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Abstract
Herein, we report �rst time the biopolymer xanthan gum as template for facile synthesis of cerium oxide
(CeO2) nanoparticles via co-precipitation method using ultrasonication technique. The formation of
nanosized particles of CeO2 in the range of 11-32 nm with précised size and shape, as evidenced from
morphological analysis. Further the polymer xanthan gum offers a versatile platform to control the
morphological features and thereby the catalytic activity of CeO2. The prominent peaks in X-ray
photoelectron spectroscopy at 82.50, 889.10, 898.50, 900.90, 907.50, and 916.60 eV binding energies
con�rmed the presence of Ce4+ in CeO2 with no traces of template material.  The signi�cant catalytic
activity of CeO2 for the reduction of nitroaromatic compounds was observed with pseudo �rst order rate

constants 0.1118 and 0.3318 min-1 for nitrobenzene and 2-nitrophenol respectively. The remarkable
stability and high performance of CeO2 were demonstrated even after four catalytic runs for nitrobenzene,
a�rmed the catalytic support potential of CeO2 for reduction of nitroaromatic compounds. 

1. Introduction
Nanostructured metal-based oxides gained considerable attention on the research front due to their
practical applications in catalysis [1], biomedical �eld [2], optoelectronics [3], etc as compared to their
counterparts. Substantially, research on the fabrication of nano sized metal oxides having �ne shape,
uniform morphology, well-de�ned crystal structure, and phenomenal catalytic properties has become a
current hotspot. For the synthesis of metal oxide nanomaterials, one of the two approaches viz. top-down
approach and bottom-up approach has been followed. The bottom-up approach provides the assembling
of small atoms or molecules by operating physical/chemical forces to get the mesoporous product of
high crystallinity [4, 5]. Of various synthetic routes such as templating, combustion, cathodic corrosion,
aerogel formation, etc., the template-assisted synthetic strategy is considered one of the most advanced
bottom-up approaches for the fabrication of metal oxides having nanometre to micrometer size of the
structural units [6]. The template-assisted synthesis is a convenient strategy unresponsive to the
synthetic conditions and furnished the controlled morphology, structure, and particle size of the resultant
material. Template materials are categorized into the hard template (zeolites, anodic alumina
membranes, etc.) and soft templates (ammonium ions, amphophilic surfactants, ionic liquids,
biopolymers, etc.). In literature, a variety of nano-sized metal oxides were synthesized using different
template materials such as iron oxide nanoparticles using polysaccharide (chitosan, starch, alginate,
agarose, dextran, gelatin) [7, 8], CuO nanosheets using Sodium dodecyl sulfate [9], CeO2-ZrO2 mixed
oxides using N-Hexadecyl-N,N,N-trimethylammoniumbromide [10], Mn3O4 nanoparticles using 1-n-butyl-3-
methylimidazolium chloride and 1-n-butyl-3-methylimidazolium bromide [11], Co3O4 hollow
nanostructures using Co-based zeolitic imidazolate framework (ZIF-67) [12], SnO2 nanotubes using
anodized aluminium oxide [13], etc.

Cerium, one of the most abundant rare earth metals belonging to lanthanides possesses a strong
oxidation/reduction behavior during cycling between + 3 and + 4 ionic states of cerium, by virtue of the
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presence of ground-state electron in 4f orbital [14]. Pure ceria exhibits a �uorite structure having some
defects rely on the intrinsic property i.e., partial pressure of oxygen. The synthesis of nanostructured CeO2

