004_NP
0.86 1:4 50 200 250 50 110 MV005_NP
0.86 1:9 30 270 300 60 120 MV006_NP
0.86 1:0 20 — 20 4 50 MV007_NP

2.2. Methodology. The synthesis of the Fe,O,-starch-pectin-
nano-hybrid composites was carried out at room tempera-
ture without purging as is usually the case with the synthesis
of iron oxide nanocomposites. Methylene blue was chosen as
a model dye due to its well-known characteristics such as its
relative stability compared with other dyes and strong
adsorption onto solids. The use of ammonia solution was
for amidation of the pectin and to cause deesterification reac-
tion at the polymer esterified group during the coprecipita-
tion of iron ions so as to provide more binding sites for
magnetite nanocomposites. The method used in this study
involved the coprecipitation of two iron salts FeCl;-6H,0O
and FeCl,-4H,0, both prepared in HCI, with the consequent
addition of NH,OH solution with vigorous stirring at room
temperature [14]. The shift of the initially orange colour of
the solution to black indicated the formation of magnetite
particles and the reaction is illustrated in equation (1).

2FeCl;(s) + FeCl, (s) + 8NH;(aq) + 4H,O(s)

. 1)
— Fe;0,(s) + 8NH,CI(s)

The synthesis of Fe;O, using the coprecipitation method
in the presence of starch/pectin mixture is expected to initiate
the covalent linkage instantaneously which should prevent
further particle growth, resulting in starch/pectin-coated
ferrite composites with a closer control over a particle size.

2.3. Synthesis of Starch-Pectin Magnetite Nanohybrid
Composites. A 10% (w/v) pectin solution was prepared by
dissolving 6 g of pectin powder into hot distilled water at
60°C while stirring to ensure complete dissolution. The vol-
ume of the solution was made up to 60 mL. From the 10%
pectin solution, 9 mL was measured into 500 mL volumetric
flask and made up to the mark with distilled water to give a
concentration of 0.18% pectin solution while a 0.86% pectin
solution was prepared by measuring 17.2 mL of the 10% pec-
tin solution into a volumetric flask and diluting with distilled
water to 200 mL. A 10% (w/v) starch solution was prepared
by dissolving 10 g of powder starch in 100 mL of hot distilled
water at 60°C while stirring to ensure homogeneity. A 0.18%
starch solution was prepared by diluting with distilled water,
13.5mL of the 10% (w/v) starch solution to 750 mL in a
capacity flask, while a 0.86% starch solution was prepared
by diluting with distilled water, 51.6 mL of the 10% (w/v)

starch to 750 mL in another flask. The Fe’*/Fe*" mixture
was prepared by dissolving 31.2 g of ferric chloride in 75 ml
of hot distilled water at 60°C acidified with HCI to pH4
and stirred till complete dissolution. The solution was fil-
tered, 12 g of ferrous chloride was added to the filtrate, and
the solution was diluted to 200mL using distilled water.
10% (v/v) ammonia solution was prepared by measuring
67.6mL of 33% NH, solution into a volumetric flask and
diluted with distilled water to 250 mL. Table 1 summarizes
how the ratios of pectin to starch were varied.

2.4. Characterization Techniques. In order to establish the var-
ious functional groups present and the possible alterations
after synthesis and methylene blue adsorption, FTIR spectra
were recorded in the middle infrared (4500 cm™ to 500 cm™)
on Shimadzu Prestige 21 with a resolution of 4cm™ in the
absorbance mode for 8 to 128 scans at room temperature.
The ASCI data were plotted using OriginLab 7.0 software
while the TGA were carried out using a Pyris 6 Perkin-
Elmer TGA 4000-Thermal Analyzer under nitrogen atmo-
sphere with a flow rate of 20 mL/min and temperature range
of 10°C to 900°C at an increase rate of 10°C/min. The deter-
mination of the microstructure was carried out by powder
X-ray diffraction measurements (PXRD). The PXRD pat-
terns of composite were recorded on a Philips PWO4 Xpert
pro X-ray diffractometer. The X-ray source was Cu-Ka with
a voltage of 40kV and a current of 30mA. The measure-
ment was in the scanning range of 0-80 at a scanning speed
of 50s™".

The concentrations of methylene blue solutions were
analyzed by measuring their absorbance at 662nm on a
Perkin-Elmer UV/Vis spectrophotometer. This wavelength
corresponds to the maximum absorption peak of the methy-
lene blue monomer [15].

3. Results and Discussion

3.1. Appearances and Texture of Composites. The physical
appearances of the synthesized composites are shown in
Table 2, and the results indicated that the rigidity of the com-
posites increased with an increase in the polymer concentra-
tion which may be attributed to intermolecular hydrogen
bonds. This in effect reduces the stability of the nanopowders
and a consequent reduction in the efficiency due size effect.
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TaBLE 2: Appearances of the composites synthesized.

Code Visual inspection and other remarks on composites

MV001_NP, MV002_NP, MV003_NP Black, loose, easy to crush, and gradually turns brownish on exposure to air

MV004_NP Black, most gelling, strong, very difficult to crush, and remains black even after exposure to air

MV005_NP, MV006_NP Gelling, strong, difficult to crush, and remains black even after exposure to air

MV007_NP Gelling, strong, very difficult to crush, and remains black even after exposure to air
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FIGure 1: FT-IR spectrum of MVO003_NP (composites with a starch/pectin ratio of 1:9 at polymer concentration of 0.18%) hybrid

composites before (MV003_NP) and after (MV011_NP) adsorption.

3.2. PXRD. The PXRD patterns of the synthesized samples
are shown in Figure 1. The samples MV002_NP and
MVO003_NP showed a diffraction peak at 20 =30.2°, 35.5°,
43.1°, 57.0°, and 62.4° which were assigned to (220), (311),
(400), (511), and (440) lattice planes of the cubic structure.
Among the peaks, the diffraction at the angle 260 =35.5°
could be attributed to Fe;O,, face-centered cubic structure
which matched with JCPDS card no. 85 1436/JCPDS card
no. 19-0629. The only crystalline peak that expressed itself
in samples MV001_NP, MV004_NP, MV005_NP, and
MV006_NP was the 20, 35.5°. This indicated that the crystal-
linity of the samples reduced with an increase in the polymer
concentration which modified the microstructure of the iron
oxide by making it more amorphous. This also indicated that
there was the formation of an inverse spinel structure with a

pure magnetite phase which persisted even in the presence of
starch particles. The absence of any other peak demonstrated
the homogeneity of the iron oxide phase.

The crystallite sizes of the composite particles were deter-
mined using Debye-Scherrer’s equation which measures the
size of particles according to broadening of the most intense
peak (311) in the PXRD profile shown in Figure 2.

kA

D= :
B cos O

(2)

where k is a dimensionless shape factor, A is the X-ray wave-
length, f3 is the line broadening at half the maximum inten-
sity (FWHM), and 6 is the Bragg angle.
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F1GURrE 2: PXRD profiles for pectin (PEC001), composites with a starch/pectin ratio of 1:2, 1:4, and 1: 9 at polymer concentration of 0.18%
(MVO001_NP, MV002_NP, and MV003_NP, respectively) and composites with a starch/pectin ratio of 1:2, 1:4, and 1:9 at polymer
concentration of 0.86% (MV004_NP, MV005_NP, and MV006_NP, respectively).

Crystal sizes of the synthesized samples (magnetite Fe304)
as shown in Table 3 indicated that the average particle sizes
were all in the nanorange.

3.3.  Fourier-Transformed Infrared (FT-IR) Spectrum
Characterization. The FT-IR observed and assigned peaks
are represented in Table 4 while the profiles of MV001_NP,
MV002_NP, MV003_NP, MV004_NP, MV005_NP, and
MVO006_NP (hybrid composites before adsorption) and
MV009_PN, MV010_NP, MV011_NP, MV012_NP, MV013_
NP, and MV014_NP (hybrid composites after adsorption)
are shown in (Figures 1, 3-7).

The spectra of PEC001 and STA001 represent the profiles
of pectin and starch samples, respectively. Pectin shows
peaks at 3309cm™ and 2951cm™ attributed to secondary
hydroxyl groups while the one at 1750 cm™ is a characteristic
peak of pectin, associated with the carbonyl of the esterified
pendant group [16]. The intense peak at 1011 cm™" (for both
PECO001 and STAO001) is attributed to the glycosidic bond
linking two galacturonic sugar units together. The peak at
1089 cm™ is associated with the C-O stretched of secondary
alcohols while the peak at 1386 cm™ is assigned to the C-H
bend of methyl groups. Comparison between the FTIR pro-
files of PEC001 (Pectin), STA001 (starch), and hybrid com-

TABLE 3: Average particle sizes.

Sample Size (nm)
MVO001_NP 10.6
MV002_NP 9.1
MV003_NP 10.2
MV004_NP 9.8
MV005_NP 9.8
MV006_NP 10.7

posites (MV001_NP, MV002_NP, MV003_NP, MV004_
NP, MV005_NP, and MV006_NP) indicated the presence
of new peaks at 552 cm™, 1593 cm ™!, and 1426 cm™". The peak
at 552cm’ was attributed to the Fe-O bond vibration of
Fe,O, while those at 1593 cm ™ and 1426 cm ™" were attributed
to the symmetric and asymmetric carboxylate-metal (COO-
Fe) linkage. No changes in intensity and position of the peak
at 552cm’' were recorded in the various samples which was
an indication that the Fe-O bond of Fe;O, was not affected
during the adsorption process. The great reduction in the
intensity of the peak at 1011 cm™ attributed to the formation
of the composites indicated that there was some interaction
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TaBLE 4: Observed and assigned peaks with references indicated.

Observed peak (cm™) Assignment Reference
1737 C=0 (characteristic peak of pectin esterified pendant group) [14]
536 Fe-O bond vibration of Fe;O, [17]
1404 -CH bending of CH, groups [18]
1594 Asymmetric v(C=0) vibration [19]
2938 -CH stretching of CH, group vibration [18]
1325 -CH, scissoring [18]
g?g 1594 Symmetric and asymmetric stretching of carboxylate-metal (-COO-Fe) (14, 19]
1074-1142 v(C-0) of -CH-OH in aliphatic cyclic secondary alcohols [18]
1641 v(C=0) stretching vibration peak [18]
1010-1017 C-0O-C glycosidic bond linking monosaccharaides in starch and galacturonic acid in pectin [14]
1626 and 3150 Presence of hydroxyl groups on the surface of nanoparticles [19]
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FiGURrE 3: FT-IR spectrum of MVO00O1_NP (composites with a starch/pectin ratio of 1:2 at polymer concentration of 0.18%) hybrid

composites before (MV001_NP) and after (MP009_NP) adsorption.

at the level of the glycosidic bond while the reduction in peak
intensity at 1742cm’™, absent in some spectra, is probably
due to deesterification of the ester group along the pectin
polymeric chain. The other reduction in peak intensity at
1011cm™ in all the spectra indicated an interaction of the
atoms involved in the glycosidic bond with atoms of the dye.

After methylene blue adsorption, a new peak appeared at
1340cm™ and could be attributed to the Fe-S vibration
which brought about the reduction in the peak intensity at

1426cm™. Comparison between the FTIR profiles of
MVO001_NP, MV002_NP, and MV003_NP and hybrid com-
posites before adsorption (MV004_NP, MV005_NP, and
MV006_NP) on the one hand and hybrid composites after
adsorption (MV009_PN, MP009_NP, MV010_NP, MV011_
NP, MV012_NP, MV013_NP, and MV014_NP) on the
other hand, as shown in Figures 1, 3-7, indicated broaden-
ing of the band with a peak at 3299 cm™. This change could
be attributed to intermolecular hydrogen bonding between
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FIGURE 4: FT-IR spectrum of MV002_NP (composites with a starch/pectin ratio of 1:4 at polymer concentration of 0.18%) hybrid

composites before (MN002_NP) and after (MV010_NP) adsorption.
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FIGURE 5: FT-IR spectrum of MV004_NP (composites with a starch/pectin ratio of 1:2 at polymer concentration of 0.86%) hybrid

composites before (MV004_NP) and after (MV012_NP) adsorption.
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composites before (MV005_NP) and after (MV013_NP) adsorption.
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TaBLE 5: Decomposition temperature and weight loss percentages.

Sample First weight loss portion (%) Second Wt. loss (%) Residual Wt. (%) Decomposition temp. (°C)
MVO001_NP 2.56 9.19 88.25 375
MV002_NP 5.58 8.85 85.57 375
MV003_NP 3.44 7.64 88.92 375
MV004_NP 5.27 16.81 77.92 525
MV005_NP 7.48 15.86 76.66 525

neighboring hybrid composite and newly introduced meth-
ylene blue molecules.

The level broadening varies with the pectin:starch ratio
in the hybrid composite but was indifferent to the polymer: -
oxide ratio. This suggests that the adsorbent efficiency of
the NPs was a function of the pectin:starch ratio in the
hybrid composite.

3.4. Thermogravimetric Analysis. The TGA profiles of the
hybrid pectin-starch magnetite shown in Figure 8 and weight
loss percentages in Table 5 reveal two weight loss portions.
The first portion at a temperature of about 102°C and corre-
sponding to the range 2.5 - 7.5% is attributed to water of crys-
tallization. The second weight loss portion which occurs
between 250°C and 550°C corresponds to the decomposition
of the hybrid with the breakage of the glycosidic bonds. The
final percentage by weight of the residue which varies with
the polymer concentration corresponds to iron oxide (mag-
netite (Fe;O,)) nanoparticles.

3.5. The Influence of Polymer/Oxide and Pectin/Starch Ratios
and Amount of Oxide on Methylene Blue Adsorption. The
variation of methylene adsorption against polymer/oxide
and pectin/starch ratios and amount of oxide is shown in
Table 6. The results indicated that neither the polymer : oxide
ratio nor the amount of oxide present in the hybrid compos-
ite had a direct effect on the amount of methylene blue dye
adsorbed. Instead, the amount of dye adsorbed by the adsor-
bent complex is a function of the pectin:starch ratio in the
hybrid composite.

3.6. The Influence of a Pectin/Starch Ratio on Methylene Blue
Adsorption. The influence of a pectin: starch ratio on methy-

lene blue adsorption for all the samples is shown in Tables 7
and 8 and represented in Figure 9.The results revealed that
the percentage of methylene blue adsorbed increased with
an increase in the pectin/starch ratio. The efficiency of
the absorbent reached maximum at a pectin/starch ratio
of 0.50 at ambient temperature while the increase in the
polymer concentration decreased the efficiency of the
adsorbent which could be accounted for by the shielding
effect of the constituent polymer atoms on the pores on
the adsorbent.

For either polymer concentrations, 0.18 and 0.86, it was
observed that a certain minimum amount of pectin was
needed to maximize the adsorption of methylene blue by
the adsorbents which was an indication that pectin was act-
ing as a stabilizing agent. To determine the percentage of
the dye adsorbed, the following equation was used:

Cc, -C
o f
100, 3
C X (3)

o

% of methylene blue adsorbed =

where C, and C; represent the initial and C, equilibrium

concentrations, respectively.

To further evaluate the percentage of methylene blue
adsorbed by the pectin/starch hybrid magnetite nanocom-
posite, work was done with larger batches of sample and
the results obtained are as presented in Table 8. These results
conformed to those obtained using smaller quantities as
shown in Table 7.

3.7. Influence of pH on Composite Adsorption of Methylene
Blue. The results for raising the pH from 6 to 8 for
MVO006_NP are as shown in Table 9 and Figure 10. The
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TaBLE 6: Showing polymer/oxide and pectin/starch ratios, amount of oxide, and methylene blue adsorption.

Code Polymer : oxide ratio Pectin : starch ratio Amount of Fe;O, in hybrid Methylene blue adsorption
MVO001_NP 0.11 0.35 0.06 90.3
MV002_NP 0.11 0.22 0.08 44.7
MVO003_NP 0.09 0.25 0.06 48.3
MV004_NP 0.22 0.48 0.09 83.3
MV005_NP 0.21 0.52 0.11 97.1

TaBLE 7: Methylene blue adsorption by the starch-pectin magnetite nanocomposites MV001_NP, MV002_NP, MV003_NP, MV004_NP,
MV005_NP, MV006_NP, and MV007_NP.

Sample Concentration of polymer P:S ratio C, Cy % of dye removed % S.D. % error
MVO001_NP 0.18 0.36 25 2.43 90.3 1.53 1.70
MV002_NP 0.18 0.20 25 13.82 44.7 6.08 13.6
MV003_NP 0.18 0.22 25 12.92 48.3 3.97 8.22
MV004_NP 0.86 0.47 25 4.18 83.3 1.24 1.50
MV005_NP 0.86 0.52 25 0.72 97.1 1.04 1.07
MV006_NP 0.86 0.45 25 4.09 83.6 1.88 2.25
MV007_NP 0.86 1 25 0.31 98.7 0.64 0.65

TaBLE 8: Results of batch trials done with larger amounts of adsorbents in larger volumes of dye solution.

Sample Concentration of polymer P:S ratio C, Cs % of dye removed % S.D. % error
MV001_NP 0.18 0.36 25 2.50 90.0 0.34 0.37
MV002_NP 0.18 0.20 25 12.04 51.8 0.25 0.49
MVO003_NP 0.18 0.22 25 11.55 53.8 0.12 0.21
MV004_NP 0.86 0.47 25 4.45 82.2 0.45 0.55
MVO005_NP 0.86 0.52 25 0.54 97.8 0.25 0.26
MV006_NP 0.86 0.45 25 04.66 81.3 0.33 0.41
120
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FIGURE 9: Bar charts showing methylene blue adsorption for various test samples.

TaBLE 9: Influence of pH on composite adsorption of methylene blue.

Sample pH Standard deviation (S.D.) Initial concentration of dye Final concentration of dye % adsorption of dye % S.D. % error
1 8 0.002 25 2.798 88.81 0.28 0.31
2 6 0.011 25 4.096 83.60 0.33 0.41
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FiGUre 10: Bar charts showing the influence of pH on % methylene dye adsorption.

adsorption capacity of the samples increased from 83.6% to
88.81% as the pH increased from 6 to 8. Blue 1 and 2 had
100mL of 25 mg/L of methylene blue +0.5g of the MV006_
NP sample. Methylene blue is a cationic dye, and less sorp-
tion at lower pH may be attributed to the competition of H*
ions with methylene blue ions at sorption sites. Increasing
solution pH increased the number of hydroxyl groups, thus
increasing the number of negatively charged sites and
enlarging the attraction between dye and adsorbent surface.
Also, a net positive charge decrease with increasing pH
value leads to a decrease in the repulsion between the adsor-
bent surface and the dye, thus improving the adsorption
capacity. This means that at a higher H" ion concentration,
the adsorbent surface becomes more positively charged,
thus reducing the attraction between the adsorbent and
the methylene blue ions. In contrast, as the pH increased,
more negatively charged surface becomes available, thus
facilitating greater dye ion uptake.

3.8. Influence of Temperature Pyrolysis on Methylene Blue
Adsorption of Composite. Portions of a sample (MV002) pre-
viously heated to 60°C and 180°C were crushed and also used
for the adsorption of methylene blue. The results obtained
are displayed in Table 10. This was done in order to deter-
mine the effect of heat treatment on the adsorption capacity
of composites.

Figure 11 shows the influence of temperature pyrolysis
on methylene blue adsorption of the composite. It was
noticed that the adsorption decreased with an increase in
temperature. This can be explained by the fact that the nano-
magnetite hybrid composite becomes unstable indicating
that the critical coagulation concentration of the hybrid
spinel magnetite nanoparticles correlates positively with the
surface area. This is indicative of the fact that it is the surface
chemistry rather than the bulk property that is dominant in
the hybrid. However, the hybrid agglomerate with an
increase in temperature by so reducing the effective adsorp-
tion capacity of the adsorbent.

4. Conclusion

Single molecular pectin-starch magnetite nanoparticles have
been synthesized. The efficiency of the magnetite nanoparti-
cle in removing methylene blue dye from an aqueous solu-
tion has been investigated. Results indicate that adsorption
is pH and temperature dependent. The efficiency of the

TaBLE 10: Influence of temperature pyrolysis on methylene blue
adsorption of composite.

Sample Initial conc. Final conc. % % %
p of dye of dye  absorbance S.D. error

MV002_NP

(60°C) 25 13.832 44.70 6.08 13.60

MV002

(180°C) 25 12.11 36.94 0.37 1.00

MV002_NP (60°C)

MV002 (180°C)

FIGURe 11: Bar charts showing the influence of temperature
pyrolysis on methylene blue adsorption of composite.

absorbent increased with temperature though the hybrid
decomposes to the magnetite at temperatures between
250°C and 550°C.

The developed pectin-starch magnetite hybrid not only
has demonstrated higher adsorption efficiency especially at
a low polymer concentration and starch-pectin ratio of 0.50
at ambient temperature but also has shown additional bene-
fits like ease of synthesis, easy recovery, absence of secondary
pollutants, cost-effectiveness, and environmental friendli-
ness. It can be concluded to be a promising advanced adsor-
bent in environmental pollution cleanup.
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All data used to support the findings of this study are
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There is an emerging scientific interest in the use of nanoparticle fertilizers for enhanced agricultural and bioenergy crop
production to meet the growing food and energy demands of the world. The objective of designing the nanoparticle fertilizers is
to effectively deliver the required nutrients for the plants without adding large quantities of fertilizer to the environment.
However, most reports on nanoparticle fertilizers so far, involved the addition of nanoparticles to the hydroponic system or the
soil. In this study, we report a new modified seed presoak strategy using a drop of Fe-enriching hematite nanoparticle dispersion
to enhance plant growth and production in four different legume species, i.e., chickpea, green gram, black bean, and red bean.
The hematite nanoparticle fertilizer drop promoted a 230-830% increase in plant growth with green gram showing the highest
increase, based on our prolonged and statistically reliable growth studies. In general, we observed an increase in the survival
span of plants, a twofold increase in fruit production per plant, nearly two times faster fruit production, and healthy second-
generation plants with the nanoparticle treatment; however, there were slight species-specific variations. We used a novel
multimodal material characterization approach combining three techniques, hyperspectral imaging, Fourier transform infrared
spectroscopy (FTIR), and inductively coupled plasma optical emission spectroscopy (ICP-OES), to evaluate the internalization
and transport of the nanoparticle fertilizer within the plants. Our results indicated that the hematite nanoparticles were
transported through the roots and stems and were localized in the leaves after 10 days of growth in pots of soil. Therefore, the
modified seed presoaking method using a drop of hematite nanoparticle will be highly attractive in enhancing plant growth and
health, while minimizing environmental impacts.

1. Introduction

Iron (Fe) is a key element for several cellular reactions in
plants such as respiration and the formation of chlorophyll
required for photosynthesis. Plants have adopted a mecha-
nism to acquire this essential nutrient from the soil using
the apoplastic pathway through the roots, but limited Fe is
available in some soil types or in soils with excessive agricul-
tural use [1, 2]. Fe deficiency is known to cause chlorosis in
plants [3]. Therefore, Fe-enriching fertilizers are required to

ensure optimum Fe delivery to the plants. Recently, there
has been a thrust to develop innovative fertilizer formula-
tions like nanoparticle (NP) fertilizers because conventional
fertilizers are required in large quantities owing to their
slower absorption by the plants [4-6]. The NP fertilizers
can facilitate tunable delivery of the required nutrients to
the plants. Therefore, NP fertilizers are seen as highly prom-
ising candidates for enhanced production of agricultural and
bioenergy crops to meet the growing food and energy
demands of the world population [5, 7-9].
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Recently, Yuan et al. demonstrated a concentration-
specific role of Fe NPs in promoting growth in Capsicum
annuum plants [10]. The Fe NPs increased growth in these
plants through reorganization of the leaf, increasing chloro-
plast per grana stacking, and regulating the vascular tissues
within the leaf and stem. Raju et al. reported the role of Fe
NPs in increasing the radical length and biomass of green
gram sprouts during germination [11]. In the study by Sri-
vastava et al.,, iron pyrite NPs induced a marked increase
in the growth of spinach sprouts [12]. Iron pyrite NPs also
facilitated a denser network of roots and a significantly
(~2.5 times) higher yield in both chili and marigold plants
[13]. These NPs served as a suitable equivalent of nitrogen,
phosphorus, and potash fertilizer for the production of rice,
a staple food crop [14]. Li et al. demonstrated the stimulated
root growth of peanut plants under the influence of Fe NPs
[15]. In addition to Fe NPs, iron oxide NPs have also been
adopted as Fe-enriching fertilizers to replenish Fe content
in plants as they are inherently nontoxic. For example, Jeya-
subramanian et al. showed that hematite NPs boosted the
growth rate of spinach plants in a slightly acidic hydroponic
system via conversion to Fe** ions [16]. Ren et al. reported
increased physiological activity of green gram plants with
iron oxide (y-Fe,O;, maghemite) NPs. The NPs translocated
through the plant roots to the stem and leaves in this case
[17]. In another study, Ghafariyan et al. demonstrated that
iron oxide NPs were absorbed and translocated within the
soybean plants under hydroponic conditions. The iron oxide
NPs boosted chlorophyll production in these plants without
showing any toxic impact [18]. Zhu et al. also reported the
absence of any toxic impact of iron oxide NPs in pumpkin
plants during a prolonged period of exposure [19]. These
studies demonstrate the immense potential of iron oxide
NPs as Fe-enriching fertilizers and chlorosis treatment agents
for agricultural and bioenergy crops. However, most of these
methods involved the direct addition of the NP fertilizer to
the soil or the hydroponic system, which is less attractive in
terms of environmental sustainability. Studies have shown
stress response and reduction of amino acids in plants with
excess addition of NP fertilizers [20]. There is a need for
a new environmental-friendly strategy that increases plant
growth with a minimum quantity of the fertilizer while also
minimizing the addition of fertilizer to the environment.
Recently, we reported a seed presoak strategy where soak-
ing the embryonic seeds of legumes in liquid dispersions
of iron oxide NPs showed enhanced root growth by 88-
366%, but more than 4mL of NPs were required for each
seed [21]. Minimizing the quantity of NP dispersions
required would make the seed presoak strategy more effective
for practical applications.