having controlled shape and size, uniform morphology, signi�cant crystallinity with pure phase and
desired composition is an indispensable attribute for their performance. The assorted synthetic
methodologies such as template-assisted [15–17], �ame spray pyrolysis [18, 19], reversed microemulsion
method [20], hydrothermal [21–22], wet chemical [23], rapid precipitation [24], co-precipitation [25],
solvothermal [26, 27], sonochemical [28], microwave [29], sol-gel [30], etc. have been employed for the
synthesis of well-de�ned CeO2 nanostructures. The curtailment of the size of the ceria to the nanometre
range resulted in their high bandgap and signi�cant catalytic properties. Nanostructured CeO2 possesses
the plethora of applications such as polishing agents [31], sunscreens [32], solid electrolytes [33],
catalysis [34], ultraviolet absorber [35, 36], fuel additives [37], electrochemistry [38], etc. Among the
various applications, catalytic performance heavily reliant upon the surface to volume ratio, oxygen
storage capacity, particle size, and morphology of the ceria nanostructures [39–41]. CeO2 is a signi�cant
redox catalyst and the relatively few literature reports exemplify the remarkable catalytic e�ciency of
CeO2 nanostructures [42–46].

Xanthan gum, a high molecular weight exo-saccharide biopolymer produced by Xanthomonas campestris
bacterium by fermentation of simple sugars. Xanthan gum is composed of pentasaccharide units that
constitutes the trisaccharide chain linked with the glucose moiety. The trisaccharide chain consists of
two units of mannose (α-mannose and β-mannose) and a single unit of glucuronic acid (Fig. 1). Xanthan
gum is a highly stable biopolymer and the high stability is attributed to the formation of a double-helical
structure [47]. Xanthan gum is comprised of several functional moieties such as primary and secondary
alcohols, ester, carboxylic acid, acetate and pyruvate groups, etc.

Xanthan gum is employed in chemical sensing [48], agriculture [49], wastewater treatment [50],
pharmaceuticals [51], etc. owing to their unique properties viz. high viscosity at low concentrations,
biodegradability, non-toxicity, biocompatibility, etc. Additionally, xanthan gum is exploited as base �uid
[52], capping agent [53], stabilizing agent [54], �occulant [55], polymerization agent [56], for the synthesis
of metal oxide nanostructures. Xanthan gum can act as the template by providing favourable sites for the
growth of the particles in a controlled manner and prohibited their extensive growth due to the presence
of different polar functional moieties such as carboxylic group, ester group, and primary and secondary
hydroxyl groups. The polar functionalities of the template interact with the particle surface consequently
impact the size and shape of the particle. The particle formation process is remarkably in�uenced by
template via controlling the nucleation and growth of nanoparticles during the oxide crystallization
process. In the present study, we report the adequate and economical template-assisted synthetic
methodology for the fabrication of CeO2 nanostructures and its catalytic response for the reduction of
nitroaromatic compounds. The preparation of nanoparticles has been carried out using a template-
assisted sonication synthetic strategy by employing a biopolymer, xanthan gum as a template. The
authors do not �nd any reported data in the literature related to the exploitation of xanthan gum as a
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template for the synthesis of nanosized metal oxides. We have �rst time employed and reported the
xanthan gum as a template for nanostructured CeO2 synthesis.

The synthesized nanosized CeO2 has the potential to be applied as catalytic support for reduction
reactions. Here, we report the utilization of CeO2 nanoparticles for the reduction of two nitroaromatic
compounds viz. nitrobenzene and 2-nitrophenol as the nitro compounds are suspected to be carcinogenic
and high-risk chemical. Presently, the nitroaromatic compounds are one of the largest and most
important groups acting as a reactant or the intermediate for the production of drugs, synthetic dyes,
pesticides, etc., and also formed as by-products during chemical reactions on the industrial level [57].
Exposure of a high concentration of nitroaromatic compounds from industrial waste to the water system
causes many toxic effects on human as well as aquatic lives [58]. So, the reduction of nitroaromatic
compounds viz. nitrobenzene and 2-nitrophenol to the amines is a major issue from the environmental
point of view. It was investigated that merely sodium borohydride does not lead to nitro compounds
reduction under ordinary reaction conditions [59, 60]. So, the combination of sodium borohydride with a
catalytic amount of metal oxides Cu2O/NaBH4 [61], titania-supported gold catalyst/NaBH4 [62],
Co3O4/NaBH4 [63], CuO/γ-Al2O3/NaBH4 [64], reduced graphene oxide-ZnO/NaBH4 [65], multiple Au cores
in CeO2/NaBH4 [42], etc. in the protic or aqueous solvent system has been adopted results to the
reduction reactions.

2. Experimental

2.1 Chemicals
Xanthan gum and ceric ammonium nitrate was obtained from SD Fine-Chem. Limited. For catalytic
reactions, nitrobenzene was purchased from Avantor Performance Materials India Limited and 2-
nitrophenol was acquired from Alfa Aesar. Solvents ethanol and methanol used were of analytical grade.
All the synthesis reactions were carried out using deionized water.

2.2 Synthesis of template-assisted CeO2 nanoparticles
In a typical procedure, CeO2 nanoparticles have been prepared using biopolymer xanthan gum as a
template via template-assisted co-precipitation method as shown in Fig. 2. The synthesis was carried out
by the following route: xanthan gum solution (0.25%) was prepared by dissolving xanthan gum in 20 mL
deionized water under moderate stirring for 1 hour. The aqueous solution of ceric ammonium nitrate (0.5
M) was added to the xanthan gum solution followed by stirring for 2 hours. The resultant solution was
precipitated with ammonium hydroxide under continuous stirring for 3 hours. The reaction mixture was
kept in probe ultrasonicator and exposed to sound waves for 30 min at 50℃. The precipitates were
�ltered by vacuum �ltration, washed 3–4 times with deionized water, and dried in a hot air oven at 80℃
for 3 hours. Any traces of xanthan gum left were removed during the calcination of pale-yellow coloured
precipitates and the �nal product was obtained.



Page 5/29

The synthesis procedure of template-assisted CeO2 nanoparticles was optimized by varying the several
reaction parameters: (a) calcination temperature, (b) reaction time, and (c) pre-treatment time of template
material. The impact of variation of reaction parameters was by change in crystallinity, morphology,
particle size, and shape of the synthesized nanoparticles. The in�uence of the size of xanthan gum
particles on the morphology of the synthesized nanoparticles was also investigated by sonicating the
xanthan gum for different time intervals.

2.3 Characterization
The morphology of CeO2 nanoparticles was investigated by FE-SEM (JSM-7610Plus JEOL) at an
accelerating voltage of 10–15 kV and HR-TEM (Tecnai 200 kV TEM) Fei, electron optics. Furthermore,
formation of CeO2 nanoparticles was con�rmed through EDS measurement. The crystal phase and
crystal structure identi�cation of synthesized product was carried out on X-ray diffractometer D8 Advance
Bruker employing Cu Ka radiation (= 1.54060 Ang) having a scanning rate of 5˚ per min in the 2θ angle
ranged from 5˚ to 100˚.The thermogravimetric curve was recorded on the Thermogravimetric analyzer
TGA-4000 (Perkin Elmer) to check the stability of the sample. The chemical state and composition of
CeO2 nanoparticles was recoginized using X-ray photoelectron spectroscopy (Thermo�sher scienti�c,
Nexsa base). The UV-Vis absorption spectra were recorded using UV-Vis spectrophotometer (UV-1800,
Shimadzu) for tracking the path of the reduction reaction. The IR spectrum was recorded on a Fourier
Transform infrared spectrometer (Spectrum RX-IFTIR, Perkin Elmer) for the con�rmation of formation of
end products of the reduction reaction.

3. Results And Discussion
The preparation of CeO2 nanoparticles was attained through the template-assisted route using
biopolymer xanthan gum as a template. The synthesis of nanosized CeO2 was carried out using ceric
ammonium nitrate as a precursor and ammonium hydroxide as a precipitating agent. Reaction scheme 1
represents the steps involved in the synthesis of CeO2. The ceric ammonium nitrate is converted to
cerium hydroxide in the presence of a base (ammonium hydroxide) which was precipitated out and
calcined at various temperatures. The calcination of the as-synthesized sample led to the formation of
cerium (III) oxide.