We also need to understand the pathway of internaliza-
tion, interaction, and translocation of the NP fertilizer within
the plant both for risk assessment and for synthesizing high-
efficiency NP fertilizers [1, 22-24]. Most plant-NP interac-
tion studies to date have focused on the physiological aspects
as it is challenging to find a material characterization method
capable of detecting the low concentrations of NPs uptaken
within the complex biological matrix of plants [25]. Imaging
techniques like optical and electron microscopy have been
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traditionally used to detect NPs within the plant cells [15,
21, 26, 27]. However, optical microscopy cannot resolve
objects less than 250 nm apart due to the diffraction limit of
visible light even though it is rapid and requires negligible
sample preparation. Electron microscopy can easily resolve
nanoscale objects, but the required sample preparation
stages such as staining, ultrathin sectioning, sputter-coat-
ing, and labeling increase artifacts in the images. Recently,
darkfield hyperspectral imaging has emerged as a highly
promising visualization tool to both detect and map the
localization of NPs within complex microenvironments
[28]. The charge-dependent uptake and mobility of Au NPs
by the roots of Arabidopsis thaliana could be demonstrated
using this technique [29]. When combined with an elemental
analysis technique like X-ray tomography or mass spec-
troscopy, hyperspectral imaging provided further reliable
insights into plant-NP interactions [29, 30]. Another method
requiring minimum sample preparation is FTIR, which has
also proven useful in understanding the plant-NP interac-
tions via chemical composition analysis in several reports.

In the present study, we investigated the effectiveness of
an Fe-enriching hematite (a-Fe,O,;) NP fertilizer to boost
plant growth and production using four different species of
legumes as model plants (i.e., chickpea, green gram, black
beans, and red beans). The plants were grown in same-
sized pots filled with the same soil type to keep all growth
conditions the same other than the NP treatment. A new
“modified seed presoak” strategy was investigated to mini-
mize the quantity of NP fertilizer required and to prevent
the addition of NPs directly to the soil. Two different concen-
trations of the hematite NP fertilizer were used to investigate
the Fe concentration-dependent growth trend in the plants.
Another objective of this study was to develop a multi-
modal material characterization strategy combining hyper-
spectral imaging, FTIR, and ICP-OES for gaining insights
into the internalization, transport, and localization of the
NP fertilizer within the plants. This improved seed presoak-
ing method with one drop of the NP fertilizer will be highly
beneficial in promoting enhanced agricultural production
in nutrient-deficient environments in a cost-effective and
sustainable fashion. The multimodal material characteriza-
tion strategy will be significant both in understanding the
mechanism of plant-NP interactions and risk assessment
of the new NP fertilizers.

2. Materials and Methods

2.1. Materials. All reagents were used as purchased. The
reagents for NP synthesis included iron (III) acetylacetonate
(Fe(acac);, 99%, Alfa Aesar), polyvinylpyrrolidone (PVP,
Mw 10kDa, TCI, Thermo Fisher Scientific), polyethylenei-
mine (PEI, Mw 60 kDa, 50% aq, Alfa Aesar), triethylene gly-
col (CH,,0,, TREG, 99%, Acros Organics), and deionized
water (DI, Thermo Fisher Scientific). Potting soil, pots, and
seeds of chickpea (Cicer arientinum), green gram or mung
bean (Vigna radiata), and black and red beans (Phaseolus
vulgaris) were purchased from local grocery stores in Chatta-
nooga, Tennessee, USA, for plant growth experiments.
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FIGURE 1: Images of chickpea seeds treated with a drop of (a) DI water, (b) a drop of low concentration NP fertilizer suspension (0.022 gL
Fe), and (c) a drop of high concentration NP fertilizer suspension (1.1 gL Fe), immediately before planting on day 7.

2.2. Hematite NP Synthesis and Characterization. Hematite
(a-Fe,05) NPs were synthesized using a highly reproducible
modified polyol synthesis method developed and reported in
our earlier studies [21, 31]. In a typical synthesis conducted
on a Schlenk line, the Fe(acac), iron precursor (2 mmol)
was added to a PVP/PEI (PVP, 0.7 g and PEI 0.3 g) ligand
mixture in the solvent, TREG. The reactant mixture was
heated at 290°C for 1h on a heating mantle with magnetic
stirring (Thermo Fisher Scientific) under an inert atmo-
sphere to form the hematite NP product. The NPs were
cleaned with DI water three times via centrifugation at
14000 rpm (Thermo Fisher Scientific). Transmission electron
microscopy and X-ray diffraction characterization of these
hematite NPs were reported in our earlier studies [21].

2.3. Hematite NP Growth Dispersion Synthesis and
Characterization. Finally, the precipitant hematite NPs were
dispersed in DI water via sonication (Branson 1800, room
temperature) for 15 min to obtain the target concentrations
for use in subsequent plant growth studies. Two NP growth
suspensions for plants were prepared with two different
hematite NP concentrations, i.e., low NP concentration
(0.022 gL'1 Fe), and high NP concentration (1.1 gL'1 Fe),
while DI water without the addition of hematite NPs was
used as a control.

The hydrodynamic diameter and zeta potential of the
hematite NPs in the growth suspensions were analyzed on a
Litesizer 500 Particle Analyzer (Anton Paar), prior to use as
fertilizer drop for the legumes. Mean hydrodynamic diame-
ter was reported based on an average of five consecutive runs.
Zeta potential measurements were conducted at 25°C using
omega cuvettes and reported as an average of five analyses
(Figures Sla-b, SI).

2.4. Plant Growth Experiments Using Hematite NP Drop.
Four different varieties of legumes, i.e., chickpea or Cicer
arientinum, green gram or Vigna radiata, black beans and
red beans or Phaseolus vulgaris, of varying seed sizes were
used as test plants for our plant growth studies to investigate
the general effectiveness of the NP fertilizer. A “modified seed
presoak” method was developed to enhance the growth of

legumes using a drop of a-Fe,O; NP growth suspension.
First, the seeds were cleaned with 75% ethanol and DI water
and dried with filter paper for use in the plant growth exper-
iments. In this modified presoak method, each legume seed
was placed on a wet paper towel inside a sterilized petri dish
(Thermo Fisher Scientific), prior to the addition of one drop
of a-Fe,O; NP growth suspension. A set of three petri dishes
with the same seed type was prepared for adding three differ-
ent growth suspensions, i.e., one drop of DI water reference,
one drop of a low concentration of hematite NPs (0.022 gL
Fe), and one drop of a high concentration of hematite NPs
(1.1gL" Fe), to investigate the applicability of the NP fertil-
izer in enhancing plant growth. The petri dishes were then
loosely closed with lids to retain airflow for the growing
seeds. Roots were observed from these seeds within 2-4 days,
following which the shoots sprouted. Figure 1 and Figure S2
(SI) show the three sets of seeds for chickpea, green gram,
black bean, and red bean immediately before planting. A
summary of the experimental parameters used for our plant
growth study is presented in Table 1. The three seeds of the
same legume species treated with a drop of DI water, a
drop of a low concentration of NPs, and a drop of a high
concentration of NPs were planted in the same pot as soon
as shoots were seen at around day 7. The pot was placed
indoor near a window to ensure a controlled environment
and access to sunlight. The growth of each plant was
subsequently monitored each day by measuring the length
of the shoot using a Vernier caliper for a total period of 60-
100 days, depending on the species. The experiment was
repeated six times for each legume species to ensure
statistical reliability. Error bars for the average plant height
were reported based on a 95% Student’s ¢-distribution.

The NP-treated plants from all legume species except
the chickpea produced fruit pods. Seeds were collected
from the mature pods and cleaned with 75% ethanol and
DI water. These seeds from NP-treated green gram, black
bean, and red bean plants were planted in pots of soil and
placed near a window, similar to the first generation plants.
The second-generation seeds were planted on the same day
after collection from the seed pods, without any NP treat-
ment. The growth of the second-generation plants were then
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monitored to assess any adverse effect of the NP fertilizer on
the next generation of plants.

2.5. Evaluating Plant Uptake of Hematite NPs

2.5.1. Fourier Transform Infrared Spectroscopy. The surface
functional groups of the shoot and leaf samples from
legumes grown by seed presoaking with hematite NP drops
(Figure Slc, SI) were analyzed using a Bruker Alpha
Fourier transform infrared (FTIR) spectrometer equipped
with attenuated total reflectance (ATR) capability to better
understand the role of NP fertilizers in promoting plant
growth. Samples for FTIR measurements were prepared
by cutting a 2mm piece of the shoot and leaf from the
potted plants after 10 days of growth. FTIR measurements
conducted over a range of 400-4000 cm™" were reported as
an average of three consecutive measurements for reliability.

2.5.2. Hyperspectral Imaging. The leaf samples from the
legume plants as collected were further characterized via
CytoViva hyperspectral imaging to investigate the accumula-
tion of the NP fertilizer within the leaf. For hyperspectral
imaging, the leaf samples were placed on a standard 1 mm
glass slide and covered with a glass cover slip for viewing
(Figure S3, SI). The sample images were further analyzed by
generating a spectral library from the images and filtering
the library against respective images of hematite NP and
control leaf samples from plants grown without NP
treatment to eliminate false positive signals. The remaining
spectral library was then mapped to determine the location
of NPs within the leaf samples.

2.5.3. ICP-OES Measurements. Acid digestion of the plant
leaves for ICP-OES analysis was carried out following an
established protocol [32]. Leaves were collected from all the
four species of potted plants after 10 days of growth, except
for the green gram plant without NP treatment because the
plant did not survive that long. The leaves were air dried at
70°C in an oven for 24 hours. Acid digestion was carried
out with 100 mg of dried leaves for all the species. 5mL of
HNO,; was added to 100 mg of each dried sample (from a
specific plant type without or with NP treatment) in a glass
vial, and the mixture was left unaltered for 24 hours to allow
the reaction to take place. The acidified sample was then
heated at 120°C on a hot plate for 1 hour. Four additions
of 2mL H,O, were made after every 15 minutes within a
1-hour period. The digested sample turned colorless at the
end of 1 hour and confirmed the completion of the digestion
process. The sample was then completely air dried in an oven
at 80°C for 48 hours. The dried sample was cooled and dis-
solved in 3mL of 10% HCI (v/v) for 2 hours. This solution
was diluted five times with DI water and was used as the stock
solution for the ICP-OES measurement.

An iCAP 6000 ICP-OES (Thermo Fisher Scientific) was
used to determine the iron content in the plant leaves. A
high-purity Argon (Ar) gas was employed as a plasma, auxil-
iary (0.5L/min), and nebulizing gas. Before operating with
the sample, the ICP-OES was purged with Ar gas for 1 hour.
The power of the radio frequency (R.F.) was kept at 1150 W.
The sample pump rate was fixed at 50 rpm with a stabiliza-

tion time of 5 seconds. For iron content determination,
the measurements were observed at the most sensitive
emission wavelength of 259.9nm. A standard calibration
curve (1-5ppm) for the known iron concentration was
prepared (R? =0.999). The end solution from the digestion
step was used in ICP-OES to measure the unknown iron
concentration by comparing its spectra with that from the
calibration curve.

3. Results and Discussion

Iron is an essential element for the generation of chlorophyll
in plants. Iron is added in the form of soil fertilizers or che-
lated compounds in soil-less cultivation to facilitate iron
uptake for enhanced production of agricultural and bioe-
nergy crops. Agricultural research facilities and commercial
units are investigating innovative formulations of Fe fertil-
izers such as the Fe micronutrient containing iron and phos-
phates [33-35]. The two major targets in designing these
fertilizers are to significantly increase the plant growth or
production and to minimize the addition of excess fertilizers
to the soil for environmental sustainability. In this study, we
designed a “modified seed presoak” strategy to apply the
minimum possible quantity of Fe fertilizer for enhanced
plant growth. In this method, the seed was placed on a wet
paper towel inside a nearly covered petri dish for germination
and one drop of the fertilizer suspension was added to the
seed once. The germinated seeds were potted in soil after
7 days. Using this modified seed presoak method, we investi-
gated the role of our new hematite NP fertilizer on the shoot
growth of four different species of legumes (e.g., chickpea
or Cicer arientinum, green gram or Vigna radiata, and
black beans and red beans or Phaseolus vulgaris). Each
species of legume seed was treated with a drop of hematite
NP fertilizer suspension of three different concentrations:
reference suspension (DI water, 0gL™" Fe), low concentra-
tion (0.022 gL'1 Fe), and high concentration (l.lgL‘1 Fe).
Figure 2 shows a schematic representation of the improved
seed presoak strategy used in this study to promote
enhanced plant growth and production.

The shoot length of each potted legume plant was mea-
sured every day for a maximum period of 100 days to deter-
mine the efficacy and concentration-dependent effect of the
synthesized hematite NP fertilizer on plant growth enhance-
ment. The growth experiments were repeated six times with a
new set of seeds for each legume species to predict statisti-
cally reliable growth trends. Figure 3 shows representative
images of the different legume plants treated with different
NP suspensions at the end of the growth study and also the
corresponding time-dependent plant growth plots.

As seen from the images, all three chickpea plants showed
healthy growth, but the growth height of plants treated with a
drop of high-concentration hematite NP fertilizer was 230%
higher than the control DI water plant. The chickpea plants
treated with a drop of low-concentration hematite NP fertil-
izer also grew 206% higher than the control DI water plant.
Growth heights were reported based on the final height
of the plant achieved before the plant death. In addition,
the NP fertilizer-treated chickpea plants showed a higher
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F1GURE 2: Schematic of the modified seed presoak method with hematite NP fertilizer.

Concentration of Fe “
in the drop: - —
Control, Low o Highﬁ[ Green gram
Dlwatersogl” ~ 0.022gL L1gL
(6 seeds tested 6 seelds tested (6 seelcls tested Type of Black bean
per legume per‘ eg;‘me pert egl;me legumes
type) ype ype tested Chickpea
Red bean
Chickpea +  Green gram
g

Black bean

Red bean

(a)

50 80
= = 30 = =
) E) ) B 40
& 220 & =
g 5 10 g g 20
(=%} ~ A~ =%}

0 0 & 0 =
0 20 40 60 80 100 0 20 40 60 0 20 40 60

Time (days)

Time (days)

—e— DI water
—=— Low conc. NP
—o— High conc. NP

(®)

Time (days) Time (days)

FiGurek 3: Effect of the hematite NP fertilizer delivered via a modified seed presoak method on the growth of different legumes. (a) Images of
plants taken on day 30 of growth after transferring the seeds to potted soil and (b) plots showing comparative time-dependent growth of the
plants treated with control DI water, a low concentration of NPs, and a high concentration of NPs. Error bars on the plots are reported based

on 95% normalized distribution.

survival time than the control DI water plants by 15 days.
The DI water chickpea plant held an increasing growth trend
for 72% of its total life span. In comparison, the hematite NP-
treated plants showed an increasing growth for 82-85% of
their life span, suggesting a healthier growth and vitality as
compared to the DI water plant. We observed a difference
in morphology of the leaves for chickpea plants treated
with DI water, low-concentration NP fertilizer, and high-
concentration NP fertilizer, which may suggest a possible
dominance of a more stable genetic structure for the NP-

treated plants (Figure S4, SI) [10, 36]. However, the leaf
structures are currently under further detailed investigation
and further proof through genetic and molecular level
analyses is required, which is not within the scope of this
work. The Fe-enriching hematite NP fertilizer significantly
boosted the growth of green gram plants as the seeds
treated with low and high concentrations of the fertilizer
grew 830% and 700% more than the control DI water plant.
The NP fertilizer-treated green gram plants were stronger
with a 5-fold higher survival span compared to the control
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F1GURE 4: Hyperspectral imaging of black bean leaf samples. (a) Image of control DI water-treated leaf. (b) Image of leaf from a plant treated
with a high concentration of hematite NPs (1.1 gL'1 Fe); the red dots indicate the localization of NPs. (c¢) Comparative spectral plots of leaves

from control and NP-treated plants.

plant. These green gram plants produced pods after 18 days,
two times faster than other literature reports on regular plants
[37]. Images of the healthy second-generation plants from
the NP fertilizer-treated green gram seeds are included in
the SI (Figure S5). In the case of black beans, the plants
grown with a drop of high-concentration hematite NP
fertilizer showed the highest growth. The Fe-enriching
hematite NP fertilizer significantly boosted the growth rate
of black bean plants, even though the beans are richer in Fe
content compared to the other legume species tested in this
study [38]. Black bean plants treated with high- and low-
concentration NP fertilizers grew 588% and 453% higher
than the control plants, respectively. Growth percentages
were reported based on the last day of measurement for
the black bean plants. They also produced more seed pods
than the control plants, and healthy second-generation
plants were observed for the NP-treated black bean plants
(Figure S5, SI) [39]. However, the survival span of the black
bean plants was not affected by the NP fertilizer. This could
be due to the high iron content in the beans [38]. The
Fe-enriching NP fertilizer treatment increased the growth
of red bean plants by 425% and 350% for high and low
fertilizer concentrations, respectively, as compared to the
control plant. Fruit production per plant increased twofold
with NP treatment for the red bean plants, and healthy
second-generation plants were observed (Figure S5, SI). In
brief, the key insights from our growth studies was that the
modified seed presoak method with the hematite NP
fertilizer increased the growth of legumes by 230-830%,
increased survival time of most legume species, enhanced
fruit production per plant except for chickpeas, facilitated
faster fruit production, and produced healthy second-
generation plants. The highest impact in growth with the
NPs was observed for the green gram plants.

These results indicated the strong potential of hema-
tite NPs to serve as a leading Fe-enriching fertilizer for
enhanced agricultural production. However, understanding

the method of uptake and interaction of these NPs with the
plants is important both for practical applicability and safety.
It is difficult to determine NP interactions in complex biolog-
ical media like plants via a single independent material char-
acterization technique due to the low concentrations of NPs
encountered in the plant tissues, interference from plant tis-
sues, and the similarity of the NPs to naturally occurring NPs
or metal ions. Electron microscopy is traditionally used to
visualize NPs within the plants, but the sample preparation
required for this method increases the probability of artifacts
in the images. Therefore, we chose hyperspectral imaging
(CytoViva), a minimally invasive and enhanced darkfield
imaging technique requiring negligible sample preparation
to investigate the uptake of hematite NPs in the legumes
[29, 40]. The enhanced darkfield illumination technology in
this method minimized light loss and enabled scatter from
the sample to be detected without source illumination inter-
ference. Figures 4(a) and 4(b) show representative hyper-
spectral images of control and NP-treated black bean leaves
used for visually mapping the localization of the hematite
NP fertilizer. The spectral signature of the NP fertilizer was
collected as a reference for comparison. A spectral library
was created from the image of the NP-treated leaf and filtered
against the control image to generate the comparative map
(Figure 4(c)). The peak around 475nm and the shoulder at
600-650 nm indicated the presence of hematite NPs in
the leaves of legumes treated with the NP fertilizer. The
localization of hematite NPs within the leaf is marked in
red in Figure 4(b). The images and spectra from chickpea
leaves and the raw hematite NP fertilizer are presented in the
SI for further confirmation of our conclusion (Figures S6
and S7). It should be noted that though hyperspectral
imaging has been reported earlier in detecting NPs within
animal tissues, the use of this technique for plant samples is
relatively new [29].

We used FTIR with ATR as a second noninvasive charac-
terization technique requiring minimum sample preparation
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F1GURE 5: FTIR plots of stem and leaf samples from red bean plants grown from seeds treated with DI water, a drop of a low concentration of
NPs, and a drop of a high concentration of NPs. Samples were taken after 10 days of growth in soil.

to further understand the uptake and translocation of the
NP fertilizer within the legumes [16, 21]. The chemical
composition of the shoot and leaves of the legumes grown
from seeds presoaked in DI water, low-concentration NP
fertilizer, and high-concentration NP fertilizer were inves-
tigated using an FTIR spectrometer. Figure 5 shows the
representative FTIR plots from red bean leaves after 10 days
of plant growth. The FTIR spectrum of the hematite NP fer-
tilizer is presented in the SI (Figure Slc). Typically, the shoot
and leaf exhibit characteristic peaks between 3500 and
3000 cm™ representative of O-H and N-H groups, 3000 and
2800cm™ due to CH; and CH, stretching, 1800 and
1200cm™ attributed to C=0O stretch, 1738 cm ™ attributed to
membrane lipids and cell wall, 1656 cm! due to amide I,
1563cm™ from amide II, 1513 cm™ attributed to lignin, 1235
and 1153cm™ due to carbonyl stretch in esters and amide
I11, and 1100 and 1000cm™ in the fingerprint region owing
to cellulose [21, 41]. All these regions were visible in the
FTIR spectra of all our shoot and leaf samples. The shoots
of red bean plants treated with the high-concentration
hematite NP fertilizer showed additional bands at 2345 and
2365cm’’, similar to the C-N triple-bond peaks in the FTIR
spectrum of hematite NPs shown in Figure Slc (SI). This
data suggested the internalization of the NP fertilizer by
the plants treated with high concentrations of the fertilizer.
The peaks at 2345 and 2365cm™' were absent in the shoot
samples of both the plants treated with a low NP
concentration and those treated with DI water, indicating
the absence of NPs in the stem of these plants after 10 days
growth. However, the leaves of plants treated with both
low and high concentrations of NPs showed these two
additional peaks. This suggested the translocation of the
NP fertilizer from the roots through the stem to the leaves.
The NP fertilizer localized in the leaves within 10 days of
growth in plants treated with a low concentration of NPs.
After 10 days of growth, the hematite NPs were being

transported through the shoots with some accumulation
within the leaves for the plants treated with a high
concentration of NPs. FTIR plots for the other legume
samples were included in the SI (Figure S8). Therefore, the
coupled hyperspectral imaging and FTIR characterization
method provided significant insights into the transport of
the NP fertilizer through the legume plants. The difference
in the rate of transport of the NPs within the plants could
account for the enhanced growth rate in the NP-treated
plants, based on our FTIR results.

The ICP-OES measurements confirmed the presence of
iron in the plant leaves; however, it indicated the absence of
any dose-dependent relationship between the iron content
in plant leaves and hematite NP dosing (Figure 6). The
results did not suggest any significant difference in the iron
content among the three different dose conditions (control,
low NP concentration, and high NP concentration) for each
species of legumes. Previous studies involving iron NPs in
the soil matrix after seed germination have reported a dose-
dependent relationship between the iron NP dosage and iron
content within different parts of the plant [10, 16, 42]. How-
ever, when applied as only seed treatment, Srivastava et al.
found no significant difference in iron content in spinach
plant leaves with a different iron pyrite (FeS,) NP dosing
[12, 43]. Our study also confirms the absence of a significant
dose-dependent iron content relationship when applying
NPs in a “modified seed presoak” strategy. Hematite NPs
facilitating enzymatic activity during germination, through
surface chemistry rather than uptake, can be attributed as
one of the reasons. These surface-mediated processes can
contribute to the overall growth of the plants. Additionally,
plants dosed with higher hematite NP loading exhibited
higher and faster growth resulting in more chlorophyll pro-
duction utilizing more iron content. This can also offset the
added iron input for plants with NP dosing compared to
the controls.
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4. Conclusion

In summary, we reported a new seed presoak method using
just a drop of hematite NP fertilizer to significantly increase
plant growth in legumes by 230-830%, depending on the
species. Though the growth trend varied between different
species of legumes, in general, the seeds treated with a high
concentration of the NPs (1.1 gL'1 Fe) showed the fastest
growth compared to those soaked in a low concentration
of the NPs (0.022 gL'1 Fe) and control DI water. The NP-
treated plants exhibited twofold faster initial fruit produc-
tion, two times more fruits per plant, and a longer life span
compared to the control plants, in general. They produced
healthy second-generation plants.

We also reported a minimally invasive material charac-
terization strategy coupling hyperspectral imaging and FTIR
to determine the internalization and transport of the NP fer-
tilizer within the plants, while minimizing artifacts from
sample preparation. The hematite NPs were transported
through the shoot and localized in the leaves of the legumes.
The ICP-OES measurements showed the presence of iron in
the plant leaves; however, no correlation was found between
the iron content in the leaves and input hematite NP fertilizer
concentrations. This indicates that seed presoaking with
hematite NPs actually led to more effective iron utilization
which resulted in improved growth and faster fruit produc-
tions in the tested plants.

A primary advantage of our strategy is that the NP fer-
tilizer was added in minimum quantity to a moist paper
towel as a presoak solution for the seed. No NPs or addi-
tional ingredients were added to the soil. Therefore, our
Fe-enriching NP fertilizer could drastically increase the

production rate and life span of plants with minimum
impact on the environment. The hematite NP fertilizer and
the reported strategy will be highly beneficial in enhancing
the production of bioenergy crops.
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In the present paper, the synthesis of metal-organic framework MIL-101 and its application in the photocatalytic degradation of
Remazol Black B (RBB) dye have been demonstrated. The obtained samples were characterized by X-ray diffraction (XRD),
transmission electron microscope (TEM), X-ray photoelectron spectroscopy (XPS), and nitrogen adsorption/desorption
isotherms at 77 K. It was found that MIL-101 synthesized under optimal conditions exhibited high crystallinity and specific
surface area (3360 m*g™). The obtained MIL-101 possessed high stability in water for 14 days and several solvents (benzene,
ethanol, and water at boiling temperature). Its catalytic activities were evaluated by measuring the degradation of RBB in an
aqueous solution under UV radiation. The findings show that MIL-101 was a heterogeneous photocatalyst in the degradation
reaction of RBB. The mechanism of photocatalysis was considered to be achieved by the electron transfer from photoexcited
organic ligands to metallic clusters in MIL-101. The kinetics of photocatalytic degradation reaction were analyzed by using the
initial rate method and Langmuir-Hinshelwood model. The MIL-101 photocatalyst exhibited excellent catalytic recyclability and

stability and can be a potential catalyst for the treatment of organic pollutants in aqueous solutions.

1. Introduction

Textile and paint industries and dyestuff manufacturing
release a considerable amount of wastewater with dyes. This
has raised serious environmental concerns all over the world;
thus, their removal is of interest to many scientists [1]. Dyes
are difficult to treat along with municipal waste treatment
operations due to their complicated chemical structures.
Remazol Black B (RBB) is a popular diazo reactive dye and
used widely in textile industries [2]. Various processes for
eliminating RBB from aqueous solutions including adsorp-
tion, electrochemistry, and biosorption have been reported.
ThiThanh etal. [3] reported the efficient removal of RBB using
iron-containing zeolite imidazole framework-8 (Fe-ZIF-8).
Fe-ZIF-8 possessed high stability. After three cycles, the deg-
radation yield was reduced slightly—95% compared to the

initial catalyst. Soloman et al. [2] reported the degradation
of hydrolyzed Remazol Black using the electrochemical
approach. Brazilian pine-fruit shells (Araucaria angustifolia)
in natural form are efficient adsorbents for the removal of
RBB dye from aqueous effluents [4]. Biosorption of an azo
dye by growing fungi (Aspergillus flavus) was reported in
which the removal of chemical oxygen demand (COD) was
found to be 90% at 100 mg-L™" initial concentration of dye
[5]. The introduction of iron to ZIF-8 significantly enhanced
the photocatalytic degradation of RBB Fe-ZIF-8 under visible
light [6].

Metal-organic frameworks (MOFs) are porous mate-
rials formed via strong metal-ligand bonds between metal
cations and organic linkers [7, 8]. MOFs have many appli-
cations in gas storage [9-15], separation [16, 17], and het-
erogeneous catalysis [18-21]. MIL-101 is a member of the
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large family of MOFs with the largest Langmuir surface
area (4500m2-g'1), pore size (29-34 A), and cell volume
(702.000 A). Tt was first reported by Férey et al. in 2005
[22], who synthesized it from HF-Cr(NO;);-1,4-dicarboxylic
acid- (H,BDC-) H,O. Since the discovery of large-pore MIL-
101, several groups have tried to synthesize MIL-101 for gas
adsorption. However, it is hard to obtain crystalline MIL-
101 with a high BET surface of more than 3200 m*.g™" [18]
because of the presence of H,BDC residue or inorganic
impurities in the pores as well as outside the pores. In the
synthesis of MIL-101, it is complicated to remove most of
the nonreacted H,BDC present both outside and within the
pores of MIL-101. Yang et al. [13] used various alkalis, such
as potassium hydroxide (KOH), tetramethylammonium
hydroxide (TMAOH), triethylamine ((C,H;);N), dimethy-
lamine (C,H,N), methylamine (CH;N), and ammonia
(NH,), to avoid recrystallization of H,BDC. The TMAOH-
Cr(NO;);-H,BDC-H,O system was found to be suitable
for obtaining MIL-101 with high surface properties. Hong
et al. [18] reported a separation process in which huge
amounts of H,BDC were separated with a fritted glass filter,
and then excess dissolution was done with a hot solvent
(ethanol or N,N-dimethyl-formamide (NH,F)).

The heterogeneous photocatalysis is one of the highly
effective methods used for the treatment of a wide variety
of organic pollutants owing to its ability to degrade the pol-
lutants completely. Photocatalytic degradation is usually
conducted for dissolved compounds in water, at mild tem-
perature and pressure conditions, using UV radiation and
photocatalytic semiconductors without any requirement of
expensive oxidants. The use of metal-organic frameworks
(MOFs) as photocatalysts is a new field of application for
this material. Recently, some MOF materials such as MOF-
5 [23-25], MIL-125 [26], and MIL-53(M) (M = Fe, Al, and
Cr) [27] have been applied successfully in the decolorization
of various dyes in aqueous solutions. Owing to its excellent
porosities (high specific surface area, large pore volume,
and uniform pores), MIL-101 is a good candidate in catalysis
[28] and has been found to be a great candidate for many
other applications [16, 17, 29-32]. Several papers have
reported visible-light photocatalytic activity of modified
MIL-101, e.g., N-K,Ti,Oy/MIL-101 composite [33] and
Bi,;FeO,,/MIL-101/PTH [34]. To the best of our knowl-
edge, no attention has ever been paid to the study of the
photocatalytic properties of pure MIL-101 to date.

In the present paper, we focused on an Cr(NO,);-
H,BDC-H,O system and analyzed the effect of different
conditions on the synthesis of MIL-101 and monitored
the hydrothermal stability of MIL-101 in various solvents
and conditions. Photocatalytic degradation of RBB was
also investigated.

2. Experimental

2.1.  Materials. Chromium(III) nitrate nonahydrate
(Cr(NO;);9H,05 99%), benzene-1,4-dicarboxylic acid
(CcH,(COOH),; >98%) (denoted as H,BDC), and hydrogen
fluoride (HF; 40%) were purchased from Merck, Germany.
Remazol Black B (C, H,;N-Na,O,,S,, molecular weight =

Journal of Nanomaterials

991.82) (denoted as RBB) was procured from the Thuy
Duong Textile Company (Hue city, Vietnam). The structure
of RBB is shown in Scheme 1.

Ferrous ammonium sulfate (Fe(NH,),(SO,),6H,0;
>98%), potassium dichromate (K,Cr,0,; >99%), ferrous
sulfate heptahydrate (FeSO,7H,0; >99%), silver sulfate
(Ag,SO,; >99%), conc. H,SO, (98%), and mercuric sulfate
(HgSO 4 >98%) were supplied from Merck, Germany, and
used to measure the COD of samples.

2.2. MIL-101 Synthesis. MIL-101 was synthesized according
to an earlier report with some modifications [22]. The mix-
ture of reactants including H,BDC, Cr(NO,);, HF, and
H,O was heated in a Teflon-lined stainless steel autoclave
at 200°C for 8h. The resulting green solid material was fil-
tered using a 0.2 ym membrane and then extracted in ethanol
with Soxhlet equipment for 12 h to remove residual amount
of H,BDC still present in the product. The effects of the
molar ratio of chromium nitrate and water to H,BDC on
the formation of MIL-101 were also monitored. With a fixed
water volume of 100 mL, the composition of the synthesized
gel was calculated at the following molar ratio:

(i) For the study on the effect of the molar ratio of
Cr/H,BDC, the molar composition of a reactant mix-
ture of H,BDC: Cr(NO;),-9H,0 : HF : H,0 =
1.00 : x : 0.25: 265, with x=0.5,0.75,1.00,1.25,
1.50, and 1.75. The samples were denoted as M-0.5,
M-0.75, M-1.00, M-1.25, M-1.50, and M-1.75

(ii) For the study on the effect of the ratio of
H,0/H,BDC, the molar composition of a reactant
mixture of H,BDC: Cr(NO;), -9H,0 :HF: H,0 =
1.00:1.25:0.25: y, with y =200, 265, 350, 400, 500,
and 700. The samples were denoted as M-200, M-
265, M-350, M-400, M-500, and M-700

2.3. Photocatalytic Performance. The photocatalytic degra-
dation of RBB was measured at ambient conditions using
a set of home-made equipment. The source of UV light
was UV-B313 30 W (A =310 nm).

The photocatalytic experiments were performed in a
1000 mL beaker containing 500 mL of aqueous suspensions
of 10-50 ppm RBB and a 0.25mg catalyst. The beaker was
kept at 25°C with a thermostat. The UV lamp was focused
on the beaker at 15 cm distance. All of the experiments were
performed under natural pH conditions (around 7-7.5)
unless specified otherwise. Then, 3mL of the mixture was
withdrawn at certain time intervals and centrifuged to
remove the MIL-101 solid. The RBB concentration was mon-
itored by means of spectroscopy at the maximum wavelength
(A =600nm). The experiments were replicated three times.

The chemical oxygen demand (COD) of the RBB solu-
tion was measured by the ASTM method [35]. The sample
was oxidized by the boiling mixture of chromic and sulfuric
acids. The sample was refluxed in a strongly acidic solution
with a known excess of potassium dichromate (K,Cr,0,).
After digestion, the remaining unreduced K,Cr,O, was
titrated with ferrous ammonium sulfate to determine the
amount of K,Cr,O, consumed and the oxidizable matter
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was calculated in terms of the oxygen equivalent. The sam-
ples were analyzed in duplicate to yield reliable data.

X-ray diffraction (XRD) was carried on a D8 ADVANCE
system (Bruker, Germany) (Hanoi city, Vietnam). Cu Ka
radiation (A =1.5406A) was the light source with applied
voltage of 35kV and current of 40 mA. Transmission elec-
tron microscopy (TEM) was carried out using a JEOL JEM-
2100F microscope (Hanoi city, Vietnam). Nitrogen adsorp-
tion/desorption isotherm measurements were conducted
using a Micromeritics 2020 volumetric adsorption analyzer
system (Hanoi city, Vietnam). The samples were pretreated
by heating under vacuum at 150°C for 3h. The BET (Bru-
nauer-Emmett-Teller) model was used to calculate the
specific surface area using adsorption data in the relative
range 0-0.24. Total volume was obtained from the nitrogen
volume adsorbed at a relative pressure of 0.99. The X-ray
photoelectron spectroscopy (XPS) was conducted using a
Shimadzu Kratos AXIS Ultra DLD spectrometer (Japan).
Peak fitting was performed by CasaXPS software. The
absorbance of RBB, methyl orange (MO), and methylene
blue (MB) was measured at A, =600nm,464nm,and
664 nm, respectively, using a Lambda 25 Spectrophotome-
ter, PerkinElmer, Singapore (Hue city, Vietnam).

3. Results and Discussion

3.1. Synthesis of MIL-101 and Its Stability under Different
Conditions. The XRD patterns of the MIL-101 samples syn-
thesized with different Cr/H,BDC molar ratios of 0.50,
0.75,0.85, 1.00, 1.25, and 1.75 are shown in Figure 1(a). From
the figure, it is found that the diffraction at a small angle of
about 1.7° characterizing the mesoporous structure of MIL-
101 was obtained depending on the Cr/H,BDC ratio. At a
low Cr/H,BDC ratio, the diffraction at such a small angle
was not observed. However, when the Cr/H,BDC ratio was
increased to a level such as M-1.25, M-1.5, or M-1.75, the
XRD patterns were similar to the patterns of MIL-101 as
reported earlier [22], in which sharp and strong diffraction
at 20 of around 1.7° was clearly observed. Therefore, a
Cr/H,BDC ratio larger than 1.25 could provide MIL-101
with high crystallinity. The textural properties of MIL-101
samples synthesized at different ratios of Cr/H,BDC were
investigated by the N, adsorption-desorption isotherms at
77K as shown in Figure 1(b). The isothermal curves are of
type IV, with pore-filling steps at p/p® ~0.2 and p/p® = 0.3,
characteristic of the presence of two types of narrow meso-
pores [18]. The parameters characterizing the textural prop-
erties of the obtained MIL-101 samples are displayed in
Table 1. The specific surface area tends to increase with the
increase in the molar ratio of Cr/H,BDC and reaches the

highest value at the ratio of 1.25 and then decreases when this
ratio continues to rise.

The morphologies of MIL-101 samples synthesized with
different molar ratios of Cr/H,BDC were observed by TEM
images (Figure 2). It can be seen that the particles have an
octahedron shape with different sizes, in the range of 230-
570 nm, depending on the molar ratios of Cr/H,BDC. The
values of standard deviation (SD)/mean (4%-9%) were less
than 10% in all cases indicating that particle size distributions
were normal. The size of particles reaches a minimum at the
Cr/H,BDC ratio of 1.25 (M-1.25) (see Table 1). In fact, the
effect of the Cr/H,BDC ratio on the MIL-101 particle size
was not clear as the Cr/H,BDC ratio was between 0.75
and 1.25. The particle size increased significantly as the
Cr/H,BDC ratio is larger than 1.25. On the contrary, crys-
tallite sizes obtained from the Scherrer equation (using
(375) diffraction) was within 34.1 and 45.8nm and they
appeared to be less affected by the Cr/H,BDC ratio. These
results implied that particles consisted of several crystals.
Based on the specific surface area and morphology, the suit-
able Cr/H,BDC molar ratio for the synthesis of MIL-101
was found to be 1.25.

Figure 3(a) displays the XRD results of MIL-101 samples
synthesized with different molar ratios of H,O/H,BDC. The
results show that the amount of water in the composition
of reactants has a considerable effect on the structure of
MIL-101. All the samples with an increase in molar ratios
of H,0/H,BDC from 200 to 700 provided the characteristic
diffractions of MIL-101. However, the peak at 26 of about
1.7° characterizing the mesoporous structure did not appear
for the samples having a high water content (M-500,
M-700), while the same was observed clearly for the sam-
ples having a lower water content with molar ratios of
H,0/H,BDC from 200 to 400. In addition, at a high water
content in the reactant mixtures, a lower peak intensity was
observed. Therefore, the water content in the reactant mix-
tures not only affected the structure of materials but also
reduced their crystallinity.

The isotherms of nitrogen adsorption/desorption and
texture properties of MIL-101 synthesized with different
molar ratios of H,O/H,BDC are illustrated in Figure 3(b)
and Table 2. It was found that the specific surface area
increased steadily when the molar ratio of H,0O/H,BDC
increased and peaked at the molar ratio of 350, but after
that, it decreased when this ratio was increased. The water
content in the reactant mixtures had a significant effect on
the particle size of MIL-101 but had less effect on crystallite
size. It can be seen in Figure 4 and Table 2 that the particle
size decreased slightly with the increase in water content
while crystallite sizes around 26.8-31.8 nm seemed to be
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FiGure 1: (a) XRD patterns and (b) nitrogen adsorption/desorption isotherms of MIL-101 synthesized using different molar ratios of

Cr/H,BDC.

unchangeable. A large amount of water resulted in irregular
shapes and formation of the needle-shaped crystals of tere-
phthalate acid. It can be inferred that a high water content
probably reduced the crystal growth rates [36]. Therefore,
a perfect MIL-101 crystal could not be achieved at high
water contents in the reactant mixture, and the most perfect
MIL-101 crystal was observed in the M350 sample.

As mentioned previously, a larger amount of nonreacted
H,BDC is present in MIL-101, resulting in a decrease in its
surface area and pore volume. The previous studies are

focused on the purification using hot ethanol, water, or fluo-
ride-anion exchange using aqueous NH,F solutions [18, 22,
32]. In the present work, we proposed the Soxhlet extraction
using ethanol solvent to purify the H,BDC. Table 3 shows
the specific surface area and porous volume of the present
MIL-101 material compared to some previous studies. The
surface area and porous volume of MIL-101 synthesized in
this study are smaller than those reported by Férey et al.
[22] but much higher than recent studies. The proposed
purification is time-consuming but is capable for completely
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TaBLE 1: Textural properties of MIL-101 samples synthesized using different molar ratios of Cr/H,BDC.

Particle size* L
Crystallite size**

Samples Sgpr (m*g™) S angmuir (m*gh) Viore (ecm.g™") M +SD (nm)
(nm)

M-0.75 1582 2426 0.79 231.5+20.1 34.1

M-1.00 2328 3833 1.23 376 +15.4 29.3

M-1.25 2946 4776 1.53 216 £20.3 43.7

M-1.50 2642 4354 1.41 522 +20.0 45.8

M-1.75 2414 4057 1.28 573+27.2 34.6

*Mean value (M) of particle size counted from 100 particles. SD: standard deviation. **Crystallite size calculated from the Scherrer equation using

diffraction (753).

M-0.75

500 nm

M-1.00

500 nm
(b)

500 nm

(d)

500 nm

(e)

F1GURE 2: TEM images of MIL-101 synthesized using different molar ratios of Cr/H,BDC.

removing H,BDC, making the obtained MIL-101 have a
high specific surface area.

The results of stability testing of MIL-101 under ambient
conditions over several days are given in Figures 5(a) and
5(b). Generally, the main characteristic peaks of MIL-101

could be observed in all XRD patterns. The peak at a small
angle (20 is about 1.7°) was not present in the samples
exposed to ambient conditions for 15 to 30 days without dry-
ing before XRD measurements (Figure 5(a)). It is worth not-
ing that this peak was observed clearly in the dried sample,
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TaBLE 2: Textural properties of MIL-101 samples synthesized using different molar ratios of H,O/H,BDC.
2 -1 2 -1 3 Particle size* o s

Samples Sger (m™g™) Spangmuir (M™g) Vpore (cm™g™) M= SD (nm) Crystallite size** (nm)
M-200 1618 2570 0.87 530.5+78.2 26.8

M-265 2946 4776 1.53 520.3+53.4 30.4

M-350 3360 5059 1.44 490.3+£19.4 31.8

M-400 2274 3664 1.25 250 + 35 314

M-700 1708 2701 0.93 137 £25 30.0

*The mean value (M) of 50 particles counted from TEM images. SD: standard deviation. **Crystallite size calculated from the Scherrer equation using

diffraction (753).

although it was exposed to ambient conditions up to a year
(Figure 5(b)). The peak at a small angle characteristic of a
mesoporous structure seems to be unstable under moistened
air. This explains why this peak which diffracted at 1.7° has
been reported in some studies [22], while not in others [13,
15, 18]. The reason is not clear, but it could be possible that
water in the moistened air blocks some of the pores resulting
in the disappearance of the characteristic diffraction of the
mesoporous structure at around 1.7°. Therefore, this peak
was observed after the drying process to remove water vapor
from the material structure.

The stability of MIL-101 material in water at room tem-
perature is illustrated in Figure 5(c). The results indicate that
the characteristic diffractions of MIL-101 were obtained in all
patterns. Notably, the characteristic diffraction of the meso-
porous structure at around 1.7° still remained stable after
the sample had been soaked in water for several days.

The stability of MIL-101 material in several solvents at
boiling temperature for 8h is shown in Figure 5(d). The
results of XRD indicate that MIL-101 material was still stable
after being soaked in boiling water continuously for 8h,

which is in good agreement with that reported by Hong
et al. [18]. Moreover, the characteristic diffraction of MIL-
101 still appeared with high intensity suggesting that its
structure did not collapse after soaking in ethanol and ben-
zene at boiling temperature for 8h. In contrast, the MOFs
that are used mostly, such as MOF-177 and MOF-5, have rel-
atively high thermal and chemical stabilities; they are known
to be unstable and to easily decompose in the presence of
moisture [38, 39]. Therefore, MIL-101 is rather stable in both
polar and nonpolar solvents at high temperatures, which
makes MIL-101 an attractive candidate for various applica-
tions and catalysts.

Lin et al. [40] used X-ray absorption near edge structure
(XANES) spectroscopy for characterizing the oxidation state
of Cr in the MIL-101 catalyst and found that the chromium
atom is in the divalent (Cr(II)) state in the MIL-101 crystals
although the source of initial Cr is Cr(III) in Cr(NO,);. In
the present paper, the surface composition of the MIL-101
sample was analyzed by XPS (Figure 6(a)) and the spectra
corresponding to C,; and Cr,, were collected. The binding
energy values of 587eV for Cr2pl/2 and 576eV for
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Cr2p3/2 (Figure 6(b)) are typically assigned to Cri* [41]. It
could be inferred that the oxidation state Cr(III) of the chro-
mium in MIL-101 does not change during its synthesis.

Figure 7(a) shows the DR-UV-Vis spectrum of MIL-101.
There are three absorption peaks at 275, 425, and 610 nm.
The absorption band at the UV region could be contributed
by the electron transfer n — 7 in terephthalic acid. The
absorption bands in the visible region should be related to
the electron transfer in orbital 3d. The energy gaps based
on Tauc’s plot were found to be 1.75, 2.27, and 3.74eV
(Figure 7(b)). Since the oxidation state of chromium in
MIL-101 is 3+, it was believed that here the electron shift
occurs in the 3d” orbital of Cr’* under the action of the tere-
phthalate ligand field.

In order to analyze this electron transfer, the Tanabe-
Sugano d* diagram was used (Figure 8) and, according to
which, spin-allowed transition was as follows:

4A,, — 4T,

4A,, — 4T,
4A,, — 4T, (P)

(1)

In Tauc’s plot (Figure 7), three energy levels could be seen
to be excited corresponding to the wave number: v, =
14104.37 (cm™), v, =18281.54 (cm™"), and v, =30120.48
(cm™). Since the ratio v,/v, = 18282.54/14104.37 was found
as 1.3, this ratio corresponded to A,/B =36 based on the
Tanabe-Sugano diagram of the d* system (A is the ligand

B4
.

(e)
FIGURE 4: TEM images of MIL-101 synthesized using different molar ratios of H,O/H,BDC.

9 !

L
7

LR

)

field splitting parameter). Considering A /B = 36, the value
of E/B for the spin-allowed transition was determined to be
v,/B =36, v,/B =46, and v5/B=76.

Since v, was 14104.37cm’’, the value of B calculated
from the first spin-allowed transition was 391.8cm™ and A
was calculated as 14104.37 cm™' from the ratio A/B = 36.

It is worth noting that the Racah B parameter in MIL-
101 is 391.8cm™! while that in free Cr®" is 1030 cm™ [42].
Thus, a reduction of about 62% in the Racah B parameter
of MIL-101 compared to Cr,O; indicates a strong influ-
ence of the terephthalate ligand. Figure 8 presents three
spin-enabled electrons in the Tanabe-Sugano diagram of
the d’ system corresponding to the three excited energy
levels as follows:

(i) 4A,, —4T,, with energy transfer of 1.75eV corre-
sponds to a wavelength of 709 nm

(ii) 4A2g —4T,, with energy transfer of 2.27 eV corre-
sponds to a wavelength of 547 nm

(iii) 4A2g— 4T, (P) with energy transfer 3.74 eV corre-
sponds to a wavelength of 332 nm

MIL-101 is constituted from the trimer units (Cr;0,),
which are made up of CrO clusters, wherein a central chro-
mium atom is surrounded by 6 oxygen atoms [18, 22]. As
suggested by Bordiga et al. [43] for MOF-5, it is supposed
that Cr;0,4 clusters in MIL-101, which behave as quantum
dots surrounded by six terephthalate ligands, could act as
light-absorbing antennae (hv) then transferring it to Cr;0,
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TaBLE 3: Comparison of the porosity of the present MIL-101 and the results published.

Sggp (m*g™) St angmuir (m*g™") V(g Method/purification References

3360 5059 1.4 Hydrothermal method/Soxhlet extraction using ethanol solvent The present work
4100 5900 2.0 Hydrothermal method/ethanol and DMF [22]
4230 - 22 Hydrothermal method/double filtration with glass and paper filters, (18]
water, ethanol, and NH,F
2345 3674 1.3 Microwave-assisted hydrothermal method/ethanol [32]
3054 4443 2. Microwave-assisted hydrothermal method/ethanol and DMF [37]
3197 4546 1.7 Solvothermal process/TMAOH ((CH,),NOH) [13]
2220 — 1.1 Hydrothermal method/ethanol and DMF [20]
2674 — 14 Hydrothermal method/ethanol and DMF 9]
3360 4792 1.8 Microwave-assisted hydrothermal method/water, ethanol, and NH,F [15]

DME: N,N-dimethylformamide.
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F1GURE 5: XRD patterns of MIL-101 exposed to ambient atmosphere for several months: (a) MIL-101 sample tested without drying; (b)
MIL-101 sample dried at 100°C for 12h before testing; (c) MIL-101 exposed to water for several days; (d) MIL-101 exposed to several
solvents at boiling temperature.
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clusters to irradiate the photons (hv') as can be observed in
Figure 9. The photocatalysis of MIL-101 was considered to
be achieved by the electron transfer from photoexcited
organic ligands to metallic clusters in MIL-101, which was
termed as a ligand-to-cluster charge transfer [23, 25].