1. Field emission scanning electron microscopy (FESEM) and powder X-ray diffraction (XRD) analysis
of template-assisted CeO 2 nanoparticles

The parameters for the synthesis of CeO2 nanoparticles has been optimized by varying the calcination
temperature, period of the reaction, pre-treatment has given to the template and the impact of these
parameters was evaluated in terms of in�uence on the morphology, shape, and average crystallite size of
the CeO2 nanoparticles as evidenced by FESEM and XRD analysis.

3.1.1 Effect of calcination temperature
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The effect of calcination was scrutinized by calcinating the as-synthesized sample at different
temperatures viz. 350℃, 500℃, 650℃ and 800℃ and obtained CeO2 nanoparticles was named as C-
350, C-500, C-650, and C-800 respectively. FESEM images shown in Fig. 3 demonstrate the increase in
uniformity in shape and size of CeO2 nanoparticles with an increase in calcination temperature. The
calcination of the sample at 650℃ leads to a more regular surface.

The effect of calcination temperature on the crystallinity of the CeO2 nanoparticles was manifested by a
non-destructive, analytical tool i.e., Powder XRD analysis. The in�uence of calcination temperatures viz.
350℃, 500℃, 650℃ and 800℃ on crystal structure and phase of template induced CeO2 nanoparticles
was investigated. The XRD patterns of the sample C-650 showed strong and intense diffraction peaks as
compared to C-350, C-500, and C-800. The diffraction peaks at 28.4, 32.976, 47.363, 56.223, 59.026,
69.364, 76.651, 79.036 and 88.387correspond to (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (3 3 1), (4
2 0) and (4 2 2) planes of CeO2, space group Fm3m (2 2 5), edge length (a = b = c) = 5.42800 and volume
of unit cell 159.93 indexing the cubic �uorite crystal structure/phase of C-350, C-500, and C-800. The
observed patterns of samples were matched with JCPDS card numbers 00-043-1002, 01-075-8371, 00-
067-0122, 00-034-0394 respectively. The data depicts that calcination temperature has no effect on the
crystal structure and phase of the template-assisted CeO2 nanoparticles. However, with an increase in
calcination temperature, the amorphous nature of the sample changes into the highly crystalline state as
shown in Fig. 4. At 650℃, the nanostructured CeO2 shows high crystallinity and beyond which peak
intensity gets diminished. The perfect coincidence with CeO2 and no other diffraction peak observed
other than the CeO2 delineated the purity and high crystallinity of the product. The average crystallite size
of the CeO2 calcined at 650℃ was appraised to be 61 nm using the Debye Scherrer equation.

D = 0.9 λ / β cos θ

Where D = Average particle size

Β = Full Width at Half Maxima (FWHM)

θ = Bragg’s angle

λ = Wavelength of CuKα radiations

Based on FESEM and XRD analysis of calcinated CeO2 nanoparticles, further investigations were
performed using C-650.

3.1.2 Effect of reaction time
To determine the effect of reaction time on the surface morphology of the template-assisted CeO2

nanoparticles, the synthetic reactions have been carried out by varying the reaction time from 10–50 min.
The surface analysis of the CeO2 synthesized at the different time period (shown in Fig. 5) depicts that
reaction carried out for 10 min (Fig. 5(a)) resulted in the irregular and non-uniform morphology of the
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particles. The particle distribution tends to uniformity with improvement in shape and size of the particles
by increasing the reaction time up to 30 min as shown in Fig. 5(e). The further increment in reaction time
led to the uneven distribution of the particles and enlargement which resulted in the irregular
morphological structures.