3.2. Photocatalytic Activity of MIL-101. Adsorption is one of
the important aspects of photocatalysis. Hence, in most
cases, the dark adsorption is often conducted to obtain an
adsorption-desorption equilibrium before UV is irradiated.
In the present case, that procedure could not be carried
out because the dye molecules were adsorbed quickly on
the MIL-101 surface and prevented the UV light from stim-
ulating the MIL-101 catalyst, so that the UV light was irra-
diated at the same time as the catalyst was introduced as
shown in Figure 10. Figure 10(a) shows the decolorization
kinetics for RBB dye under different conditions. It was
found that the color of the RBB solution with MIL-101 cat-
alyst but without UV irradiation was decolorized around
43% within only 15min and then stayed constant due to
saturated adsorption while the RBB color was removed
completely under UV irradiation/MIL-101 catalysis after
45min. These experiments demonstrated that the decolori-
zation of the solution was due to the photocatalytic effect
rather than adsorption.

The kinetics of decolorization of RBB on MIL-101 added
with 0.01 g Cr(NO,); or Cr,O; are shown in Figure 10(b). It
was found that the Cr’* ion or Cr,0, did not affect decolor-
ization. It could be inferred that the Cr’" ion or Cr,05 does
not exhibit photocatalytic activity in this condition. In addi-
tion, the decolorization of RBB was not observed if UV was
irradiated in the absence of MIL-101 suggesting that RBB
was stable and did not undergo photolysis. A leaching exper-
iment was also conducted in which the MIL-101 catalyst was
filtered by centrifugation after 5min of irradiation. The
decolorization of dye was stopped despite the fact that UV
light irradiation was still maintained. This indicates that
there is no leaching of the active species, into the reaction
solution, from the homogeneous catalyst. The above experi-
mental results confirmed that MIL-101 was a heterogeneous
catalyst in the degradation reaction of RBB.

The influence of the initial concentration of RBB on the
photocatalytic decolorization rate in the presence of MIL-
101 is shown in Figure 11. The results exhibited that when
the dye concentration increased in the range of 10 ppm to
50 ppm, an increase in the decolorization rate was observed.

The generalized rate equation for decolorization of dye
can be written as

dcC
=0 = . n’ 2
r=-— k-C (2)

where C is the concentration of dye at time t (the reaction
time), k is the kinetic rate constant, # is the order of the reac-
tion, and r is the reaction rate.

In this paper, the initial rate method was used to deter-
mine k and n [44, 45].

Journal of Nanomaterials

hv

FIGURe 9: The Cr 0,4 cluster of MIL-101 (Cr (green rods), O
(red rods), and benzene ring (blue ring)).

The instantaneous reaction rate was calculated from the
following equation:

dcC
rin__w' (3)

Integrating equation (3) for the boundary conditions
t— 0, then C— C, gives

C,=-r,-t+C,, (4)

where C, and C, are the initial concentration and the con-
centration at time t, respectively. The instantaneous rate
(r,,) is determined from the plot of concentration versus
time at time ¢. The initial rate (r,,) of a reaction is the instan-
taneous rate at the start of the reaction (when t=0). The
initial rate is equal to the negative slope of the curve of reac-
tant concentration versus time at f=0. From the slopes of
the plots of C, against t at C, (t =0), the values of r, corre-
sponding to each initial concentration C, was obtained as
shown in Figure 12(a).

On the other hand, the initial rate for a reaction can be
written as

ro =k;

- Co» (5)
where k; is the overall observed rate constant for the reaction
and n is the order of the reaction with respect to the concen-
tration. The linearization of equation (5) by taking natural
logarithms on both sizes yields

Inry=Ink;+n-In C,. (6)

Therefore, the plot of the Inr, against In C, gives a
straight line with a slope corresponding to # and the inter-
cept on the ordinate gives In k; (Figure 12(a)). From the plot
of Inr,, against In C,,, the slope, n=0.604, and k=1.156
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were calculated, and the plot has an excellent correlation  be due to the contribution of both adsorption and photocat-
coefficient (> =0.998, p<0.001). The reaction order of alytic reaction.

photocatalytic degradation is unity in some cases [27, 46]. The Langmuir-Hinshelwood (L-H) equation is widely
In the present paper, the value of # less than unity could  used in studying the kinetics of photocatalytic reaction
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FIGURE 12: (a) Initial rate plot for RBB to determine the overall rate order; (b) a plot of the Langmuir-Hinshelwood model.

[46, 47]. In this model, the reaction rate depends on the per-
centage of the surface coverage, 0, by the following equation:

dC k- Ky - G

Y Pl e : Sl
To=fr dt ~ 1+ K- C,

(7)

where K is the Langmuir-Hinshelwood adsorption equi-
librium constant (L-mg') and k; is the reaction rate con-
stant (mg-L’1~min'1). Equation (7) can be written in the
linear form as

1 1+Ky-C, 1 1
— = = + —.
ro kp Ky -Cy kp-Kyy-Cy  ky

(8)

The plot of 1/r, against 1/C, (Figure 12(b)) gives a
straight line with a good correlation (r* =0.987, p=0.001
); the values of k; and K;;; were 17.857 mg-L " -min"' and
0.035L-mg’', respectively. Akpan and Hameed [46] com-
pared the adsorption and reaction rate relying on the ratio
of kp : K. However, this comparison seems to be unclear
because the units of k; and Kj; are not similar.

The complete degradation of dyes with a cost-effective
process is important for industrial applications. UV-Vis
spectra are shown in Figure 13(a). The absorbance band at
310 nm was contributed by the 7 — 7* transition of the dou-
ble bond in the aromatic ring. The absorbance band at
600 nm was assigned to n — 71* due to the double bond con-
jugation of N=N and C=C in the aromatic ring. The absorp-
tion peak decreased significantly with an increase in the
irradiation time and disappeared after 45 min of irradiation.
The chemical oxygen demand (COD) test is shown in
Figure 13(b). The COD decreased from an initial value of
86.4mg-L" to around 10.0mg-L™" after 80 min. The results
indicate that RBB molecules were degraded into fragments
and, subsequently, were completed with minerals.

The photochemical degradation mechanism of RBB dye
on MIL-101 can be interpreted by the semiconductor theory
[25]. As proved earlier, MIL-101 was photoexcited leading to
the electron transitions in the 3d> orbital, followed by the for-
mation of an electron (&) and hole (h™) pair on the surface of
the catalyst. The high oxidation potential of the hole (h") in
the catalyst either permitted the direct oxidation of the dye
or reacted with water molecules or hydroxyl ions (OH") to
generate hydroxyl radicals (OH). These hydroxyl radicals
oxidized the surface adsorbed organic molecules. On the
other hand, the photogenerated electrons (e”) reduced the
dye or reacted with the O, adsorbed on the MIL-101 surface
or dissolved in water forming a radical anion (‘O,’). This
strong oxidation could degrade RBB. According to this, the
photochemical degradation reactions of RBB on MIL-101
can be expressed as follows:

(MIL-101) + hv(MIL-101)(e” + h")
h" + dye — RBB" — degradation products
h* +H,0 - H*+OH
h"+OH — OH
‘OH + RBB' — degradation products
e +0,— 0,
‘0O,” + RBB — degradation products
)

The reusability of the catalyst is an important concern in
the application of heterogeneous catalysis. After the experi-
ment, the MIL-101 material was collected by centrifugation
and washed with water and ethanol for three times to
remove RBB completely and dried at 120°C for 15h and
then reused. The photocatalytic degradation efficiency of
MIL-101 after four cycles of usage was decreased slightly
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(only 5%) (Figure 14(a)). The XRD patterns of the recycled
MIL-101 catalysts were unchanged (Figure 14(b)). It can be
concluded that the MIL-101 photocatalyst exhibited excellent
catalytic recyclability and stability in the tested conditions.
It can be inferred that MIL-101 can be a potential catalyst
for the treatment of organic pollutants in aqueous solutions.

4. Conclusions

The suitable molar ratios of Cr/H,BDC and H,O/H,BDC for
the synthesis of MIL-101 with a large surface area and high
crystallinity were 1.25 and 350, respectively. High water con-
tent in the synthesized gel significantly reduced particle size
and crystallinity. MIL-101 can be exposed to ambient condi-
tions for several months. The characteristic XRD diffraction

pattern at 1.7° can be observed in the samples stored in dry
conditions, whereas this diffraction disappeared when the
samples were stored in moistened conditions. MIL-101 is sta-
ble in water, benzene, and toluene even at boiling point for
several hours. MIL-101 exhibited excellent photodegradation
of RBB in the UV region. The kinetics of the photocatalytic
degradation reaction was fitted well with the Langmuir-
Hinshelwood (L-H) equation. The initial rate method yielded
the order of the reaction and the initial reaction rate constant
to be 0.604 and 1.156 [(mg‘L'l)O'”G-min'l], respectively.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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The features of the properties and creation of nanocomposite metal oxide materials, especially TiO,, ZnO, SnO,, ZrO,, and Fe,O,,
and their applications for ecology are considered in the article. It is shown that nanomaterials based on them are very promising for
use in the ecological direction, especially as sorbents, photocatalysts, and sensitive layers of gas sensors. The crystallochemical
characteristics, surface structure, and surface phenomena that occur when they enter the water and air environment are given
for these metal oxides, and it is shown that they play a significant role in obtaining the sorption and catalytic characteristics of
these nanomaterials. Particular attention is paid to the dispersion and morphology of metal oxide particles by which their
physical and chemical properties can be controlled. Synthesis methods of metal oxide nanomaterials and ways for creating of
nanocomposites based on them are characterized, and it is noted that there are many methods for obtaining individual
nanoparticles of metal oxides with certain properties. The main task is the correct selection and testing of parameters. The
prospects for the production of metal oxide nanocomposites and their application for environmental applications are noted,
which will lead to a fundamentally new class of materials and new environmental technologies with their participation.

1. Introduction

Nanomaterials based on metal oxides (nanostructured and
nanodispersed) are a diverse class of materials in terms of
electronic structure and physical, chemical, and electromag-
netic properties [1]. The application of metal oxide nanoma-
terials and nanocomposites based on them is becoming
increasingly popular in applied ecology, especially where they
can be used as adsorbents and photocatalysts as well as a
material for the manufacture of environmental monitoring
devices. Adsorption materials based on nanosized metal
oxides have a large specific surface area, high capacity, fast
kinetics, and specific affinity for various contaminants [2-5].
The use of nanostructured metal oxides in photocatalytic
processes allows the oxidation of organic compounds that
are not decomposed biochemically, and the pretreatment of
aqueous solutions by their use is considered to be the most
promising [2, 6, 7]. Metal oxide nanostructures used in envi-
ronmental monitoring as sensitive layers of chemoresistive

gas sensors are characterized by high values of the sensory
signal due to the large specific surface area; hence, a higher
adsorption capacity [8-10].

Consequently, nanosized metal oxide materials are of
considerable interest because of significant advantages over
bulk analogues and, of course, because they have great pros-
pects for obtaining new types of adsorbents, photocatalysts,
and sensitive layers of gas sensors based on them. However,
nanostructured and nanodispersed oxides also have a signif-
icant drawback—their application can lead to environmental
pollution with nanoparticles. In this case, it is promising to
create metal-oxide nanocomposites—an extremely interest-
ing type of nanomaterial due to their properties—that may
exceed the properties of its individual phases by order. The
use of the latter will prevent the loss of metal oxide nanopar-
ticles due to the stabilization of the nanoparticles in the com-
posite’s matrix, which will also positively affect the separation
process after the completion of the processes of sorption and
photocatalysis [4]. In addition, nanocomposites due to their
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structure have special, sometimes unique, physical and
chemical properties, and they can be applied in a wide variety
of fields, including the production of new materials for use in
the fields of medicine, energy, and ecology.

The purpose of this work is to consider the features and
potential use of the metal oxide nanomaterials and nanocom-
posites based on TiO,, ZnO, Sn0O,, ZrO,, and Fe,O,, for envi-
ronmental applications. The crystallochemical structures of
selected metal oxides, the features of their surface structure,
and their possible surface phenomena in water and air envi-
ronments are considered in the article. Their physical, chem-
ical, sorptive, and photocatalytic properties are also provided
for an understanding of their more efficient usage. We also
reviewed what we considered the most promising synthesis
methods of individual oxides in terms of ease of implementa-
tion, and the existing approaches for the creation of nano-
composite metal oxide materials of ecological direction in
the literature are presented.

2. Crystallochemical Characteristics of Metal
Oxides and Their Surface Structure

2.1. Crystallochemical Structures of TiO,, ZnO, SnO,, ZrO,,
and Fe;0,,. In nature, TiO, exists in three different crystalline
structures: rutile, anatase, and brookite. In all modifications,
the structural unit of the TiO, crystalline lattice is the
distorted TiO, octahedra, joined together by common verti-
ces or ribs, i.e., each Ti*" ion is surrounded by six 0% ions,
and each O ion is surrounded by three Ti*" ions. Octahedra
are arranged in such a way that each oxygen ion belongs to
three octahedra [11]. In rutile, the octahedra of TiO are
connected with two adjacent octahedra along the edges in
the (001) plane, resulting in longitudinal bands in the crystal
lattice. In anatase, the octahedra of TiO are connected along
the edges lying in the (001) and (100) planes. Thus, each
octahedron has four common ribs with neighbors that form
zigzag chains. There are 4 common ribs for one octahedron
in anatase and 2 in rutile. Hence, the elementary cell of
anatase consists of four TiO, molecules, while that of
rutile consists of only two (see Figure 1).

At atmospheric pressure and temperature, anatase is less
dense and less stable than rutile. In the brookite structure,
each octahedron of TiO4 has two common ribs with its
neighbors and also forms zigzag chains. The Ti-O bond
lengths in these structures are 0.195-0.198, 0.194-0.197, and
0.187-0.204 nm for rutile, anatase, and brookite, respectively
[12]. The parameters and some characteristics of all of the
TiO, modifications are shown in Table 1.

When heated, both anatase and brookite irreversibly
transform into rutile. The temperature transition depends on
many factors, including impurities, the obtainment method,
the precursor type, and the size of the final crystal. Also, the
direct obtainment of the particular phase can be realized by
adjusting the finite particle size [13].

Zinc oxide crystallizes in three modifications: hexagonal
wurtzite, cubic sphalerite, and cubic modification of the NaCl
type, which is rare. Only the hexagonal wurtsite is thermody-
namically stable under normal conditions. Cubic sphalerite
can be obtained when growing ZnO on the substrates with
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FiGUrRe 1: Elementary cells of rutile (a) and anatase (b):
titanium—white; oxygen—red.

a cubic lattice. ZnO with the NaCl structure is obtained at
relatively high pressures [14].

The wurtsite structure is obtained from the hexagonal
close-packed lattice consisting of two interpenetrating
packed hexagonal Bravais lattices based on the positions
(000) and (a/2+/3al/c ¢/2). In the ideal tetrahedral surround-
ings, the constants a and ¢ are correlated with each other as
c/a=+/8/13. In real structures, there are deviations from this
relationship. The ZnO structure can be described as the series
of alternating planes composed of tetrahedrally coordinated
0” and Zn>* arranged one on top of another along the c axis.
O” and Zn** form the tetrahedral unit, and the whole struc-
ture is devoid of central symmetry (see Figure 2). [15].

SnO, has only one stable phase, the mineral form of
which is known as cassiterite. Tin (IV) oxide crystallizes in
the tetragonal structure of rutile, the parameters and charac-
teristics of which are given in Table 1. In the rutile structure,
tin atoms are located at the center and surrounded by six
oxygen atoms, which are located at the corners of the almost
regular octahedron. Atoms of oxygen are surrounded by
three tin atoms, which form an equilateral triangle. The
length of the Sn-O bond is 0.209-0.216 nm [16, 17].

7ZrO, also exists in three crystalline modifications
(see Figure 3): monoclinic, tetragonal, and cubic. The cubic
ZrO, has a fluorite structure, in the crystal lattice of which
each zirconium atom has eight bonds with oxygen atoms.
Thus, zirconium atoms form face-centered cubic lattices with
oxygen atoms occupying the position in tetrahedral inter-
stices. Consequently, the elementary cell of cubic ZrO, con-
tains one zirconium atom and two atoms of oxygen; the
length of the Zr-O bond is 0.221 nm [18, 19].

The tetragonal ZrO, can be considered as a slightly dis-
torted cubic structure (see Figure 3(b)). In the crystalline
tetragonal structure of ZrO,, zirconium atoms are also bound
to eight oxygen atoms—four neighboring oxygen atoms are
located at the tetrahedron plane with a Zr-O bond length
of 0.207 nm, while the other oxygen atoms are located at a
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TaBLE 1: Parameters of TiO,, ZnO, SnO,, ZrO,, and Fe;O, crystalline lattices and some of their characteristics [11, 14-16, 19, 23].

Phase Space group Lattice parameters (nm) Volumetric density (g/cm®) Band gap (eV)
TiO, tetragonal (rutile) P4/mnm a=0.4585, c=0.2953 43 3.0
TiO, tetragonal (anatase) I4/amd a=0.3784, c=0.9515 3.9 32
TiO, rhombic (brookite) Pbca a=0.9184, b=0.5447, c=0.5145 4.1 3.3
ZnO hexagonal P6,mc a=0.3249, ¢=0.5206 5.6 34
SnO, tetragonal (cassiterite) P4,/nmm a=0.4738, c=0.3188 7.0 3.6
ZrO, monoclinic (baddeleyite) P2,/c a=0.5169, b=0.5232, c = 0.5341 5.6 5.8
ZrO, tetragonal P4,/nmc  a=0.514, b=0.527, a/c=1.02 (at 1523 K) 6.1 5.8
ZrO, cubic Fm/3m a=0.5256 (at 2603 K) 6.3 6.1
Fe;0, cubic (magnetite) Fd/3m a=0.8396 52 )

F1GURE 2: Elementary cell of wurtzite: zinc—violet; oxygen—yellow.

90° angle to the tetrahedron plane at a distance of 0.246 nm
from the zirconium atoms [19, 20]. The monoclinic ZrO, is
formed by further distortion of the tetragonal structure (see
Figure 3(c)). It is even less symmetric and is represented by
12 atoms of an elementary cell and more complex geometric
structures. In the monoclinic ZrO,, zirconium atoms have
seven bonds with oxygen. In the space, the oxygen atoms
form angles of 134.5° and 109.5°. Consequently, the atoms
of oxygen are not in the same plane. In the crystalline struc-
ture of the monoclinic ZrO,, the interatomic distances of
Zr-0 vary considerably; however, they have average values
of 0.207 nm and 0.221 nm [20, 21]. Some structural charac-
teristics of ZrO, are given in Table 1.

The monoclinic ZrO, modification is the most stable, and
transition to it occurs during cooling from 1273 K to 923 K.
On the contrary, during heating, the monoclinic phase is
transformed into a tetragonal modification, starting at
1093 K. At the same time, the tetragonal modification exists
even up to 1443 K [22]. Consequently, the tetragonal ZrO,
modification is unstable and can be stabilized by using

dopants (usually rare earth oxides, calcium, magnesium,
and iron). Cubic ZrO, has the highest strength and density.
However, the like tetragonal modification, it is also unstable.
To stabilize the cubic modification, the same dopants for the
tetragonal modification are used; however, larger amounts
are used.

Magnetite belongs to the class of spinel, which has the
general formula AB,O,, where A and B are cations of diva-
lent and trivalent metals, respectively. The structure of spinel
is based on the face-centered cubic lattice with oxygen atoms,
in which 1/8 tetrahedral and 1/2 octahedral positions are
occupied. Magnetite has the structure of an inverse spinel,
in which the elementary cell contains 32 oxygen anions with
64 tetrahedral and 32 octahedral cavities, where the Fe (III)
ions are randomly distributed between the octahedral and
tetrahedral positions, and the Fe (II) ions are found only in
the octahedral positions [23, 24]. The parameters of the mag-
netite crystalline lattice and some of its characteristics are
presented in Table 1.

2.2. Features of the Metal Oxide Surface Structure. The
surface of metal oxides plays a major role in adsorption pro-
cesses, heterogeneous (photo)catalysis, detection of mole-
cules in the gas environment, etc., since in these cases all
molecular and chemical processes occur on the surface of
metal oxide crystals. The surface is considered as the transi-
tion region from the crystal volume to the environment that
is in contact with the atmosphere, which leads to the forma-
tion of oxide layers, depositions on the surface, or penetra-
tion into the water vapor, carbon atoms, and other chemical
compounds. Therefore, the actual surfaces of the crystals
are too complicated to study, so it is usually assumed that
they are atomically clean and smooth surfaces, which are
considered as simplified models of real systems.

To a certain extent, they are similar to bulk crystals in
terms of their structural properties and reactivity surfaces;
however, there are a number of differences that can funda-
mentally distinguish their surface from that of bulk crystals.
These consist of the arrangement of atoms and ions, which
is different from the location found in bulk crystals; the ionic
mobility of the particles on the surface; the number and
nature of defects and dislocations; the presence of surface
groups with different chemical compositions on them; the



FiGure 3: Distortion of ZrO, crystalline lattices:

ability of the surface for adsorptive concentration of matter
from adjacent volumetric phases; and the wider set of possi-
ble structures corresponding to this solid material than in
the volume [25]. Also, chemical bond types that are unique
or rarely encountered can be realized on the surface. This is
due to the following factors: the presence of the phase
separation boundary, which sharply differs in electrical and
chemical properties; the reduction of symmetry on the sur-
face, which facilitates the appearance of attenuated, interme-
diate, and deformed bonds; the presence of defects in the
structure, as well as mechanical stresses, resulting in the
redistribution of electronic density; and finally, the incom-
plete saturation of bonds in the surface structures [25]. So,
proceeding from this, the surface is the special state of mat-
ter with its chemistry.

Many papers were preoccupied in both experimental and
theoretical studies of the surface structure and its influence
on the TiO, properties [11, 26-48]. The results of these
studies indicate that the definition of the surface structure
of TiO, and defects on it is rather the complex issue, espe-
cially because of the presence of Magneli phases, which for
TiO, fluctuates between Ti,0; and TiO, [44, 45]. In addition,
titanium (IV) oxide is characterized by a variety of TiO, crys-
talline structures; hence, in the first place, the structure of its
surface will be determined by the phase composition.

The main building unit of titanium (IV) oxide structures
is Ti,O, or Ti,Oq. In all three structures of titanium (IV)
oxide, the scahng is carried out by the multlphcatlon of
octahedra for the triple-coordinated oxygen atom O©
The features of the structure of bulk crystals of rutile and
anatase and the most thermodynamically stable faces (110)
and (101) are shown in Figures 4(a) and 4(b).

From Figure 4, it is evident that both surfaces have six
and five times coordinated atoms of titanium Ti® and
Ti®, and trlyle and double-coordinated atoms of oxygen
0® and O® [42, 46-48]. The presence or absence of the
latter (the so-called bridge oxygen atoms) can change the
electronic structure of the bulk material and the surface
energy of the faces; hence, the finite properties of TiO,.

The ZnO surface is studied by examining faces (1010)
and (1120) [49]. At the same time, the physical and chemical
properties of ZnO are primarily affected by their own defects

(b)
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cubic (a), tetragonal (b), and monoclinic (c).

caused by the absence or presence of zinc or oxygen in the
lattice [50]. Therefore, in the case of ZnO, the surface struc-
ture and its properties primarily depend on its stoichiometry.

The surface of zinc oxide is the most studied (1010) (see
Figure 5). In the stoichiometric ZnO, the shortening of the
Zn-0 bond from 0.198nm to 0.183nm is observed due to
the surface relaxation on this face. As a result, a slight trans-
formation occurs, in which the surface zinc “gets involved”
inside the structure, and oxygen “appears” above the surface.
In the case of the nonstoichiometric zinc oxide, everything is
more complicated; as a result, the surface may have funda-
mentally different properties.

In the SnO, single crystals, low-index facets (110) and
(101) are the most developed. The surface (110) is the most
theoretically [51-57] and experimentally [58-70]studied.
The surface structure and the presence of these or other
facets to a decisive extent depend on the methods and condi-
tions of SnO, synthesis, which in turn affects the concentra-
tion of oxygen on the surface in the lattice. The production of
SnO, crystals in the absence of oxygen leads to the formation
of the oxygen-depleted (110) face.

The face (101) in the SnO, single crystal has been studied
only recently [71-75]. In this case, the double valence of tin
contributes to the formation of different charges on this face:
Sn** or Sn**. The transition from one charge to another on
this face is easily accomplished through the peculiarity of
atomic stacking in this crystallographic direction. The struc-
ture of the (101) surface is shown on Figure 6. It can be seen
that atomic stacking along this direction can be described as
the three-layer O-Sn-0O, the boundary of which is oxygen
(see Figure 6(a)); that is, with such a sequence, tin retains
its valence for Sn**. When removing the oxygen layer, the
surface of the crystal is already ending with the layer of tin
(see Figure 6(b)); as a result, the transformation of Sn(IV)
into Sn(II) can easily take place [76]. Thus, the addition or
removal of the surface oxygen layer by simply treating it at
ambient conditions or in vacuum, can convert the tin surface
from Sn(IV) to Sn(II) or vice versa. For the face (110), such
easy conversion is not observed; therefore, on this face tin
exists only in the form of Sn(IV) [71, 76].

In the environment, the pure ZrO, phase has the mono-
clonal structure of the baddeleyite m-ZrO, [77, 78], in
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FIGURE 4: The structure of the bulk structures of rutile (a) and anatase (b) and faces (110) and (101) of rutile (c) and anatase (d), respectively.

Fi1GURE 5: The structure of the stoichiometric (1010) surface: (a) side view and (b) top view [49].

which zirconium is in a distorted sevenfold coordination,  zirconia is surrounded by eight anions but with two different
and oxygen atoms are four times or three times coordinated ~ Zr-O distances. The ideal eightfold coordination with the
(see Figures 7(a)-7)c)). At approximately 1400K, m-ZrO,  transformation of t-ZrO, into the cubic structure of the
is transformed into the tetragonal structure (t-ZrO,), where fluorite type (c-ZrO,) is achieved at 2600 K [79-81].
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FI1GURE 6: Structure of the (101) facet of three layers on the SnO, surface (cross-section) (a) with the existing boundary oxygen layer (110) and

(b) without it.

Experimental studies of ZrO, polycrystalline samples
have shown that only a few crystal faces with low indices
are open, especially the face (101), which is the most stable
(see Figures 7(d) and 7(e)), and (001) [77, 82-85]. Theoreti-
cal studies have confirmed the discovered fact. Figures 7(d)
and 7(e) show three outer layers where dashed lines allocate
the repeating link of one layer in the direction perpendicular
to the surface. The oxygen atoms have threefold coordination
on these surfaces, and there are two different types of oxygen
atoms on the face (101).

The structure of magnetite is based on the tight packet of
oxygen (anion of the lattice) with iron cations, occupying
octahedral and tetrahedral coordinated gaps between them
(see Figure 8), in which Fe (II) and Fe (III) coexist in the octa-
hedral position. Properties of magnetite are mainly deter-
mined by this fact.

Natural and synthetic crystals of Fe;O, often have octa-
hedral crystals, in which the main facet is (111) [23]. How-
ever, depending on the synthesis conditions, it is possible to
obtain other forms of magnetite particles, for example, cubes
(see Figure 9), in which the main facet is (100). Consequently,
the properties of magnetite can be regulated by obtaining
magnetite particles of different shapes, which will have the
different set of surface facets; therefore, they will differ in sur-
face energies.

In the (100) direction, the surface of magnetite consists of
layers, which alternate as follows: the first layer consists of
two Fe (III) ions in the tetrahedral position, then the plane
containing eight O®" anions followed by two Fe (III) ions
and two Fe (II) ions in the octahedral positions (see
Figure 10(a)). The main defect of this face may be an excess
of iron ions [23].

The direction (111) in the magnetite consists of 6 differ-
ent atomic planes: iron in the tetrahedral positions of Fe,,,;,
plane of oxygen O, iron in the octahedral positions of
Fe_ > plane of oxygen O,, iron in the tetrahedral positions
of Fe,.,,, and iron in the octahedral positions of Fe ., (see
Figure 10(b)). Consequently, the close location of the oxygen
plane to the surface causes a strong negative charge, but the
presence of iron in the tetrahedral positions of Fe,,,, partially
neutralizes it, resulting in the formation of the polar surface
on the facet (111) by Tasker type 3 surfaces [23, 24, 86, 87].

The considered structures and structural features of dif-
ferent surfaces of TiO,, ZnO, Sn0O,, ZrO,, and Fe,0, indicate
that the control of the metal oxide properties, especially in
the nanodispersed range where the surface comes to the fore,
begins with the shape and size of the crystals that affect the
presence of those or other facets depending on the choice

of the synthesis method, the process conditions, and treat-
ment parameters after obtaining them.

2.3. Surface Phenomena on Metal Oxides. The phenomena
occurring on the surface of solids are traditionally described
using several models: statistical, band, and geometric [25, 88].

The statistical model (the model of “local” interactions) is
based on the chemical approach, in which surface phenom-
ena are described through active centers belonging to the sur-
face. The active centers in this case are the surface atoms of
the lattice, centers connected with defects of an inhomoge-
neous surface (point defects, dislocations), and impurities
on the surface. When considering the surface in the theory
of the crystalline field, the surface centers are free orbitals
with a high affinity to the electron or occupied orbitals with
a low ionization potential. Thus, the active centers are always
localized on the real surface of the solid and have certain
chemical activities [25].

A band model (“hard zone” model) is based on the elec-
tronic or energy approach. In this model, the surface descrip-
tion is carried out through surface states, which correspond
to the surface electronic energy levels. The corresponding
mathematical description does not depend on the chemical
nature of the adsorbate and on the details of the local chem-
ical interaction. The description is carried out due to the
energy position in the forbidden zone of the semiconductor,
which changes its charge depending on the position of the
Fermi level on the surface.

The geometric model is based on the geometric charac-
teristics of the surface, and the latter is considered as the frac-
tal structure characterized by fractional dimensionality (D)
and repeatability on different scales. For example, if D=2,
then this is a perfectly smooth surface, and if D = 3, then we
are talking about volumetric porous structures. The fractality
of the surface has a significant effect on its properties, for
example, on sorption and catalytic characteristics, etc. [88].
At a later time, all these models are taken into account more
increasingly when considering the surface phenomena
involving metal oxides [89-95].

The acid-base properties of metal-oxide systems, which
exhibit practically all the fundamental parameters of a solid,
reflect the surface reactivity in the best way. According to
this, two types of acidic and basic centers, the Lewis center
and the Brgnsted center, can exist on the surface of the solid.
The presence of acidic and alkaline centers (as well as water)
on the surface will determine the chemical activity of the
solid as an adsorbent, (photo)catalyst, or metal oxide semi-
conductor [96].
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F1GURE 7: Bulk ZrO, crystals of various polymorphic modifications: cubic (a), tetragonal (b), and monoclinic (c). The most stable faces (101)
(d) and (001) (e) on the t-ZrO, surface. White balls—oxygen; gray—zirconium [77].

The Lewis acid center is the vacant metal atom or the  Lewis centers are formed from the orbital of an oxygen atom
localized surface state capable of accepting an electron pair  on the surface and interact with the electron transfer to the
or an electron donating a molecular fragment. The alkaline  energy level of the adsorbed molecule. Thus, any cation



FiGure 8: The structure of magnetite (green balls—oxygen, yellow
balls—iron in octahedral gaps, and red balls—iron in tetrahedral

gaps).

having unfilled electronic orbitals is an acid by the Lewis def-
inition, and each of the surface anions having an undivided
electron pair is an alkaline center [97].

Along with the aprotic centers (or the Lewis centers),
there are proton acids and the Brgnsted bases on the sur-
face of the solid, which are the result of the interaction of
water molecules and their fragments with aprotic centers.
In the case of the adsorption of water molecules on one-
electron surface levels formed by the homolytic dissocia-
tion mechanism, the Brgnsted acids and bases of different
acidic strengths can be formed, depending on which type
of surface state participated in this process—the Shockley
state (see Figure 11(a)) or the Tamm state (see
Figure 11(b)). In the case of the interaction of water mole-
cules with acids and bases of the Lewis centers, two types
of mechanisms are possible: dissociative (see Figure 11(c))
and molecular (see Figure 11(d)). The molecular mecha-
nism is also realized in the hydration process of the solid
due to the water adsorption at the Brgnsted acid and base cen-
ters by alkaline (see Figure 11(e)) and acid (see Figure 11(f))
types [97].

In the literature, the interaction of the surfaces of ampho-
teric metal oxides, which also include TiO,, ZnO, SnO,,
ZrO,, and Fe;O,, with water in aqueous medium, is
described by a simplified mechanism [98-101]:

MeOH + H" & MeOH;, if pH of solution < pH

pzc

MeOH + OH™ & MeO™ + H,O, if pH of solution > pH

pzc?

(1)

where pH,,, is the point of zero charge.

Figure 12 shows the scheme of the interaction of the
metal oxide surface with oxygen in the air.

In this case, according to studies of electron paramag-
netic resonance, the adsorbed oxygen may be present on
the surface of metal oxides in various chemical forms,
the formation of which occurs according to the following
scheme [102]:

Os6) = Oza0) = 027 (at) = O (ae) = O™ (at) = O -
2)

Journal of Nanomaterials

The temperature dependence of the existence of this
or that oxygen form was established in [103], where it is indi-
cated that the transition from adsorbed oxygen to chemo-
sorbed oxygen (O, (,q) = O, (4q)) Occurs approximately at

423 K. The significant reduction in the conductivity of metal
oxide systems at temperatures higher than 423 K was con-
nected with this.

2.4. Properties of Metal Oxides in the Different States of
Dispersion and Morphology. Metal oxides form the basis of
modern diverse intellectual materials and devices due to the
possibility of controlling their physical and chemical proper-
ties. Their properties depend on many chemical and structural
characteristics: chemical composition, various defects, mor-
phology, particle size, specific surface area, etc. By changing
any of these characteristics, the electrical, optical, magnetic,
(photo)catalytic, and sorption properties can be controlled.
The unique characteristics of metal oxides make them the
most diverse class of materials covering almost all aspects of
material science and physics in the fields of semiconductivity,
superconductivity, ferroelectricity, and magnetism [102].

The nanostructured titanium (IV) oxide has high chemi-
cal and thermal stability, and with special doping by impurity
levels in an electronic structure, it is uniquely capable of the
creating new functional materials on itself, especially for
(photo)catalysis, sensors, adsorption, and photovoltaics.
The highly dispersed doped TiO, for the creation of a photo-
catalyst that would work efficiently in the visible spectrum, as
well as the components of devices for the efficient conversion
of solar energy into electricity (solar cells), is of particular
interest [104-109].

In the process of using nanodispersed, submicron and
micron ZnO for bleaching methylene orange in aqueous
solutions, the following order was revealed: nanodispersed
powder  (50nm) > submicron powder (200 nm) > micron
powder (1000 nm) [110]. The authors explain the fact as fol-
lows: the number of dispersed nanoparticles per volume in
the reaction solution increases, and consequently, the photon
absorption ability is improved; the large surface area of the
nanodispersed powder contributes to the large adsorption
of dye molecules on the catalyst surface; and the recombina-
tion process is reduced due to the smaller path of electrons
and holes on the surface of the particles.

Tin (IV) oxide is one of the classical sensory materials
that belong to the class of substances that combines high elec-
trical conductivity and optical transparency in the visible
spectral region, has chemical stability at high temperatures,
etc. [111]. Therefore, materials based on SnO, are widely
used as organic oxidation catalysts, lithium ion batteries,
transparent electrodes of solar cells, various electronic and
optical coatings, and as sensitive materials for metal oxide
chemoresistive gas sensors.

Modifications of nanodispersed ZrO,-based nanomater-
ials determine the ways of application, since each of its mod-
ifications has a number of properties inherent only for that
particular modification. The monoclinic modification of
ZrO, nanopowders is used mostly in the production of sub-
strates for luminescent, photosensitive materials [112]; in
catalysis [113, 114]; and in the production of nanomaterials
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FIGURE 9: Magnetite particles in the form of the cube (a) and octahedron (b) [23].

()

F1GURE 10: The structure of Fe;O, surfaces: (a) the top view of the facet (100), where Fe,, is red, Fe  is yellow, and oxygen is green; (b) side

view of the facet [23].

based on tetragonal and cubic ZrO, modifications, for exam-
ple, in ceramic materials, including new materials with
improved performance [115]. The tetragonal modification
of zirconium (IV) oxide has become widely used for biocera-
mics in restorative dentistry [116, 117] and in catalysis [118,
119], and its cubic modification has become widely used for
chemically resistant and thermostable high-strength nano-
ceramics [120] and for solid electrolytes in solid oxide fuel
cells [121, 122].

The constantly growing interest in the properties of
nanomagnetism is due to its powerful potential for solving
a wide range of tasks in material science, mineralogy, biology,

and medicine [123]. At present, the application of magnetic
nanoparticles is the most widely developed in biology and
medicine, storage and recording of information, and in other
areas of science and technology. At sizes from several to tens
of nanometers, magnetic particles, especially nanomagnetic
particles, reveal the special characteristic of their magnetic
behavior—superparamagnetism. Recent studies have shown
that the prospective application of magnetite is in sorption
technology, since it has been found that it has a high sorption
activity for some organic compounds, and the modification
of existing sorption materials allows removing them quickly
by magnetic separation [124, 125].
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FiGUre 11: Mechanisms of the interaction of water with different centers on the surface of metal oxides.

OZdec

FIGURE 12: Schematic formation of the chemosorbed oxygen on the
surface of metal oxides.

Consequently, the considered multifaceted properties of
these nanostructured and nanodispersed metal oxides make
these materials very promising not only for optical and elec-
tronic applications, but also for their use in environmental
applications, which is the cause for the significant scientific
interest in them by environmental engineering specialists.

2.5. Features of Chemical and Physical Characteristics in the
Nanodispersed Range. Materials obtained from nanosized
particles exhibit unusual chemical and physical properties
that differ significantly from the properties of the respective
bulk materials. Their study is important in modern science,
because such studies are fundamental, since they allow inves-
tigating the changes in the properties of substances in the
gradual transition from atomic or molecular level to con-
densed systems.

The peculiarities of the chemical and physical character-
istics of nanoparticles related to their size are determined by
the following phenomena. With a decrease of the particle
size, the percentage of atoms on the surface increases. This
leads to the increase in reactivity due to coordination nonsa-
turation. Proceeding from this and taking into account the
fact that with the transition to nanoparticles the surface-to-
volume ratio increases, the origin of these “unusual” proper-
ties, called “dimensional effects,” becomes clear.

The influence of the particle size on the physical and
chemical properties of the substance is also due to the pres-
ence of surface pressure acting on the substance. This addi-
tional pressure, which is inversely proportional to the
particle size, leads to the increase in the Gibbs energy and,

consequently, increases the pressure of the saturated vapor
above the nanoparticles and decreases the boiling point of
the liquid and the melting point of the solid phase. Other
thermodynamic characteristics also change, especially the
equilibrium constant and the standard electrode potentials
[126]. Also, when the size of the particles decreases, the influ-
ence of the structure on the stoichiometry of the material is
noticeably manifested [127]. A variation of stoichiometry
leads to a significant change in the chemical and (photo)cat-
alytic activities of the material.

For example, when the size of the titanium (IV) oxide par-
ticle diminishes, its anatase modification becomes more stable
and, according to the results of studies [128-130], the anatase
structure has a greater number of oxygen vacancies on the
surface than the rutile structure. This results in its greater
chemical and photocatalytic activities compared to rutile.

When reducing the size of ZnO particles to nanometer
size, some of its physical properties undergo changes that
are known today as “quantum size effects.” For example,
quantum confinement increases the energy gap of quasi-
one-dimensional (Q1D) ZnO, which is confirmed by photo-
luminescence. The band gap of ZnO nanoparticles also
demonstrates the same dependence [131]. In this case, ZnO
can be used to create unique nanostructures that are in
demand in a wide variety of applications, such as in optoelec-
tronics, sensors, transducers, and photocatalytic and biomed-
ical materials. From this, it follows that ZnO unambiguously
has the richest family of nanostructures among all materials,
which differ in both structure and properties [132].

As already mentioned, materials based on zirconium (IV)
oxide have different applications depending on the phase
composition. In particular, monoclinic ZrO, is used as a cat-
alyst [113, 114], tetragonal ZrO, is used as a carrier of cata-
lysts [118, 119], and cubic ZrO, is used as a solid electrolyte
in fuel cells of solid oxide batteries [121, 122]. The degree
of tetragonality or cubicity at normal temperatures depends
on the size of the crystallites: the metastable tetragonal mod-
ification of ZrO, can be obtained under normal conditions if
the size of the crystallites is less than 25-30 nm, and the meta-
stable cubic ZrO, modification can be obtained if the crystal-
lite size is less than 5-10 nm [133].
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The change in the physical and chemical properties of
SnO, and Fe;0, in the transition to the nanoscale is achieved
by varying the morphology of these nanoparticles, which
determines the presence of certain facets on the surface,
which differ in their surface energies [23, 76].

2.6. Sorption, (Photo)catalytic, and Sensory Properties of
Metal Oxides. One of the most important properties of
metal oxide nanoparticles, which has a large potential for
application in various chemical and technological processes,
is their high adsorption capacity in relation to pollutants in
water systems, especially organic matter, which indicates
the prospect of using metal oxide nanomaterials to improve
the ecological state of the environment. A similar impres-
sive adsorption capacity of metal oxide nanoparticles and
other compounds to various organic compounds has been
documented by many researchers [133-138]. A significant
increase in catalytic activity was found in some metal oxides
in the transition to the nanoparticles [138-140].

The dimensional effect is already widely used in hetero-
geneous catalysis. In many cases, the nanoparticles exhibit
catalytic activity where the same larger particles are inactive.
The explanation for these phenomena is based on the acid-
alkaline properties of metal oxides, which change in the
transition to the nanoscale, namely, a large number of active
centers are exposed, which is connected, first of all, to the
sharp increase in the specific surface area. When obtaining
these metal oxides in the form of nanostructures, the per-
centage of coordinated-unsaturated ions, especially at the
edges and angles of microcrystallites, is predicted to be large.
Consequently, the physical and chemical properties of the
surface in such nanoscale systems will play a decisive role
in determining the scale of their application and in assessing
the catalytic activity.

Controlled regulation of the functional properties of
metal-oxide nanomaterials and the implementation of the
dependencies of composition-structure-properties can also
be accomplished by changing the phase composition, which
in many respects also determines their physical and chem-
ical characteristics.

2.6.1. TiO,. The most important of all applications of dif-
ferent crystalline modifications of TiO, is the ecological
direction, namely, in the sorption-photocatalytic processes.
Along with crystalline modifications, the amorphous TiO,
modification is also actively synthesized and studied. How-
ever, the latter has no photoactivity but has high sorption
properties. At the same time, the sorption-photocatalytic
properties are influenced by such parameters as the degree
of crystallinity, the correlation between modifications, the
distribution of particles in size and shape, the specific sur-
face area, and the average pore size.

Among the three polymorphic modifications of titanium
(IV) oxide, only rutile and anatase have an applied value.
Rutile is a more thermodynamically stable structure; how-
ever, anatase is considered to be more promising as a nano-
material of the ecological direction due to the greater
photochemical activity. However, there are data in the liter-
ature on the increase of the photocatalytic activity of TiO,-
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based nanomaterials when they consist of mixed phases,
such as anatase and brookite or anatase and rutile [141].
Due to the denser packing of ions in crystals, rutile exceeds
anatase in terms of stability, density, hardness, refractive
index, and dielectric permittivity, but it is believed that it
has insufficient photochemical activity [142-144]. In recent
scientific publications [145, 146], there is evidence that
brookite, an unstable modification of TiO,, is characterized
with the highest photocatalytic activity. Unfortunately, it is
difficult to obtain this modification in pure form even in lab-
oratory conditions.

Despite that the band gap in rutile (3.0 eV) is lower than
that in anatase (3.2 eV), the latter crystalline modification still
has the higher photocatalytic activity. This is explained by the
fact that anatase is a semiconductor with an indirect forbid-
den zone, and rutile, in turn, is a semiconductor with a direct
width of the forbidden zone. As a result, in anatase, electrons
and holes can migrate from volume to the surface at a high
rate, which leads to a low recombination rate [147]. Typi-
cally, the mixture of these modifications gives higher photo-
catalytic activities compared to individual modifications due
to the synergistic effects that are manifested in the interfacial
interaction and electron transfer [148-150]. For example,
when using the mixture of anatase and rutile, the recombina-
tion of photogenerated electrons and holes decreases due to
the anatase modification, and light absorption increases due
to rutile.

2.6.2. ZnO. Due to the unique electrical, optical, and mechan-
ical properties and the remarkable characteristics in electron-
ics, optics, and photonics, ZnO can be effectively used in
environmental applications, namely, as a photocatalyst and
a sensor material.

As a photocatalyst, zinc oxide is already competing with
the most popular catalyst based on TiO,, which holds leading
positions not without a base. Recently, however, in-depth
research in the scientific literature on the ZnO-based photo-
catalyst for the destruction of various pollutants in aqueous
solutions shows the significant promise of this oxide for use
along this direction [111]. It is noted that the creation of a
“suitable” ZnO architecture during synthesis will allow min-
imizing the loss of the electron during excitation and maxi-
mizing the absorption of photons [151-153]. Among other
things, its nontoxicity and ecological purity are noted, which
are very important for such materials that are used for envi-
ronmental purposes [111]. Thus, by varying the morphology
and particle size, it is possible to create effective photocata-
lysts for wastewater treatment.

Zinc oxide has proved itself as a promising sensitive
material for gas sensors because of its high surface conduc-
tivity in various environments. At the same time, this
parameter strongly depends on the morphology and size
of ZnO particles. It is established that the use of ZnO nano-
whiskers, nanowires, nanorods, and nanobelts as well as the
nanoflower architecture significantly increases the surface
conductivity [154, 155].

2.6.3. SnO,. The sensitivity of sensors based on metal oxides
strongly depends on the morphology of their particles [156].



12

In this sense, one-dimensional nanostructures such as nano-
wires and nanobelts are of greatest interest [157-161]. Sensors
based on them are promising because of the possibility of cre-
ating sensors of ultrahigh sensitivity ppb-level sensors. The
authors [162] theoretically proved and experimentally con-
firmed that the sensitivity of one-dimensional nanostructures
is much larger than that of nanoparticles with a round shape
and depends on two important parameters: (1) the particle
surface-to-volume ratio and (2) the Debye radius. It has been
shown that the characteristics of metal-oxide sensors strongly
depend on the size and morphology of nanostructures.

2.6.4. ZrO,. Zirconium (IV) oxide is used as the catalyst (due
to the greater number of acidic centers on the surface) in the
monoclinic modification [163], as the carrier for catalysts
(due to the high thermal stability) in the tetragonal modifica-
tion [164], and as the sorbent in the amorphous phase or at a
low degree of crystallinity [165, 166].

When zirconium (IV) oxide is used as a catalyst, the acid-
alkaline nature of its properties and the presence of several
types of defect in the crystalline lattice and on the surface,
which is one of the main factors of the reactive-catalytic
activity of the surface of any oxide, play an important role.
When using ZrO, as the carrier for catalysts, it must have suf-
ficiently developed outer and inner surfaces. These require-
ments are provided to obtain zirconium (IV) oxide
crystallites with a size as little as possible. One of the most
unusual and promising properties of zirconium (IV) oxide
particles is their sorption capacity both to anions and cations,
which allows considering nanosized ZrO, and materials
based on them as instruments for improving the ecological
state of the environment. In this case, the hydrated zirconium
(IV) oxide that is in the amorphous state has the highest
sorption capacity [165, 166]. The specificity of ZrO, usage
as the sorbent is that it has high selectivity to polyvalent
anions (chromates, borates, sulfates, phosphates, arsenates,
etc.) and can be used at high temperatures without losing
its effectiveness.

The ZrO, cubic modification is used as an oxygen sensor.
The high thermal stability of the zirconium (IV) oxide cubic
modification and the ability of the sensors based on it to
operate in hot, contaminated, and wet gases without any
additional preparation makes ZrO, a promising material
for the creation of sensors operating in difficult conditions.
In this case, the use of ZrO, and materials based on it in
the nanoband allows increasing the surface area of the sensor
material (solid electrolyte), resulting in the receipt of high-
sensitivity sensors to oxygen [167].

2.6.5. Fe, 0. Magnetite is considered as a promising nanoma-
terial for use in water purification due to its high surface-to-
volume ratio, magnetic properties, and the possibility of easy
surface modification and reuse [168]. Because of the listed
advantages, it has enormous potential for application in the
ecological direction as a sorbent, photocatalyst, and modifier.
Particularly noteworthy is its magnetic properties, which
contribute to the creation of more effective water purification
schemes by combining adsorption with magnetic separation,
which is becoming widespread in the field of water treatment

Journal of Nanomaterials

[169, 170]. In addition, magnetite has a relatively lower cost,
high sorption capacity, and stability [171-173]. Current
applications of nanomagnetite, which are predicted in water
purification, can be divided into two groups: technologies
that use magnetite as the nanosorbent or the modifier for
faster removal of the used sorbent (adsorption technologies)
and technologies that use magnetite as the photocatalyst to
destroy contaminants or convert them into less toxic forms
(photocatalytic technologies) [171]. However, it can be
assumed that technology based on the usage of nanomagne-
tite will soon be used employing both approaches at the
same time.