3.1.3 Effect of pre-treatment of xanthan gum
The morphology and size of the template material strongly in�uence the shape and size of the
nanoparticles [66]. The same observation has been noticed in xanthan gum-assisted CeO2 nanoparticles
as revealed by FESEM images. For comparative studies, template-free synthesis of CeO2 nanoparticles
has also been carried out and morphological features of template-free CeO2 have been shown in
Fig. 6(a). The FESEM images of xanthan gum (Fig. 6(b-1)) has larger particle having the size in
micrometres and possesses irregular morphology and the synthesized CeO2 (Fig. 6(b-2)) also depicts the
similar characteristics such as non-uniformity particles with size in the micrometre range. In order to
prepare the nanosized CeO2, an attempt has been delivered to reduce the size of template particles by its
pre-treatment through the ultrasonication process. Thus, ultrasonication was used as a tool for reduction
of the size of template material and xanthan gum by exposing xanthan gum to sound waves of 40 kHz
for different time intervals viz. 20 min, 40 min, and 60 min to acquire the CeO2 particles in the nano range,
and the obtained CeO2 nanoparticles are denoted as C-20, C-40, and C-60 respectively. The FESEM
images of xanthan gum treated for 40 min and the subsequently synthesized CeO2 nanoparticles are
shown in Fig. 6(c-1) and 6(c-2) respectively. The morphological analysis thus supported the signi�cant
effect of pre-sonication of the template on the CeO2 nanoparticle morphology.

Further, from FESEM results represented in Fig. 7, it was investigated that sonication of xanthan gum for
20 min has not much effect on the morphology and manifested the non-uniformity and irregularity in
shape and size of the nanoparticles whereas 60 min sonication led to agglomeration of nanoparticles as
the particles get adhered to each other through the grain boundary. However, 40 min sonication of
xanthan gum was optimized condition selected for synthesis of CeO2 nanoparticles having uniform
surface as well as well-de�ned shape and size. Figure 7(d) represents the EDS spectra and conveys the
information about the elemental composition of the synthesized CeO2 nanoparticles.

The XRD data of as-synthesized CeO2 nanoparticles C-20, C-40, and C-60 was recorded and presented in
Fig. 8. Powder XRD analysis manifested the crystalline nature of CeO2 with no change in crystal phase
and structure. It has been observed the pre-treated xanthan gum used as a template greatly in�uences the
size of the CeO2 nanoparticles by reducing the size to half of the nanoparticles prepared by using
untreated xanthan gum. The calculated average crystallite size, dislocation density, and lattice strain of
the C-20, C-40, and C-60 nanoparticles has been shown in the Table 1. During synthesis, some defects
and strain to the lattice occur attributed to the crystal imperfections. The dislocation density and lattice
strain are calculated using equations [67],
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Table 1
The average crystallite size, dislocation density and lattice strain of C-20, C-40 and C-60

CeO2 nanoparticles

Sample Average crystallite size (nm) Dislocation density (nm− 2) Lattice strain

C-20 39 0.000883673 0.000648727

C-40 30 0.001226587 0.000493421

C-60 37 0.000905511 0.000619197

Dislocation density = 1/D2

Lattice strain = β/4tanθ

3.2 High-resolution transmission electron microscopy
(HRTEM) analysis
The nanoparticle size of CeO2 (C-40) was evaluated from HTREM images obtained at different
magni�cations which have been shown in Fig. 9. The even distribution of nanoparticles having spherical
morphology and a slight tendency of agglomeration was noticed. The particle size has been found in the
range of 11–32 nm which is also in good agreement with average crystallite size as obtained from XRD
data.

3.3 X-ray photoelectron spectroscopy analysis
For the characterization of the chemical state of cerium in synthesized CeO2 nanoparticles, XPS analysis
was carried out (shown in Fig. 10). The peak at 917 eV (satellite peak) clearly indicated the + 4 valence
state or tetravalent Ce in CeO2 as this peak is absent in the case of Ce3+. The 6 characteristic peaks in the
spectra corresponding to binding energies 882.50, 889.10, 898.50, 900.90, 907.50, and 916.60 eV clearly
depict the complete oxidation of Ce3+ to Ce4+. The �nal electronic states of cerium − 3d9 4f0 and oxygen -
p6 results in the peaks corresponding to highest binding energies viz. 898.50 and 916.60 eV. The peaks
corresponding to lower binding energies viz. 882.50, 900.90, eV is due to the 3d9 4f2 electronic state of
cerium and 2p4 of oxygen and the peaks at binding energies 889.10 and 907.50 are the result of 3d9 4f1

and 2p5 electronic states of cerium and oxygen.