2.7. Optical, Electrical, and Magnetic Properties. As has been
shown in numerous studies [174-179], the optical, electri-
cal, and magnetic properties of metal oxides depend on their
dispersion and morphology. Thus, there is an increase in
electrical resistance and permittivity observed in nanophase
metal oxide systems compared to metal oxide macrosystems
[180], and TiO, nanoparticles absorb ultraviolet light much
more efficiently than micrometer-sized particles [181]. The
invented phenomena are undoubtedly related to the dimen-
sional effects.

The dimensional effects depend on the nanoparticle size:
it can either be classical (the changes in properties can be
explained only by the influence of the surface) or quantum
(changes in the properties of the substance cannot be inter-
preted as ordinary surface phenomena, most often such
effects are observed for very small particles, the size of which
does not exceed 10 nm) dimensional effects. It is the latter
that directly affects the change in the optical, electrical,
and magnetic properties of substances in the transition to
the nanoscale.

Quantum dimensional effects are manifested in materials
that have dimensions that are comparable to one of the char-
acteristic lengths—the free path of charge carriers, the De
Broglie wavelength, the size of the magnetic domains and
the exciton, etc. [182, 183].

The change in optical properties occurs in nanoparticles
with a size that is much smaller than the De Broglie wavelength
and does not exceed 10-15nm. The differences in absorption
spectra in these nanoparticles and in massive objects are due
to the difference in their dielectric constant [184].

The increase in the electrical resistance is due to the
increasing role of defects in nanoparticles and the features
of the phonon spectrum. A noticeable change in the electrical
resistance is observed at particle sizes of less than 100 nm
[185]. In semiconductors, the approaching of particle size
to 10nm or less leads to the decrease in the band gap (Eg)
to the dielectric level [186].

The magnetic properties of particles in the nanorange
change significantly. In this case the ferro- and superpara-
magnetic properties are manifested. Superparamagnets are
magnetic only when the field is applied, while ferromagnets
have a constant mean magnetic moment and stronger mag-
netic properties [187].

The morphology also has a significant effect on the
physical and chemical properties of nanoparticles. It is gen-
erally accepted that 1D nanostructures are ideal objects for
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studying the phenomenon of nanosized materials and inves-
tigating the dependence of structural properties on their size
and dimension for practical use [188]. It is also expected
that 1D nanomaterials, with their large specific surface area
and quantum retention effects, exhibiting unique properties
in contrast to their bulk analogues, will play an important
role in the development of optical, electrical, electrochemi-
cal, and electromechanical devices of nanoscale dimensions
[189, 190]. Management of the determined size, crystallin-
ity, and composition of 1D nanostructures can lead to the
acquisition of new properties that are impossible in the case
of macromaterials [190, 191].

2.8. Optical Properties. Zinc oxide and tin (IV) oxide have
unique optical characteristics. ZnO and SnO, belong to
the group of materials that are called transparent conduc-
tive oxides. These oxides are characterized by a wide band
gap Eg>3 eV and are highly transparent in the visible
spectrum. In this regard, they are used in the manufacture
of a wide range of photovoltaic devices, such as semicon-
ductor LEDs and solar and electrochromic cells [192].
The optical properties of pure zinc oxide and tin (IV) oxide
are influenced by the degree of crystallinity of the material,
the presence of point defects, and tensions in the crystal
structure. These parameters affect the absorption and trans-
mittance in the visible region of the spectrum, which are
important for using them as transparent conductive oxides,
especially for creating transparent electrodes. The optical
properties of materials based on ZnO and SnO, are regu-
lated by their doping.

2.9. Electrical Properties. Among the metal oxides under
consideration, TiO,, ZnO, and SnO, are characterized by
electronic conductivity, which has the applied value. These
electrical properties are of great importance when using these
oxides as photocatalysts, sensitive layers of gas sensors, solar
cells, and electrochromic devices. The conductivity of these
materials is carried out both on its own (internal defects)
and by impurity (doped atoms) carriers. The global growth
in the demand for energy-efficient and compact devices stim-
ulates the deep interest of researchers in this class of mate-
rials. The uniqueness of materials based on TiO,, ZnO, and
SnO, is that they are n-type wide-gap semiconductors that
can be doped to high concentrations, turning them into
degenerate semiconductors, that is, metal like. The transport
in these polycrystalline materials is more complicated than in
corresponding single-crystal materials. However, they are
preferentially used because of their special characteristics,
for example, the fact that TiO, is characterized by a high
refractive index in the visible part of the spectrum and a high
chemical and thermal stability and the fact that tin (IV) oxide
has the highest chemical stability, which is a prerequisite for
several applications, for example, in electrochemical ele-
ments [193].

Thus, titanium (IV) oxide has the greatest practical
importance in photocatalytic processes, zinc oxide is widely
used both as a photocatalyst and as sensitive layers of gas
sensors, and tin (IV) oxide holds the greatest potential as a
sensitive layer for miniature gas sensors. It should be added
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that all of them are used in the listed areas, and the creation
of nanocomposites based on them is considered as the most
promising direction in obtaining photocatalysts and sensory
layers [194].

The authors in [195] have shown that when using TiO,
particles in the form of nanotubes for photoelectric applica-
tions, the vector charge transfer (Figure 13) is facilitated in
comparison with round-shaped nanoparticles, which leads
to faster kinetics and more efficient photoelectrocatalytic
degradation for three different models of disperse azo dyes
in aqueous solutions [196, 197].

In addition, TiO, nanotubes are characterized by high
sorption-photocatalytic properties (see Figure 14) [198].
According to the data given in [198], the sorption properties
of TiO, nanotubes considerably exceed the sorption proper-
ties of the commercial nanodispersed TiO, sample.

Due to the fact that the hexagonal structure of ZnO does
not have symmetry with respect to inversion, this leads to
additional piezoelectric properties in the oxide. Like most
I1-VI materials, ZnO predominantly has ionic bonds, which
explains its strong piezoelectric properties [14].

SnO, is the material that combines high electrical con-
ductivity with such functional properties as high optical
transparency in the visible spectral region and chemical sta-
bility at high temperatures [199, 200]. A high sensitivity is
predicted when using 1D type SnO, nanostructures in sen-
sory elements due to the higher values of the specific surface
area compared to the round-shaped particles. As a result of
the high values of the specific surface area, a large part of
the adsorbed molecules from a gas medium will be concen-
trated on the surface. Thus, a reaction between the target
gas and the chemically active chemisorbed molecules (O,
0, H*, and OH") on the surface of 1D structures may occur
at low temperatures [201].

Among the three zirconium (IV) oxide modifications,
only the cubic modification has ionic conductivity, which
determines its use in such a promising direction as the pro-
duction of solid oxide fuel cells [202, 203]. The versatility of
the materials based on the cubic zirconia (IV) oxide is that
when introducing additional atoms (Mg, La, and Y) during
the ZrO, synthesis the latter obtained a large number of point
defects in the crystalline lattice which are associated with
oxygen vacancies. This fact contributes to the growth of the
ionic conductivity of cubic ZrO, and leads to the leveling of
its dielectric properties. It should be added that doping not
only changes the crystalline structure of ZrO, but also
changes its electronic structure, which also increases ionic
conductivity and, besides its application in fuel cells, finds a
demand for the creation of oxygen sensors [204, 205].

2.10. Magnetic Properties. The magnetic properties of
nanosized magnetite depend on many factors, including
the type and defects of the crystal lattice, the size and
shape of the particles, the presence of impurities, and the
nature of the interaction of the nanoparticle with the sur-
rounding matrix or other nanoparticles [206]. It has been
proven that reducing the size of magnetite particles leads
to qualitative changes in its magnetic properties to a one-
domain state and superparamagnetism [207]. The behavior
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FIGURE 13: Nanostructured (a) and nanotube (b) photocatalytic films and the vector transport of electrons in them.

Products
(decompose)

Ficure 14: The TiO, nanotube structure and the scheme of the
adsorption-photocatalytic process based on it.

of superparamagnetic substances (the size of magnetite up
to 5nm) in the external magnetic field is significantly dif-
ferent from ordinary paramagnets and ferromagnets.
Under the influence of the external field, each separate
magnetic domain takes the same direction as the external
field [208]. In such systems, the losses at absorption and
release of the energy of the external magnetic field are min-
imized, which makes them the ideal basis for magnetic res-
onance contrast mean in MRI studies and the magnetic
modifiers of sorption materials.

Consequently, based on the considered physical, chemi-
cal, optical, electrical, sorption, photocatalytic, and magnetic
properties of metal-oxide nanomaterials at various states of
dispersion and morphology, the prospects and relevance of
the further development of the newest effective nanomater-
ials based on TiO,, ZnO, Sn0O,, ZrO,, and Fe,0, for environ-
mental applications in order to develop new environmental
technologies of their use can be argued.

3. Synthesis Methods of Metal Oxide
Nanomaterials and Nanocomposites
Based on Them

3.1. Synthesis of Metal Oxide Nanomaterials. A synthesis
method is crucial for the development of new nanomaterials,
especially for the purpose of their specific applications. It
affects not only the shape and size of the obtained particles
but also the nanostructure, morphology, degree of crystal-
linity, etc., which leads to the different finite physical and
chemical properties (sorption, (photo)catalytic, magnetic,
and optical) of nanomaterials.

Chemical deposition, hydrothermal synthesis, sol-gel
technology, gas-phase synthesis (vapor transport or CVD),
template method, electrochemical synthesis, electrospinning,
“green” technology, combined techniques, and others [138,
209-212] are used for obtaining metal oxide nanomaterials.

The widespread use of chemical deposition, hydrother-
mal synthesis, sol-gel technology, or the so-called soft chem-
istry methods [213] in scientific research is associated with
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the relative ease of their implementation and the wide range
of control parameters, such as process duration, concentra-
tion of reactants, and low temperature and pressure. In addi-
tion, to produce metal oxide products with more diverse
properties, these methods can be easily combined with each
other or various additional treatments can be used. For
example, ultrasound or ultra-high-frequency radiation is
used with the main methods of synthesis to exert influence
on such properties of metal oxide nanoparticles such as size,
morphology, specific surface area, and sorption capacity.
Ultrasonic processing makes it possible to avoid the consoli-
dation of formed particles and to achieve a high level of
homogeneity [214, 215].

Synthesis of metal oxides from the gas phase provides a
means for obtaining monocrystalline metal oxide nanoparti-
cles of controlled and diverse morphologies with a high
degree of crystallinity [216-220] with relatively high produc-
tivity, simplicity, and accessibility.

Synthesis methods of metal oxide nanoparticles, such as
the electrochemical method, electrospinning method, envi-
ronmental methods, or the so-called “green” technologies,
are used for purely specific applications or are still in the ini-
tial stage of laboratory studies [209-212].

3.1.1. Chemical Deposition Method. The chemical deposition
method is the simplest method for obtaining various sub-
stances and is based on the interaction of water-soluble or
other solvents of metal compounds (usually chlorides, oxy-
chlorides, or nitrates) with precipitators (alkali metal hydrox-
ides, ammonia, or their oxalates). As a result, the insoluble
compounds (precursors for the synthesis of nanodispersed
metal oxide particles) are formed, which are subsequently
washed, separated, and calcined under certain conditions to
obtain the product with given properties. Even though chem-
ical deposition is considered to be the simplest, in reality, it is
a complex physicochemical process that has several stages,
each of which has a significant effect on the properties of
the final product [221]. By this method, it is possible to vary
the properties and morphology of the resulting particles in a
wide range, but the disadvantage of this method is the com-
plexity of controlling the particle size distribution.

3.1.2. Homogeneous Deposition Method. To overcome this
shortcoming, the so-called homogeneous deposition method
has recently been proposed, where the precipitant and the
deposited substance are in the same phase (solution) and
do not interact chemically. The interaction process occurs
only due to the additional chemical reaction, for example,
the reaction of the carbamide hydrolysis as the mixture is
heated. As a result, ammonium hydroxide is formed, which
enters the deposition reaction. In this case, unlike heteroge-
neous deposition, the entire amount of the precipitant
appears simultaneously, which prevents local supersatura-
tion in the reaction mixture. The degree of supersaturation
depends on the concentration of reagents and the heating
temperature, which affects the size of the obtained particles
[222]. The sediments obtained by this method are character-
ized by less polydispersity and greater homogeneity than in
the case of the heterogeneous deposition.
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3.1.3. Hydrothermal (Solvothermal) Method. The essence of
the hydrothermal (solvothermal) method is to heat the aque-
ous (or nonaqueous) solutions of the initial reagents at a
temperature above the solvent boiling point (but usually up
to 573 K) in special reactors—autoclaves lined with Teflon.
Processing time varies from 10 minutes to 48 hours. During
the heating process, there is an increase in the pressure of
saturated vapor above the solution to values greater than
0.1 MPa. Since the process is carried out in a closed system,
the hydrothermal (solvothermal) method using aqueous
(or nonaqueous) solutions as the reaction medium is envi-
ronmentally friendly. As precursors in hydrothermal syn-
thesis, both inorganic and organic metal salts can be used
[223, 224]. At high pressure, the dissolved metal salt in
water or in another solvent is converted into metal oxide,
bypassing the step of converting salt into hydroxide:

2Me(NO;), +2H,0 = 2MeO + 4HNO;. (3)

A necessary condition for the course of this reaction is to
carry out the process at a temperature higher than that of
the area of the hydroxide existing on the P-T diagram. In
addition, the properties of the reagents (solubility, diffusion
rate, and reactivity) also change at elevated temperatures.

The hydrothermal (solvothermal) method allows obtain-
ing metal oxide nanoparticles with a round shape and a size
of 10 nm with a high degree of monodispersity. It was found
that there was an increase of nanoparticle size with an
increase of the hydrothermal process duration. The same
applies to the temperature: the larger particles of the solid
phase are obtained at higher temperatures [225]. Also,
according to this method, particles of other morphologies
can also be obtained: nanowires, nanoneedles, and nanorods
with diameters of 20-150nm and lengths of 10-300
microns [226, 227]. Thus, hydrothermal (solvothermal) syn-
thesis is a simple, efficient, and ecological method for the
chemical synthesis of metal oxides, as well as complex
oxides, solid solutions, and composites [228]. In addition,
the control of the main process parameters (pressure, tem-
perature, and duration) of this method provides wide
opportunities for obtaining high-quality nanoparticles of
metal oxides. However, it should be noted that the method
is complex in hardware design and is quite energy-
consuming. Moreover, the materials used for the creation
of autoclaves are subject to rigid requirements: they must
be chemically inert in acid and alkaline environments at ele-
vated temperatures and pressures.

3.1.4. Sol-Gel (Hydrolytic) Method. The sol-gel (hydrolytic)
method is a universal process, which is very widely used for
obtaining simple and complex metal oxides of high purity.
In the typical sol-gel process, the colloidal suspension, that
is, the sol, is formed by the reactions of hydrolysis and partial
polymerization of precursors, which are usually inorganic
metal salts or metal organic compounds, such as alcoholic
metals. Full polymerization and solvent removal lead to
the transition from the liquid sol to the solid gel phase.
The development of nanoparticles depends on such factors
as the solvent nature, pH value, solution viscosity, and
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temperature. With relative simplicity and versatility of the
sol-gel method, the properties of the finite material are
sensitive to each stage of this process. The systematic study
of the reactive parameters such as the reaction duration,
temperature, concentration, and chemical composition of
reagents allows controlling the size, shape, and quality of
nanocrystals. Thin films of nanoparticles can be obtained
by this method on the substrate area by spin-coating or
dip-coating techniques [229-232]. As a result of the use of
inorganic metal salts, powders with a larger particle size
in comparison with the organic precursors are produced.
Particles of another morphology, for example, nanofibers
with an average diameter in the range of 100-300 nm and
a length of more than 10 yum, can also be received by sol-
gel technology.

A significant advantage of the sol-gel technology is the
ability to achieve a high homogeneity of materials in the case
of the synthesis of complex compounds. All precursors are in
the liquid phase; their mixing is realized at the molecular
level, which results in a high degree of homogeneity. Thus,
it is possible to provide high-quality materials in terms of
the purity, composition, and uniformity of the structure.
Under certain conditions, this method can produce powders,
monoliths, coatings, films, fibers, aerogels, glass, ceramics,
and hybrid materials. It is also possible to synthesize both
crystalline and amorphous nanopowders [233].

3.1.5. Gas Phase Synthesis Method. The gas phase synthesis
method, which is based on the processes of evaporation and
condensation with the passage of a chemical reaction, has
recently become popular for the synthesis of metal oxide
nanostructures. It is usually realized in an inert atmosphere
at elevated temperatures (up to 1573K) [234-237]. The
appropriate metals and their oxides or mixtures based on
them are used as precursors. This method allows receiving
monocrystalline particles of various forms, such as prismatic
plates, tapes, and nanowires, in diameters of 40-200 nm and
in lengths from several tens to several hundreds of micro-
meters. In addition, this method allows obtaining mono-
crystals of controlled and diverse morphologies with a
high degree of crystallinity [238, 239]. A feature of the
CVD method is its numerous varieties, among the most
popular of which is MOCVD, which is used for obtaining
metal oxide powders [240].

3.1.6. Template Synthesis. Template synthesis is a process
occurring under the influence of certain factors of spatial
constraints—with the help of a peculiar pattern—a template
that allows controlling the structure of the generated phase.
Template synthesis can also be combined with methods of
electrodeposition, sol-gel technology (most often), and
chemical vapor deposition [241]. The method of template
synthesis allows the preparation of nanoparticles of various
shapes and sizes, as well as structures, for example, meso-
porous structures. The disadvantages of the template
method include the soft processing conditions characterized
by a weak motive force of material deposition, so the pro-
cess of obtaining particles by this method is quite a long-
term process.
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3.1.7. Electrospinning. Electrospinning is a relatively cheap
and easy-to-use technology that allows synthesizing mate-
rials in the form of fibers of a certain strength and flexibility
on a large scale. The method consists in the injection of
precursors through stainless steel needles with the applica-
tion of high voltage to produce fibrous mesh material on
the collector. This technology makes it possible to obtain
one-dimensional (1D) nanoscale metal oxide materials
(nanofibers, nanotubes, and nanoclusters) with a required
composition with the given morphology, depending on the
type of the selected solvent and its viscosity, vapor pressure,
and applied voltage [230, 242, 243].

3.1.8. Ecological methods. Ecological methods involve the
synthesis of chemical compounds without the use of sub-
stances toxic to the environment and human health. Another
advantage of such methods is their cheapness [244].

3.1.9. Green Synthesis. Green synthesis of metal oxide nano-
particles is carried out using various extracts [244, 245].

3.1.10. Combined Methods. The combination of different
synthesis methods of nanoparticles allows the use of the
advantages of individual methods, for example, to obtain
nanocomposites with known and controlled chemical and
phase composition, as well as with different and varied parti-
cle sizes [246]. Due to this, in modern practice, combined
methods are gaining popularity [247]. A significant advan-
tage of the combined methods is the possibility of obtaining
both amorphous and crystalline powders with a sufficiently
developed specific surface area (up to 600 m*/g and above).

Thus, the considered methods have a high potential for
obtaining nanostructured and nanodispersed metal oxides
with a certain morphology and dispersion. But nowadays,
the problem of the correct choice of the synthesis method
of metal-oxide nanomaterials, which would allow the pro-
duction of metalloxide nanomaterials with certain sorption,
catalytic, surface, and structural properties, arises. In addi-
tion, it also necessary to aim to create materials with new
and unique properties. This will lead to the acquisition of
the newest, most effective metal-oxide nanomaterials with
an ecological direction.

3.2. Creation of Nanocomposites with Metal Oxides. Certain
successes have already been achieved in the synthesis of indi-
vidual nanosized metal oxides, but the possibilities of synthe-
sizing methods for the creation of nanomaterials based on
the individual metal oxides, even with a certain morphology
and dispersion, are limited; therefore, recently the attention
of researches was focused on the creation of nanocomposites
based on them. This is especially promising for nanomater-
ials for environmental purposes.

For example, for sorption materials a number of require-
ments are proposed, namely, cheapness, ease of obtaining,
the possibility of reapplication, and high sorption efficiency
and selectivity. It is known that one of the disadvantages
of ZrO, as the sorbent is its high cost. To reduce the cost
of such sorption materials, nanocomposites based on ZrO,
can be created in combination with different carriers
[248]. The choice of the carrier must be conditioned by
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its properties, such as a developed surface, chemical inert-
ness, and high sorption properties. The most popular car-
riers used today in the literature are Al,O,, Fe,O;, SiO,,
activated carbon, layered graphite, multilayer carbon nano-
tubes, and graphene.

The main characteristic of sorption-catalytic materials is
their catalytic activity with respect to a certain list of pollut-
ants. They should also have a large adsorption capacity in
relation to the various pollutants of nature, a short time to
establish the sorption equilibrium, and an ability to effec-
tively separate from purified water to prevent a secondary
contamination of the aqueous medium [3, 249, 250]. For
example, TiO, with a particle size of about 20-30 nm will
have a specific surface area of 60 m*/g; however, after the
aggregation of its particles, it can be reduced by two times
or more. Obtaining nanocomposites with it and with differ-
ent carriers may be one of the ways for solving this problem.
As a result, the size of TiO, nanoparticles is stabilized on the
matrix of the carrier, and the total specific surface area
increases. Also, the creation and application of nanocom-
posites can prevent secondary contamination, and the mod-
ification of, for example, nanosized magnetite can facilitate
the rapid removal of waste materials. This points to the
prospect of the creation and use of nanocomposite material
metal oxides.

A study on the inactivation of Escherichia coli shows
that ZnO-TiO, composites exhibit high inactivation com-
pared with ZnO and titanium (IV) oxide. The increase
in the inactivation of Escherichia coli by ZnO-TiO, is
explained by the separation of charge carriers in hybrid
structures [251].

The analysis of literature data shows that magnetic com-
posites based on such matrices as silica gel, activated carbon,
carbon nanotubes, graphene, and clay minerals, are effective
sorption materials for the extraction of heavy metals [252]
and organic pollutants of a different nature [253-255]. Thus,
the modification of activated carbon with a specific surface
area of 430 m*/g by nanosized magnetite results in a mesopo-
rous composite with a specific surface area of 742 m*/g [256],
while the sorption capacities of polyethyleneimine-magnetite
composites [257], silica gel-magnetite composites [258], and
carbon nanotube-magnetite composites [259] containing
Fe,O, particles with a diameter of about 10nm were 2-3
times higher than that of the matrix of the composites. It
should be noted that the specific surface area of nanosized
Fe,O, is only 13 m*/g [260].

Consequently, the advantages of creating metal oxide
nanocomposites with an environmental direction can be
attributed to the following factors: the ability to fix the nano-
disperse state of metal oxide particles; the ability to obtain
nanocomposites with certain structural-sorption characteris-
tics and a high specific surface area; and the presence of syn-
ergistic effects in such nanocomposite materials, that is, their
sorption-catalytic properties may be much better than their
individual phases.

The creation of nanocomposites can be realized in differ-
ent ways. In the literature, the most promising ways of crea-
tion are considered to be [3] the intercalation of nanosized
particles in the porous system, deposition of nanosized
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particles on the inner pore surface of various rigid matrices
(polymers, zeolites, and carbon materials), obtaining hybrid
materials by sol-gel methods, etc.

The structures of some nanocomposites with metal
oxides obtained in laboratory conditions are shown in
Figure 15. As can be seen from Figure 15, the structure of
composite materials can vary considerably: it is possible to
obtain the numerical number of nanocomposites that will
have various physical and chemical properties by varying
the ratio of components, the nature of the matrix, and the
synthesis method.

Proceeding from this, it can be argued that the nanocom-
posite era has only begun. Also, there is no information in
modern literature regarding the influence of certain parame-
ters on the final properties of composites for environmental
purposes, but only a few studies with some of their types
are available. Thus, carrying out systematic and comprehen-
sive research on the synthesis and detection of the physico-
chemical properties of nanocomposite materials with metal
oxides is the urgent and relevant issue that will allow the
development of the scientific basis for the creation and use
of the newest nanocomposites based on metal oxides for
environmental purposes in order to improve their sorption
and (photo)catalytic characteristics in comparison with the
metal oxide counterparts.

4. Features of the Use of Metal Oxides and
Nanocomposites Based on Them for
Ecological Purposes

4.1. Nanomaterials Based on Pure Metal Oxides. As shown
above, nanomaterials based on nanostructured and nanodis-
persed metal oxides are characterized by valuable electrical,
optical, and magnetic properties. In view of this, they are
used more and more in applied ecology, especially as adsor-
bents and photocatalysts, as well as materials used for the
manufacture of environmental monitoring devices.

Adsorption materials based on nanosized metal oxides
should have a large specific surface area, high capacity, fast
kinetics, and specific affinity for various contaminants [3,
249, 250]. The use of nanostructured metal oxides in photo-
catalytic processes can permit the oxidation of organic com-
pounds that are not decomposed biochemically, and the
treatment of aqueous solutions by their use is considered to
be the most promising [250]. Metalloxide nanostructures
used in environmental monitoring as sensitive layers of che-
moresistive gas sensors are characterized by high values of
the sensory signal due to the significant specific surface area;
hence, the higher adsorption capacity [8]. Consequently,
nanosized metal oxide materials are of considerable interest
because of their significant advantages over bulk analogues
and because of the great prospects for obtaining new types
of adsorbents, photocatalysts, and sensitive layers of gas sen-
sors based on them.

Nowadays materials based on nanodispersed TiO, have
the greatest demand as photocatalysts and disinfectants.
Titanium (IV) oxide-based sorbents and photocatalysts are
particularly effective in extracting a wide range of pollutants
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FIGURE 15: Nanocomposites based on nanodispersed metal oxides for environmental applications [261]: (a) core-shell structure; (b) with
carbon materials and (c) with polymers; (d) surface modification of clay minerals and (e) nonporous metal oxide particles.

from water systems [262, 263]. This is evidenced by the
growing number of researches devoted to this topic in the
world. The mechanisms of photocatalysis involving metal
oxides are presented in many studies [264-273]. At the
same time, the prospects of using 1D nanostructures for
photocatalytic processes, which have better transport char-
acteristics than traditional nanoparticles, have recently been
noted [274, 275].

However, unfortunately, these nanomaterials still do not
have a commercial application because of their tendency to
agglomerate due to the Van der Waal forces or other inter-
actions [276], which results in a significant reduction or
even the loss of the high adsorption capacity and selectivity
with prolonged use. In addition, the disadvantages that limit
the practical use of titanium (IV) oxide as a photocatalyst
also include the high band gap, high recombination rate of
electron-hole pairs, and low efficiency of the photocarrier
separation [277]. It is known that the absorption of photons
by particles of titanium (IV) oxide occurs only if the photon
energy is greater than the energy of the forbidden band. In
the case of the TiO, anatase modification, its surface photo-
activation can be carried out exclusively under the influence
of ultraviolet radiation (<390 nm). However, only by 5% of
sunlight consists of ultraviolet light (300-400 nm); therefore,
the use of sunlight for the photoactivation of the pure ana-
tase phase is not promising. The high recombination rate
of the electron-hole pairs leads to the decrease in the photo-
catalytic efficiency of TiO, and, as a consequence, to the low
quantum vyield rate and limited photooxidation rate. The
low efliciency of the photocarrier separation leads to the

recombination, and therefore, to the low photocatalytic
activity of photocatalysts.

One of the ways to improve the photocatalytic properties
of TiO, is by doping or by modifying [277, 278]. This is
achieved by self-doping, doping with nonmetals, doping with
transition and rare-earth metals, or modifying with noble
metals. As a result, the adsorption capacity and photocata-
Iytic activity are improved. Using doping, additional energy
levels are created in the structure of the zones that can be
used to trap electrons or holes. As a result, the carriers are
separated, which allows them to diffuse to the surface suc-
cessfully. Also, as a result of doping, the desired redshift of
the absorption edge can be achieved. Thus, doping can
change both the electronic structure and the band gap, which
ultimately leads to the optimization of the optical properties
and the reduction of the massive recombination of photogen-
erated carriers in TiO,. In addition, as was shown previously,
the photocatalytic activity strongly depends on the set of
open crystal facets, which have different levels of surface
energy for the conduction band (CB) and valence band
(VB), which can affect the carrier transport. The facet struc-
ture of TiO, particles can also be effectively modified by
doping [264].

In addition to doping, for the change in the electronic
properties of photocatalysts based on titanium (IV) oxide
the method of ionic implantation of metals was proposed in
[279], which resulted in photocatalysts that effectively absorb
and work not only under ultraviolet light, but also under vis-
ible radiation (even longer than 550 nm). This, according to
the authors, can be the important breakthrough in the use



Journal of Nanomaterials

of safe sunlight energy, which can shift these researches into
the field of sustainable green chemistry.

In order to reduce the rate of recombination or even pre-
vent it, the creation (excluding modifying) of nanocompos-
ites based on titanium (IV) oxide is proposed [278, 280].
The modification of titanium (IV) oxide with noble metals
(Au, Ag, Pt, and Pd) effectively increases the photocatalytic
efficiency of TiO,, but it is a very expensive process. In this
composite, the metal plays a dual role as a catalyst and trap
for electrons. Metal nanoparticles direct flows of photoin-
duced electrons and holes in opposite directions, which
prevents their recombination [277]. Combining two semi-
conductors with the corresponding potentials of the con-
duction band and the valence band are considered to be a
promising direction for increasing photocatalytic activity.

In recent years, a number of studies have been carried out
on the formation of TiO,-based heterostructures in conjunc-
tion with other semiconductors such as SnO,, WO, Fe, O,
ZnO, and CdS, among which TiO, and SnO, composites
are the most noteworthy. Nanocomposites of the TiO,-
SnO, anatase-rutile modification are characterized by the
highest levels of photocatalytic activity due to the effects of
the merging of SnO, nanoparticles and the coexistence of
the phases of anatase and rutile [281, 282]. In addition, tita-
nium (IV) oxide and tin (IV) oxide have similar ion radii
(0.68 A for Ti** and 0.71 A for Sn**) and have similar struc-
tural (tetragonal structure of the rutile type) and electronic
properties. The band gap widths of SnO,, TiO, (anatase),
and TiO,(rutile) are 3.6eV, 3.2eV, and 3.0eV, respectively,
and the potential of the conduction band of tin (IV) oxide
is approximately 0.5V more positive than that of titanium
(IV) oxide [281].

The use of ZnO-based photocatalysts for photooxidative
degradation of organic pollutants in aqueous solutions looks
promising and may be a good alternative of using TiO,-based
photocatalysts [283]. Its advantages include high potential
efficiency, relative cheapness, high stability, nontoxicity, the
absence of secondary pollution, and the possibility of decom-
posing harmful organic pollutants into less harmful pollut-
ants in a relatively short time [284].

Photocatalysts based on zinc oxide synthesized by the
sol-gel method show a high degree of removal (99.7%) of
anionic dyes (for example, methylene orange) from aqueous
solutions. The resulting photocatalyst efficiently and quickly
decomposes azo dyes by the generated superoxide ions,
which were the main species [285]. ZnO nanoparticles,
which were obtained by the hydrothermal method, had vari-
ous nanostructures, depending on the pH: nanorods, hexag-
onal disks, porous nanorods, and nanoflower structures. The
photocatalytic activity of the obtained ZnO nanoparticles,
estimated by the dye rhodamine B (RhB), was not lower than
94%. The photocatalyst had good stability for five cycles
[286]. Thus, zinc oxide is an economical and environmen-
tally friendly photocatalyst that can be used to clean wastewa-
ter contaminated with synthetic dyes.

It should be noted that photocatalysis with both TiO, and
ZnO depends on the structural design of their particles,
which are classified according to a known dimensional classi-
fication. In a zero-dimensional structure in the form of
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spheres, these materials have a high specific surface area
and a porous structure. One-dimensional structures such as
fibers or tubes may have lower recombination levels. Two-
dimensional structures of titanium (IV) oxide and zinc oxide
are characterized by a flat surface, high compression ratio,
low turbidity, and excellent adhesion to substrates; as a result,
they can be effectively used in self-cleaning glasses. The
three-dimensional architectures of these materials can pro-
vide potential benefits for cleaning, separation, and storage.
In general, the properties of these materials strongly depend
on the dimensions of their structures; therefore, it is very
important that the dimensions are taken into account before
their use [287].

Despite the rather significant advantages, the use of
photocatalysts based on ZnO has some problems: ZnO does
not absorb the visible part of the solar spectrum and requires
costly ultraviolet radiation to excite charge carriers that can
recombine quickly; it is difficult to extract ZnO powder from
the suspension after the photocatalytic process; ZnO has a
tendency to aggregate during photocatalysis; and, most
importantly, ZnO is susceptible to corrosion under the influ-
ence of ultraviolet light [111].

All these suggests that oxidative methods can solve the
problem of the lack of clean water [288]. Directional modifi-
cation or doping, creating the specific morphology and archi-
tecture, and attaining the required degree of crystallinity and
the highest specific surface area are necessary for effective
photocatalyst usage; creating metal oxide nanocomposites
also looks very promising. The synthesis and characterization
of porous ZnO-SnO, nanosheets obtained by the hydrother-
mal method in [289] showed the well-crystallized, porous,
and well-defined morphology of the nanosheet material.
The synthesized ZnO-SnO, nanocomposites were used as
an effective photocatalyst and as a material in the manufac-
ture of a chemical sensor. The photocatalytic degradation
of the highly dangerous dye, direct blue 15, was carried
out under irradiation with visible light. The synthesized
nanocomposites were also used for the detection of 4-
nitrophenol in an aqueous medium. The synthesized nano-
composites were highly active and highly sensitive. Accord-
ing to the authors, the obtained result was due to the
formation of a ZnO-SnO, heterojunction, which effectively
separates the photogenerated electron-hole pairs, and the
high surface area.

The successful use of nanomaterials based on zinc oxide
in electrochemical sensors is due to such properties as high
specific surface area, chemical and photochemical stability,
nontoxicity, electrochemical activity, and ease of synthesis.
Its electrochemical activity and electronic communication
features make it possible to consider ZnO-based nanomater-
ials as excellent candidates for electrochemical sensors [290].
However, the elevated operating temperature is still the bot-
tleneck of widespread ZnO usage in real-time gas monitor-
ing; thus, research to reduce the operating temperature is
currently underway. To overcome this difficulty, surface
modification, doping, and light activation are mainly pro-
posed [291].

SnO,-based nanostructures are already widely used in
the creation of miniature chemoresistive gas sensors with
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minimal energy consumption and high sensitivity [292].
However, the sensitivity and selectivity of SnO, sensors still
remain as pressing questions. To increase the sensitivity of
SnO,-based nanostructures, a modification with various
activating additives is necessary. Increasing the selectivity
can be achieved by creating appropriate nanocomposites
and obtaining information from several sensitive layers
simultaneously with its subsequent mathematical process-
ing. In this case, SnO,-based nanostructures can be used
to detect the most diverse components in the gas mixture,
such as acetone, NH,, NO,, SO,, H,, CH,, CO, CO,, LPG,
and others [293, 294].

Nanomaterials based on ZrO, are characterized by sufhi-
ciently high catalytic activity and sorption capacity due to the
significant specific surface area of nanodispersed ZrO,. Inor-
ganic ion exchangers and adsorbents with ZrO, have certain
advantages over known organic resins, since they are chemi-
cally stable even under high temperature [295]. The only
drawback of sorption materials based on nanodispersed
ZrO, is their relatively high cost.

For ecological purposes, all crystalline modifications of
ZrO,, as well as its amphoteric form, are used. Amphoteric
zirconium (IV) oxide behaves as the anion exchange resin
in an acidic and neutral solution and as the cation resin in
an alkaline solution. The value of amphoteric ZrO, is that it
can be successfully used in the processing of radioactive
waste [296-298].

Crystalline ZrO, is an important material and is widely
used in ceramic technology and in heterogeneous catalysis.
Due to the nature of the n-type semiconductor, it has recently
been considered as a photocatalyst in photochemical hetero-
geneous reactions. The report in the scientific literature of the
energy values of the forbidden zone in the range from 3.25 to
5.1 eV, depending on the method of sample preparation, also
contributed to this [299]. It is reported that nanoscale ZrO,
of all modifications (monoclinic, tetragonal, and cubic) can
be used as photocatalysts. In [300], ZrO, was studied as the
catalyst for the photocatalytic degradation of methyl orange
and the effect of all modifications was shown. It was found
that the photocatalytic activity of the pure monoclinic ZrO,
sample is higher than that of the tetragonal and cubic ZrO,
samples under identical conditions. The authors explain the
higher activity of the monoclinic ZrO, sample with respect
to the photocatalytic degradation of methyl orange by the
presence of a small amount of the oxygen-deficient zirco-
nium oxide phase, high crystallinity, large pores, and the high
density of surface hydroxyl groups.

In recent years, intensive research for the synthesis and
use of nanoparticles based on ferric oxide, especially magne-
tite, which has magnetic properties that can be varied in a
wide range due to the change in size and morphology, has
begun. High surface-to-volume ratio and superparamagnet-
ism make these ferromagnetic nanoparticles particularly
attractive for use in the ecological direction [301]. In addi-
tion, magnetite nanoparticles are nontoxic, chemically inert,
and biocompatible; therefore, they also have a huge potential
for use in water purification.

The applications of nanoparticles based on TiO,, ZnO,
SnO,, Zr0O,, and Fe;0, in the ecological direction listed here
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indicate the likely prospect of creating new environmental
technologies with their participation.

4.2. Nanocomposite Metal Oxide Materials. In modern litera-
ture, more and more studies on the creation of metal-oxide
nanocomposites, an extremely promising type of nanomater-
ial, appear. Because of their structure, nanocomposites have
specific, sometimes unique, physical and chemical properties
and can be applied in a wide variety of fields, including engi-
neering, medicine, and ecology as well as in the production of
new materials in the construction industry.

Obtaining nanocomposites with metal oxides for water
purification is considered in terms of stabilizing the latter in
the matrix of the composite and their easy separation after
the completion of the processes of sorption and photocataly-
sis. In addition, the use of individual nanodispersed metal
oxides can lead to environmental contamination with nano-
particles but using them as part of nanocomposites will pre-
vent this [3]. Nanocomposites based on nanodispersed
oxides of titanium and zirconium and a carbon matrix (acti-
vated carbon, carbon nanotubes, and graphene) indeed have
great potential for use in water purification [302]. Mesopo-
rous oxides of titanium and zirconium are characterized by
high values of exchange capacity and chemical and thermal
resistance, and carbon materials have mechanical strength,
resistance to aggressive environments, and a well-developed
porous structure. It is possible to obtain fundamentally new
sorption materials that will have this given set of properties
by combining these phases.

In assessing the promising use of metal oxide nanocom-
posites based on activated carbon for sorption and photocat-
alytic purposes, it was noted that the increase of the sorption
capacity and photocatalytic activity of organic substances is
at least 2.5 times compared with those of pure metal oxides
[303]. The introduction, for example, of TiO, in a matrix
with a diverse nature increases not only the adsorption
capacity but also the chemical stability of the final composite
material [304].

ZnO-based nanocomposites for environmental applica-
tions are becoming increasingly popular. The most diverse
composites are synthesized based on it, where both natural
substances (clay minerals, chitin, and chitosan) and artificial
ones (graphene, CNT, polymers, and other metal oxides) are
used as a matrix [305, 306].

The creation of composites based on zinc oxide, for
example, ZnO-graphene, allows obtaining photocatalytically
active catalysts with respect to antibiotics in wastewater
[307]. The obtained ZnO-reduced graphene oxide (rGO)
nanocomposites in [308] showed more than doubled photo-
catalytic activity in visible light to dyes of different natures
compared to pure ZnO. The photoactivity of nanocompos-
ites is due to the smaller size of ZnO nanorods and the pres-
ence of rGO, which acts as the photosensitizer, transferring
electrons to the ZnO conduction band inside the nanocom-
posite when illuminated by sunlight.

Obtaining mixed oxide nanocomposites with the partici-
pation of various oxides is considered very promising for the
creation of effective photocatalysts/sorbents to organic pol-
lutants. This fact is confirmed by the authors in [309], who
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showed that the mixed oxide nanocomposite WO,-ZnO is
the most effective photocatalyst for the decomposition of
organic pollutants in water compared to commercial ZnO.

It was established that the creation of nanocomposites
based on tin (IV) oxide with other metal oxides for their
usage as sensitive layers of gas sensors can increase the selec-
tivity of the detection of certain analytes. At the same time,
due to the developed surface of metal oxides and the low sol-
ubility of metal oxide additives in them, there is mainly the
superficial distribution of modifiers. This leads to the pur-
poseful change in the surface state and the creation of addi-
tional active centers, contributing to the separation of the
functions of the metal oxide surface (receptor) and volume
(converter) [310]. SnO,-carbon nanotube nanocomposites
exhibit high sensitivity at low power consumption; there-
fore, effective devices for monitoring the environment at
ambient temperatures can be created based on such compo-
sitions [311-313].

For the “zirconium (IV) oxide-activated carbon nano-
composite,” a synergistic effect in extracting heavy metals
from aqueous solutions was found (the sorption capacity of
the nanocomposite, for example, was 8 times higher than that
of pure ZrO, and 3.15 times higher than that of activated car-
bon) [227]. Even the ordinary mixing of nanosized titanium
oxide with activated carbon leads to the increase in the sorp-
tion capacity by 1.3 times [314].

In recent years, the development of nanocomposite
magnetic sorbent materials based on minerals is also growing
due to the possibility of the easy removal of clay minerals
after the completion of the sorption process. The synthesis
of magnetite-containing particles and their modification are
considered “green” technologies, and the sorbents themselves
are “green” materials [315-318], while the creation of mag-
netic sorbents is already offered from a variety of wastes
[319]. According to the results of the studies, the modifica-
tion of a clay matrix such as zeolites, bentonites, and mont-
morillonite clays by nanosized magnetite does not reduce
the adsorption capacity [320, 321], and in some cases even
increases it [124, 254].

The analysis of the relevant literary sources leads to the
conclusion that studies devoted to the synthesis and use of
nanocomposite metal oxide materials in the ecological direc-
tion are almost not carried out. Therefore, today this is the
rather topical issue, the solution of which will lead to the
creation of new technologies for obtaining and using com-
posite nanomaterials in the recovery of the environment
and catalysis.

5. Conclusions

The considered features of the properties and the creation of
metal oxide nanomaterials and nanocomposites based on
Ti0,, ZnO, Sn0O,, ZrO,, and Fe,O, for ecological applica-
tions show the likely prospect of the development of this sci-
entific and practical direction. It is shown that the dispersion
and morphology of nanoparticles have a determining influ-
ence on the finite physical and chemical characteristics of
metal oxide nanomaterials. For TiO,, ZnO, SnO,, ZrO,,
and Fe;0,, the crystallochemical characteristic, the surface
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structure, and the features of surface phenomena, which
have a significant effect on their sorption and catalytic prop-
erties, are given. Their use as sorbents, photocatalysts, and
sensitive layers of gas sensors has been substantiated. It is
shown that the creation of metal-oxide composite nanoma-
terials, which will have better sorption and catalytic proper-
ties than their individual metal oxide nanomaterials due to
the synergistic effects and special structural and adsorption
characteristics, is the most promising direction. This will
allow obtaining a fundamentally new class of nanomaterials
for environmental purposes. Based on the analysis of mod-
ern literary sources, it is expected that the use of metal-
oxide nanocomposites for environmental applications will
lead to the development of new effective environmentally
and economically feasible technologies.
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Removal of nitric oxides (NO,) from stationary and transportation sources has been desired for environmental benefits.
Selective catalytic reduction (SCR) of NO, by NHj is attractive for its cost effectiveness and high efficiency but still technically
challenging in consideration of operable temperatures. In this research, MnO,-CeO, hybrid nanoparticles supported on
graphene aerogel (MnO,-CeO,/GA) are fabricated as the monolithic catalysts for potential applications to low-temperature
SCR. The impacts of the particle size along with the amount and valency of catalytic elements in the nanocomposite on the
catalytic activities are studied with the help of scanning electron microscopy (SEM), transmission electron microscopy (TEM),
and X-ray photoelectron spectroscopy (XPS). The catalyst crystallites are a few tens of nanometers and uniformly disperse on
the surface of three-dimensional (3D) directionally aligned hierarchical porous graphene aerogel (GA) networks. The novel
nanocomposite catalysts exhibit over 90% NO, conversion rate in a broad temperature range (200-300°C). Addition of CeO,
into the MnO,-GA catalysts significantly reduces the operational temperature at the same conversion rate. In addition to Mn*"
ions in the catalysts, the adsorbed oxygen species which can be increased by the presence of low-valence cerium contribute to

high catalytic activities in the MnO,-CeO,/GA catalysts.

1. Introduction

Nitric oxides (NO,) have raised global awareness for their
serious impacts on the environment such as acid rain, photo-
chemical smog, ozone depletion, and greenhouse effects.
With the increasingly stringent legislation and regulation
on NO, emission, both industrial and academic laboratories
have dedicated extensive efforts to developing novel catalysts
towards effective reduction of NO,. Among various technol-
ogies, selective catalytic reduction (SCR) of NO, with NH; as
reductant is favorable for its low cost, high efficiency, and
good stability [1, 2]. However, the present commercialized
SCR catalysts applied in power plants and diesel vehicles,
represented by V,0,-WO,/TiO,, still encounter some inevi-
table challenges. In particular, the high operating tempera-
tures (300~400°C) in diesel engine emission result in a
technical dilemma [3-6]. If the SCR system is installed before

the dust collector and desulfurization tower, the catalyst is
readily poisoned and deactivated. If the SCR system is located
after desulfurization and particle removal process, the tem-
perature of the flue gas can hardly meet the catalyst require-
ment. Therefore, developing high-performance SCR catalysts
operable at temperatures lower than 300°C, preferable in the
range of 100-250°C, is highly demanded.

Mn-based catalysts are attractive candidates because they
exhibit good low-temperature SCR activities [1, 2, 7-11]. Ce
is commonly added in theses catalysts for the benefits of
improved catalytic efficiency. According to Qi et al. [7],
MnO,-CeO, catalyst with the mole ratio Mn/(Mn + Ce) of
0.4 increased NO conversion starting at 150°C. Various sup-
porting materials for the catalysts are reported, such as
AL O, TiO,, and active carbon fibers. Appropriate support
not only provides large surface area to anchor the catalysts
but also supplies the space to facilitate catalyst homogeneous
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distribution. Cao et al. [12, 13] found out that in the Mn-Ce/
y-AlL O, series the high surface area of y-AlL,O, was an
important factor to increase the active catalytic sites. Lee
et al. [9] reported that MnO,-CeO, catalyst supported on
TiO, exhibited high NO conversion of 30~90% from 120 to
180°C at a space velocity of 60,000h™". Although the
MnO,/TiO, catalysts exhibited much higher catalytic activity
at temperature below 200°C, they have various deficiencies
including low acidity, low surface area, and poor temperature
endurance [10]. Better performances using carbon-based
supports such as activated carbons, carbon nanotubes, and
graphene have been demonstrated in SCR under excess oxy-
gen and temperatures around 200°C [11].

We recently fabricated MnO,-CeO, nanoparticles sup-
ported on three-dimensional graphene aerogel (GA), i.e.,
MnO,-CeO,/GA, of different compositions and explored
their SCR performances at low temperatures. Graphene aerogel
inherits all the advantages of 2D graphene such as superior
electrical conductivity, high chemical stability, and good
mechanical properties [14]. In addition, graphene aerogel pos-
sesses the characteristics of 3D aerogel which has ultra-low
density and porous network on micro-, meso-, and macro-
scales. The hierarchical pore structure in GA provides not only
high surface area for anchoring nanoparticles but also good
accessibility for gases to the active surface. These structure
and property merits render GA an ideal catalyst support. In
the study, the novel nanocomposite catalysts MnO,-CeO,/
GA were subjected to systematic morphological, structural,
compositional, and chemical analyses in order to gain insights
of the key factors correlated with their catalytic activities.

2. Experimental

2.1. Synthesis of GA-MnCe Nanocomposite Catalysts. Firstly,
graphene oxide (GO) was synthesized using the modified
Hummers method [15, 16]. Typically, in the experiment, 1
gram graphite (300 mesh with 99.9% purity) and 0.5 gram
sodium nitrite were mixed in the 70 mL concentrated sulfuric
acid. Then, 3 grams of potassium permanganate was gradually
added to the mixture and stirred in a water bath at 35°C. After 2
hours, 15 mL hydrogen peroxide was slowly added to the mix-
ture until the color of the mixture turned into bright yellow.
The resultant mixture was then rinsed thoroughly with deion-
ized water and diluted hydrochloric acid (10 wt%) until the pH
value reached around 7. The resulted graphene oxide powders
were filtered out and completely dried in a vacuum furnace.
An appropriate amount of the as-prepared GO powders
was added into an aqueous solution of manganese acetate
with or without cerium nitrate at the predetermined compo-
sition. Gradually, ammonium hydroxide was added until the
pH value of the solution reached 10. After the precipitation
reaction finished, the concentration of GO in the solution
was adjusted to 2 mg/mL and ultrasonicated for 2 hrs. Later,
ethylenediamine was added as the reducing agent. The mix-
ture was then sealed in a cylindrical vessel and heated at
95°C for 6 hrs. Subsequently, the obtained hydrogel was on
dialysis for 24 hours, followed by the freeze-drying process.
To remove all the volatile components, the aerogel complex
was heated to 500°C at the ramping rate of 10°C/min in
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TaBLE 1: Nomination and compositions of the as-prepared GA-Mn
and GA-MnCe catalysts.

Sample Mn (wt%) Mn/Ce (molar ratio)
GA-Mn5 5 NA
GA-Mnl0 10 NA
GA-Mnl5 15 NA
GA-Mn20 20 NA
GA-Mn10Ce81 10 8:1
GA-Mn10Ce41 10 4:1
GA-Mn10Ce21 10 2:1
GA-Mn10Cell 10 1:1

a tube furnace under the flowing Argon gas. The as-
prepared MnO,-CeO,/GA catalysts were referred to as GA-
Mn(X) or GA-Mn(X)Ce(Y), where X represents the nominal
weight percentage in the composite and Y represents the
molar ratio of Mn/Ce. The specimens and their correspond-
ing nominal compositions are listed in Table 1.