3.4 Thermogravimetric analysis (TGA)
Thermogravimetric analysis has investigated the thermal stability of the CeO2 nanoparticles by detecting
the change in weight % with the variation in time and temperature under controlled atmospheric
conditions. The TGA data showed only 2% weight loss of the CeO2 nanoparticles in the temperature
range 25℃ to 800℃ which con�rmed the high stability of synthesized nano-size CeO2.
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1. Evaluation of catalytic e�ciency of CeO 2 for the reduction of nitroaromatic compounds

The catalytic activity of CeO2 nanoparticles was studied for the reduction of nitroaromatic compounds.
Nitrobenzene and 2-nitrophenol were chosen as model compounds for the catalytic reduction process
using sodium borohydride (NaBH4) as a reducing agent. Scheme 2 represents the catalytic reduction of
nitrobenzene and 2-nitrophenol. First, for the reduction of nitrobenzene, 0.2 mmol sodium borohydride
was added to 2 X 10− 4 mol/L solution of nitrobenzene and the mixture was stirred for 1–2 min, followed
by the addition of CeO2 nanoparticles (10 mg) to the reaction mixture and moderately stirred till
completion of the reaction. Similarly, the catalytic reduction of 2-nitrophenol has been carried out. The
reaction progress was monitored via a UV-vis spectrophotometer.

The UV-vis spectra of the aqueous solution of nitrobenzene showed a characteristic peak at 258 nm and
the hypochromic shift or decrease in absorption of nitrobenzene with the appearance of the band at 236
nm (shown in Fig. 11) evidenced the formation of product within reaction time 10 min. A similar
procedure was adopted for the reduction of 2-nitrophenol. The reactant was converted to 2-aminophenol
with a 2 min reaction time as monitored via UV-vis spectrophotometer. The con�rmation of completion of
the reaction was con�rmed from TLC, UV-vis spectral analysis, FTIR spectroscopy.

The FT-IR spectra of end products of deduction reactions i.e aminobenzene and 2-aminophenol are
presented in Fig. 12. The FT-IR spectrum of aminobenzene showed a characteristic peak at 3350–3427
cm− 1 owing to the N-H stretching vibrations of the aromatic amine group. The vibrational modes of C-H
stretching were observed at 3033 cm− 1. The vibration peak for -NH bending was observed at 1618 cm− 1

and C-C and C-N stretching vibrations were observed at frequency 1496 and 1272 cm− 1 respectively.

In the FT-IR spectrum of 2-aminophenol, the characteristic peak at 3304–3375 cm− 1 was due to the
hydrogen bonded -OH stretch and -NH stretch of the amine group. The vibrational peak at 2989–3022
cm− 1 was due to the -CH stretching. The peaks for and C = C stretching and -NH bending vibrations were
observed at 1602 cm− 1. The C-C and C-N stretch showed the vibrational mode at absorption peaks at
1511 and 1267 cm− 1 respectively. The peak at 1029–1080 cm− 1 represents the stretching vibrations of
the C-O bond. The absence of peak corresponding to nitro group further validated the conversion to the
amino group.

4.1 Kinetics of reduction of nitroaromatic compounds
In the catalytic reduction of nitroaromatic compounds, the high concentration of sodium borohydride
endorsed the reaction to follow pseudo �rst-order kinetics of the reaction, thereupon the rate of reaction
relies upon the concentration of reactant i.e., nitrobenzene and 2-nitrophenol. The rate of reaction for
pseudo �rst-order reaction can be calculated from the slope by plotting a graph between ln(At/A0) and
time (t) for catalytic reduction (shown in Fig. 13) by using an equation

ln(At/A0) = -kt
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where, At = Absorbance at time t