2.2. Material Characterizations and Analyses. The morphol-
ogies of the as-prepared MnO,-CeO,/GA nanocomposite
catalysts were analyzed with the help of field emission scan-
ning electron microscopy (FESEM, ZEISS-XIGMA HD)
and transmission electron microscopy TEM (JEOL 2100).

The weight percentages of manganese and cerium in the
catalysts were determined by using inductively coupled
plasma (ICP) atomic emission spectroscopy (Thermo IRIS
Intrepid II). For this analysis, the catalysts were dissolved in
an acid solution.

The phases of the components in the catalysts were deter-
mined using X-ray diffraction (XRD) (PANalytical X’pert
Powder Diffractometer, CuKaA =0.154178 nm). The oper-
ating current and voltage were 40 mA and 40kV, respec-
tively. The diffraction profiles were collected in the 26 range
of 10-80" at the step length of 0.013s and the residence
time of 5s.

The elements’ bonding state and valency were analyzed
using X-ray photoelectron spectroscopy (XPS) collected on
ESCALAB250Xi (Thermo-Fisher). The XPS peaks were fitted
to Voigt functions using the XPSpeak 4.1 software having
80% Gaussian and 20% Lorentzian character, after perform-
ing a Shirley background subtraction.

2.3. SCR Activity Tests. The SCR activity tests were performed
on a fixed-bed reactor in the temperature range of 60 to
320°C. The reactor contains 2 mL catalyst with a gas space
velocity of 30,000h™". The schematic reactor diagram is
shown in Figure 1. A simulate gas consists of 500 ppm NO,
500 ppm NH;, 5vol. % O,, and balanced with N,. Flue gas
analyzer (ZR-3200, Qingdao) was used to analyze the con-
centrations of NO, NO,, and O, at the gas outlet. The activity
data were collected and recorded when the NH,-SCR reac-
tion reached the steady state at each temperature point. NO
conversion was calculated as follows:

Cin _ Cout
NO coversion (%) =100 x w, (1)

‘No
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FIGURE 1: Schematic diagram of the flue gas analyzer used to assess NO conversion efficiency with the presence of the GA-MnCe catalysts.

TaBLE 2: Comparison of the nominal and actual Mn and Ce
loadings in the GA-MnCe catalysts.

. - Actual composition
Nominal composition P

Sample determined by ICP
Mn (wt%) Ce (wt%) Mn (wt%) Ce (Wt%)
GA-Mn10Ce81 10 32 8.80 2.97
GA-Mn10Ce41 10 6.4 10.13 5.52
GA-Mn10Ce21 10 12.8 9.27 12.18
GA-Mn10Cell 10 25.5 8.98 23.32

where %, and ¢& represent the inlet and outlet concentra-

tion of NO, respectively.

3. Results and Discussion

The ICP results of the as-prepared GA-MnCe catalysts are
listed in Table 2. Apparently, the actual weight percentages
of both Mn and Ce loadings in the composite catalyst prod-
ucts are in general consistent with the nominal compositional
values, with error less than 1 wt%.

The morphology and microstructure of the as-prepared
nanocomposite catalysts GA-Mn and GA-MnCe series
are elucidated by FESEM and TEM. Figures 2(a)-2(h)
exhibit representative images illustrating the morphological
characteristics of the GA-Mn and GA-MnCe catalysts.
Clearly seen in Figures 2(a) and 2(b), the graphene aerosol
has a three-dimensional network structure made up of direc-
tionally aligned macropores with the pore diameter in the
range of 20-30 um. On the pore wall, there also exist pores
of submicrometers. High-resolution TEM reveals that the
pore walls are self-assembled by the intertwisted graphene
sheets around 5nm thick (see Figure 2(g)). The large pores
and thin porous walls of the GA network structure ensure
the high gas flow and large amount of anchor sites for nano-
particle catalysts.

As seen in Figures 2(c) and 2(d), the MnO, catalyst nano-
particles disperse uniformly on the surface of graphene
sheets. Upon increasing the catalyst loading, more particles
are visualized (compared Figure 2(c) for GA-Mn5 with
Figure 2(d) for GA-Mn10). When increasing MnO, loading
to 15-20wt%, some agglomerates in the micrometer size
are also observed (see Figure 2(e) for GA-Mnl5). Such
agglomerates are anticipated to reduce the effective active
sites and hence catalytic activity.

High-resolution SEM images reveal that the sizes of cata-
lyst particles, whether MnO, or CeO,, are a few tens of nano-
meters. Figure 2(f) is a representative image. Under TEM, it
is also seen that some catalysts are having crystallite size less
than 10 nanometers (see Figure 2(g)), which may be hardly
visible under SEM.

The XRD profiles of the as-prepared GA-Mn and GA-
MnCe hybrid materials are shown in Figure 3. In both GA-
Mn and GA-MnCe series, there are broad peaks located at
26" and 44°, which originate from graphene aerosol supports.
These two peaks correspond to the diffractions from (002)
plane and (100) plane in the hexagonal graphitic structure,
respectively. In addition, there are peaks observed at 18.3,
32.7°, 35.2°% 40.7°, and 59.1° in the GA-Mn catalysts (see
Figure 3(a)), confirming the coexistence of crystalline
Mn;0O, and MnO. As the Mn loading increased, these peaks
are more prominent. Upon adding Ce and gradually increas-
ing the Ce loading, it is seen that the peaks from MnO,
become weaker and broader. For the samples with high con-
tent of Ce, like GA-Mn10Ce41, GA-Mn10Ce21, and GA-
Mn10Cell, the distinguishable peaks located at 28.7°, 47.6°,
56.8%, and 78" are all from CeO,. These observations indicate
the potential formation of amorphous or nanocrystalline
solid-solution of MnO, and CeO,. The occurrence of Mn*"
replacing Ce** lattice position in the fluorite structure is most
likely due to their size and structural similarity [17].

Figure 4 presents the NO conversion efficiency as a func-
tion of operating temperature in the presence of GA-Mn or
GA-MnCe catalysts with different manganese loading or dif-
ferent Mn/Ce molar ratio. The SCR catalytic activities of the
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FIGURE 2: Representative SEM and TEM images of GA-Mn and GA-MnCe catalysts. (a) Low-mag SEM of GA-Mn10; (b) low-mag SEM of
GA-Mn10Ce41; (c) medium-mag SEM of GA-Mnb5; (d) medium-mag SEM of GA-Mn10; (e) medium-mag SEM of GA-Mn20; (f) high-mag
SEM GA-Mn10Ce41; (g) TEM image of GA; and (h) TEM image of a catalyst particle.
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FiGure 4: NO conversion efficiency as a function of operating
temperature during SCR reaction with the presence of the GA-Mn
or GA-MnCe catalysts. Reaction conditions: 1000 ppm NO,
1000 ppm NH, 5vol. % O,, and N, to balance, GHSV = 30,000 h™".

catalysts are strongly dependent on the operating tempera-
tures. For the GA-Mn catalyst series, the NO conversion
efficiency increases exponentially at low-temperature
regions. The conversion efficiency reaches maximum at
280°C. Further increasing the temperature to 310°C, the NO
conversion starts to decrease due to the NH; oxidation,
which is a competitive reaction with SCR reaction [18, 19].
Among the four Mn loading, GA-Mn5 has the lowest NO
conversion attributed to the insufficient Mn loading. The

catalytic activity increases with Mn loading and appears to
saturate when Mn loading is over 10 wt%. The slightly lower
performances of GA-Mn15 and GA-Mn20 may be related to
the agglomeration of the excessive amount of MnO, nano-
particles, manifested in SEM images. The enlarged agglomer-
ates will lead to the reduced active sites and hence the
reduced conversion efficiency.

As seen also in Figure 4, the GA-MnCe catalysts exhibit
superior low-temperature activity compared to the GA-Mn
catalysts. The GA-Mn10Ce catalysts show 80% NO conver-
sion at 150°C, which is over 50°C lower than GA-MnlO0.
The novel nanocomposite catalysts exhibit over 90% NO
conversion rate in a broad temperature range (200-300°C).
The molar ratio of Mn/Ce has slight impacts on the SCR
activities for the GA-MnCe catalysts. GA-MnCe41 is the best
throughout the entire temperature range and reached the
highest NO conversion of 98% at 250°C.

Further, the stability/durability of the GA-MnCe cata-
lysts was assessed. Figure 5 shows NO conversion efficiency
as a function of time obtained from the GA-MnCe series at
250°C. At the initial stage, the NO conversion efficiency
reduced gradually with time on stream for all the four GA-
MnCe catalysts, possibly resulting from the catalyst sintering.
However, the conversion efficiency tends to reach a steady
value after a few hours. The GA-Mn10Ce41 remains the
highest SCR catalytic activity with efliciency of 89% after
14 h continuous conversion.

To gain insights of the key factors affecting the SCR cat-
alytic activities, the elemental composition and valency of
nanocomposite catalysts anchored on GA surface were semi-
quantified with the help of XPS analyses. The survey spectra
confirm the existence of four elements, i.e., C, O, Mn, and Ce,
in the GA-MnCe nanocomposite catalysts. Figures 6(a)-6(g)
present the typical deconvoluted spectra of Cls, Ols, Mn2p,
and Ce3d spectra. For comparison, the spectra of GA-Mn
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(Figures 6(a), 6(c), and 6(e)) and GA-MnCe (Figures 6(b),
6(d), 6(f), and 6(g)) are presented side-by-side. The values
of the computed composition are summarized in Table 3.

As seen in Figures 6(a) and 6(b), the Cls spectra can
be deconvoluted into five peaks both in GA-Mn and in
GA-MnCe series. Peak centered at 284.3 eV is well known
corresponding to sp> C-C bonded carbons. The peak at
284.7 eV can be assigned to sp> component in the amorphous
carbon residue. The peaks between 285eV and 289eV
resulted from carbons bonded with oxygen, including single
bond C-O (epoxy, carboxyl) and double bond C=0 (carbonyl
and quinzone) functional groups on the graphene surfaces.
The weak broad peak around 290V is related to 7-7* sha-
keup [20, 21]. Based on the relative intensities, it is calculated
that the amount of carbon bonded with oxygen is in average
around 20% in all the specimens.

The O 1s spectra were fitted well with three peaks (see
Figures 6(c) and 6(d)). The peak around 529.5 eV represents
the lattice oxygen bonding with Mn or Ce (denoted as O,,,).
It is noticeable that the binding energy of O, shifts to a low
value with the addition of Ce. The amount of O, in GA-
MnCe is lower than that in GA-Mnl0. The peak at
532.7 eV is correlated with oxygen anchored on the graphene
surface associated with C-O bonding, which is denoted as
Oc. Oxygen species bonded to carbon or metal usually have
insignificant impacts on the SCR reactions [22, 23]. The peak
centered at 531.5eV is assigned to the chemisorbed oxygen
like O- and O, on the catalytic metallic oxides and hence
denoted as O, [24, 25]. The chemisorbed oxygen O, is
known as the strong oxidizing agent which is involved in
the activation of NH;, and oxidation of NO in the SCR reac-
tion. It is noteworthy that this peak is higher in GA-MnCe
than in GA-Mn (compare Figures 6(c) and 6(d)). Quantita-
tively, the amount of chemisorbed oxygen O, in GA-Mn
is consistently lower, i.e., over 5%, than that in GA-MnCe
(see Table 3). The observed higher O,y in the GA-MnCe
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catalysts corroborated well with the better NO conversion
efficiency at lower temperatures.

In the Mn 2p spectra, a spin-orbit doublet of Mn 2p 1/2
and Mn 2p 3/2 with a binding energy gap of 11.5¢V is
observed. The deconvoluted Mn 2p 3/2 spectra for all
samples display in four peaks (see Figures 6(e) and 6(f)).
The first three peaks with binding energies of 640.5eV,
641.8eV, and 643.2¢eV originate from the different valency
of manganese, i.e., Mn (II), Mn (III), and Mn (IV), respec-
tively [11, 26, 27]. The fourth peak at 644.5eV is a sha-
keup from the charge transfer between the outer electron
shell and an unoccupied orbit with higher energy during
the photoelectron process. The Mn 2p binding energies
in GA-MnCe, compared those in GA-Mn, slightly shift
to lower values, confirming the existence of interactions
between manganese and cerium and formation of a solid
solution. This observation is consistent with Qi and Yang’s
report [28] and corroborates with our XRD results. As
seen in Table 3, GA-Mn5 has the lowest amount of Mn™",
i.e., 12%, while all others contain Mn*" in the amount of
17-19%. Since GA-Mn5 has the lowest catalytic activity
throughout the operating temperature, Mn*" is believed to
be another key factor affecting the SCR catalytic activity.
Mn** readily promotes SCR reaction because its strong oxi-
dizing state enhances the oxidation of NH, [13].

Ce 3d XPS spectra are presented in Figure 6(g). In the
binding energies range 880-890 eV, the first three character-
istic peaks are attributed to Ce’" and Ce*" [29]. The assign-
ment of the last peak is inconclusive, which varies from
Ce** to Ce*'. In all the GA-MnCe catalysts, peaks from
Ce*" are prevailing but there exists a decent amount of
Ce’" species. As seen in Table 3, upon the addition of Ce into
the catalyst, the percentage of Oy, is reduced from average
43% to 29%. In contrast, O,4, and O_ increase to 40% and
30%, respectively. It is reported that the existence of Ce®"
causes the oxygen deficiencies and unsaturated chemical
bonds, which cannot only promote the transformation of
O to O,y but also help to adsorb more gaseous oxygen
[30, 31]. As a consequence, the transfer process of the active
oxygen is accelerated and the SCR activity is enhanced, which
is observed in this study.

4. Conclusions

In this study, a series of novel 3D monolithic MnO_-CeO,
nanocatalysts supported on graphene aerogel, i.e., MnO,-
CeO,/GA, was successfully fabricated through an in situ
hydrothermal and freeze-drying method. The GA support
has directionally aligned micropore networks and thin
porous walls, ensuring the high gas flow and large amount
of anchor sites for nanoparticle catalysts. The catalyst nano-
particles are a few tens of nanometers and uniformly disperse
on the surface of GA. The catalytic activity increases with Mn
loading and appears to saturate when Mn loading is over
10 wt%. The slightly reduced performances of GA-Mn series
at higher Mn loadings are attributed to the agglomeration
of the excessive amount of MnO, nanoparticles. Upon addi-
tion of cerium, the agglomeration is alleviated and the SCR
operable temperature is lowered by 50°C at the same NO
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FiGure 6: Continued.
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FIGURE 6: Representative XPS spectra, deconvoluted and fitting results of GA-Mn (a, ¢, €) and GA-MnCe (b, d, f, g). (a, b) C 15s; (¢, d)

O 1s; (e, f) Mn 2p; and (g) Ce 3d.

TaBLE 3: Relative composition of different state of carbon,
manganese, and oxygen in GA-Mn and GA-MnCe catalysts based
on XPS analyses.

Sample 2 Mn (3%)) 4+ O (%)

Mn Mn Mn Ot Ous Oc¢
GA-Mn5 53 35 12 36 36 27
GA-Mn10 46 36 17 44 36 20
GA-Mnl5 48 35 17 45 34 20
GA-Mn20 48 34 18 43 34 23
GA-MnCe41l 48 35 17 30 40 30
GA-MnCe21 46 34 19 28 41 31

conversion rate. The novel nanocomposite GA-MnCe cata-
lysts exhibit over 90% NO, conversion rate in a broad tem-
perature range (200-300°C). GA-MN10Ce41 has over 98%
conversion efficiency at 250°C with relatively good stability.
Based on the XPS analyses, Mn** and O, are believed to
be the two key factors contributing the SCR catalytic activity
in the as-prepared GA-Mn and GA-MnCe series. Increasing
Mn loading and adding Ce can slightly increase the amount
of Mn**. The presence of Ce’" in the GA-MnCe catalysts
appears to promote the transformation of O, to O, lead-
ing to the enhancement of the SCR activity.

Data Availability

Raw data were generated at corresponding facilities described
in the paper. Upon the acceptance/publishing of the paper,
the derived data supporting the findings of this study are avail-
able from the corresponding author [YZ] upon request. YZ’s
contact info is yaozhuo1986@163.com; +8613029368800.

Conflicts of Interest

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

Acknowledgments

The financial support of National Science-Technology
Support Plan Projects of China (no. 2014BAB02B03) is
gratefully acknowledged.

References

[1] T.Boningari and P. G. Smirniotis, “Impact of nitrogen oxides
on the environment and human health: Mn-based materials
for the NO, abatement,” Current Opinion in Chemical Engi-
neering, vol. 13, pp. 133-141, 2016.

[2] M.Fu, C.Li, P. Luetal,, “A review on selective catalytic reduc-
tion of NO, by supported catalysts at 100-300°C-Catalysts,
mechanism, kinetics,” Catalysis Science & Technology, vol. 4,
no. 1, pp. 14-25, 2014.

[3] 1. Nova, L. Lietti, E. Tronconi, and P. Forzatti, “Dynamics of
SCR reaction over a TiO,-supported vanadia-tungsta com-
mercial catalyst,” Catalysis Today, vol. 60, no. 1-2, pp. 73-82,
2000.

[4] M. Casanova, E. Rocchini, A. Trovarelli, K. Schermanz, and
I. Begsteiger, “High-temperature stability of V,05/TiO,-
WO,-SiO, SCR catalysts modified with rare-earths,” Journal
of Alloys and Compounds, vol. 408-412, pp. 1108-1112, 2006.

[5] X.Shang, G. Hu, C. He et al., “Regeneration of full-scale com-
mercial honeycomb monolith catalyst (V,0,-WO,/TiO,)
used in coal-fired power plant,” Journal of Industrial and Engi-
neering Chemistry, vol. 18, no. 1, pp. 513-519, 2012.

[6] C. Qi, W. Bao, L. Wang, H. Li, and W. Wu, “Study of the
V,05-WO,/TiO, catalyst synthesized from waste catalyst on



Journal of Nanomaterials

(10]

(11]

(12]

(13]

(14]

[15]

(16]

(17]

(18]

(19]

(20]

[21]

selective catalytic reduction of NO, by NH,,” Catalysts, vol. 7,
no. 12, 2017.

G. Qi, R. T. Yang, and R. Chang, “MnO,-CeO, mixed oxides
prepared by co-precipitation for selective catalytic reduction
of NO with NH; at low temperatures,” Applied Catalysis B:
Environmental, vol. 51, no. 2, pp. 93-106, 2004.

F. Cao, J. Xiang, S. Su, P. Wang, S. Hu, and L. Sun, “Ag mod-
ified Mn-Ce/y-Al, O, catalyst for selective catalytic reduction
of NO with NH, at low-temperature,” Fuel Processing Technol-
ogy, vol. 135, pp. 66-72, 2015.

S. M. Lee, K. H. Park, and S. C. Hong, “Mn0O,/Ce0O,-TiO,
mixed oxide catalysts for the selective catalytic reduction of
NO with NH; at low temperature,” Chemical Engineering
Journal, vol. 195-196, pp. 323-331, 2012.

J. Li, J. Chen, R. Ke, C. Luo, and J. Hao, “Effects of precursors
on the surface Mn species and the activities for NO reduction
over MnO,/TiO, catalysts,” Catalysis Communications, vol. 8,
no. 12, pp. 1896-1900, 2007.

Z.Tong, X. Lu, and C. Song, “The CeOy and MnOy nanocrys-
tals supported on TiO,-graphene oxide catalysts and their
selective catalytic reduction properties at low temperature,”
Crystals, vol. 7, no. 6, p. 159, 2017.

F. Cao, S. Su, J. Xiang et al., “The activity and mechanism study
of Fe-Mn-Ce/y-Al,O; catalyst for low temperature selective
catalytic reduction of NO with NH,,” Fuel, vol. 139, pp. 232-
239, 2015.

F. Cao, J. Xiang, S. Su et al., “The activity and characterization
of MnO,~CeO,-Zr0O2/y-Al,O; catalysts for low temperature
selective catalytic reduction of NO with NH,,” Chemical Engi-
neering Journal, vol. 243, pp. 347-354, 2014.

K. S. Novoselov, A. K. Geim, S. V. Morozov et al., “Two-
dimensional gas of massless Dirac fermions in graphene,”
Nature, vol. 438, no. 7065, pp- 197-200, 2005.

W. S. Hummers and R. E. Offeman, “Preparation of graphitic
oxide,” Journal of the American Chemical Society, vol. 80,
no. 6, pp. 1339-1339, 1958.

S. Cheekati, Y. Xing, Y. Zhuang, and H. Huang, “Graphene
platelets and their manganese composites for lithium ion bat-
teries,” ECS Transactions, vol. 33, pp. 23-32, 2011.

F. Eigenmann, M. Maciejewski, and A. Baiker, “Selective
reduction of NO by NH, over manganese-cerium mixed
oxides: relation between adsorption, redox and catalytic
behavior,” Applied Catalysis B: Environmental, vol. 62, no. 3-
4, pp. 311-318, 2006.

A. Boyano, M. J. Lazaro, C. Cristiani, F. J. Maldonado-Hodar,
P. Forzatti, and R. Moliner, “A comparative study of V,0s/AC
and V,04/Al,O; catalysts for the selective catalytic reduction
of NO by NH,,” Chemical Engineering Journal, vol. 149,
no. 1-3, pp. 173-182, 2009.

G. Zhou, B. Zhong, W. Wang et al., “In situ DRIFTS study of
NO reduction by NH; over Fe-Ce-Mn/ZSM-5 catalysts,”
Catalysis Today, vol. 175, no. 1, pp. 157-163, 2011.

S. Drewniak, R. Muzyka, A. Stolarczyk, T. Pustelny,
M. Kotyczka-Moranska, and M. Setkiewicz, “Studies of
reduced graphene oxide and graphite oxide in the aspect of
their possible application in gas sensors,” Sensors, vol. 16,
no. 1, p. 103, 2016.

D. Ferrah, O. Renault, C. Petit-Etienne et al., “XPS investiga-
tions of graphene surface cleaning using H2- and Cl2-based
inductively coupled plasma,” Surface and Interface Analysis,
vol. 48, no. 7, pp. 451-455, 2016.

(22]

(23]

(24]

(25]

[26]

(27]

(28]

[29]

(30]

(31]

L. Wang, B. Huang, Y. Su et al., “Manganese oxides supported
on multi-walled carbon nanotubes for selective catalytic reduc-
tion of NO with NHy: catalytic activity and characterization,”
Chemical Engineering Journal, vol. 192, pp. 232-241, 2012.

S. Ponce, M. A. Pena, and J. L. G. Fierro, “Surface properties
and catalytic performance in methane combustion of Sr-
substituted lanthanum manganites,” Applied Catalysis B: Envi-
ronmental, vol. 24, no. 3-4, pp. 193-205, 2000.

D. Zhang, L. Zhang, L. Shi et al., “In situ supported MnO, -
CeO,, on carbon nanotubes for the low-temperature selective
catalytic reduction of NO with NH,,” Nanoscale, vol. 5,
no. 3, pp. 1127-1136, 2013.

H. Hu, S. Cai, H. Li, L. Huang, L. Shi, and D. Zhang, “Mecha-
nistic aspects of deNO, processing over TiO, supported Co-
Mn oxide catalysts: structure-activity relationships and in situ
DRIFTs analysis,” ACS Catalysis, vol. 5, no. 10, pp. 6069-6077,
2015.

Q. Tang, L. Jiang, J. Liu, S. Wang, and G. Sun, “Effect of surface
manganese valence of manganese oxides on the activity of the
oxygen reduction reaction in alkaline media,” ACS Catalysis,
vol. 4, no. 2, pp. 457-463, 2014.

X. Zeng, X. Huo, T. Zhu, X. Hong, and Y. Sun, “Catalytic oxi-
dation of NO over MnO,-CeO, and MnO,-TiO, catalysts,”
Molecules, vol. 21, no. 11, p. 1491, 2016.

G. Qi and R. T. Yang, “Characterization and FTIR studies of
MnO,~CeO, catalyst for low-temperature selective catalytic
reduction of NO with NH,,” The Journal of Physical Chemistry
B, vol. 108, no. 40, pp. 15738-15747, 2004.

M. Romeo, K. Bak, J. el Fallah, F. le Normand, and L. Hilaire,
“XPS study of the reduction of cerium dioxide,” Surface and
Interface Analysis, vol. 20, no. 6, pp. 508-512, 1993.

G. Carja, Y. Kameshima, K. Okada, and C. D. Madhusoodana,
“Mn-Ce/ZSM5 as a new superior catalyst for NO reduction
with NH,,” Applied Catalysis B: Environmental, vol. 73,
no. 1-2, pp. 60-64, 2007.

B. Guan, H. Lin, L. Zhu, and Z. Huang, “Selective catalytic
reduction of NO, with NH; over Mn, Ce substitution
Tiy V10, s nanocomposites catalysts prepared by self-
propagating high-temperature synthesis method,” The Journal
of Physical Chemistry C, vol. 115, no. 26, pp. 12850-12863,
2011.