A0 = Absorbance at time t = 0

k = rate constant

t = time of the reaction

The plot of ln(At/A0) versus time (min) divulges a straight line with a negative slope which represents the
rate constant (k). From this plot, the rate constants for reduction of nitrobenzene (in the presence and
absence of catalyst) were found to be 0.118 min− 1 and 0.0179 min − 1 with correlation coe�cient (R2)
value of 0.991 and 0.994. The observed rate constant values for 2-nitrophenol (in the presence and
absence of catalyst) were 0.3318 min− 1 and 0.0156 min− 1 with R2 values of 0.98 and 0.88. An attempt
has been made to compare the pseudo �rst-order rate constants and reaction time obtained in the current
study with the data in the literature for the reduction reaction of nitroaromatic compounds using CeO2

nanoparticles and other nanomaterials (Table 2).
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Table 2
Comparison of reaction time and rate constant data of reduction of nitro compounds published in

literature with the present work
Catalyst Nitro

compound
Reaction time
(min)

Rate constant
(min− 1)

Ref.

CeO2 nanoparticles Nitrobenzene 80 - [68]

Copper nanoparticles o-nitrophenol 18 min 0.092 [69]

BiO(OH)/actived carbon Nitrobenzene 120 - [70]

Bi2MoO6 Nitrobenzene 20 - [71]

zero-valent iron Nitrobenzene 240 0.0006 [72]

Au-(N-isopropylacrylamide)
nanoparticles

Nitrobenzene - 0.00432 [73]

Alginate-Silver Nanoparticles Nitrobenzene 8 0.31 [74]

Pd nanoparticles/reduced
graphene oxide

Nitrobenzene 55 - [75]

Gold nanoparticles 2-nitrophenol - 0.004638 [76]

Gold nanoparticles 2-nitrophenol 5 - [77]

Cu2O/reduced graphene oxide 2-nitrophenol 5 1.64 [78]

CeO2 nanoparticles Nitrobenzene 10 0.1118 Present
work

2-nitrophenol 2 0.3318 Present
work

4.2 Reusability of catalyst
The reusability of the catalyst was tested by conducting four catalytic cycles for the reduction of
nitrobenzene. The reduction reaction was carried out by adding 0.2 mmol sodium borohydride and 10 mg
catalyst to the 2 X 10− 4 mol/L solution of nitrobenzene. After the completion of the reaction, the catalyst
was recovered by �ltering the reaction mixture and washed several times with ethanol, dried in a hot air
oven at 80℃ for 5 hours, and used for the next catalytic cycle. A similar procedure was repeated for four
catalytic cycles for the reduction of nitrobenzene. The reaction pro�le obtained from UV-vis spectral
studies for four catalytic cycles is presented in Fig. 14. From the reaction pro�le, it has been concluded
that no observable change in completion of reaction with time was noticed and hence concluded no
signi�cant loss in the catalytic activity of CeO2 nanoparticles even after four reusability cycles.

5. Conclusion
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The present study reported the fabrication of CeO2 nanoparticles (C-40) prepared by template-assisted co-
precipitation method employing xanthan gum as a template. The précised shape and morphology were
obtained by optimizing reaction parameters viz. calcination temperature, reaction time, and sonication
time of template. XRD results con�rmed the cubic �uorite crystal structure and highly crystalline nature of
nano-sized CeO2 having an average crystallite size of 30 nm. The X-ray photoelectron spectroscopy
established the presence of cerium having a + 4 chemical state. The morphological analysis manifested
the uniform and spherical morphology of the nanoparticles having a particle size in the range of 11–32
nm. Thermogravimetric analysis endorsed the stability of the CeO2 nanoparticles which are further
employed as a catalyst for the reduction of nitroaromatic compounds: nitrobenzene and 2-nitrophenol.
The complete reduction of nitrobenzene and 2-nitrophenol into respective products was observed in 10
min and 2 min respectively as monitored by UV-vis spectral analysis. Further, reusability data supported
the potential of synthesized CeO2 nanoparticles as catalytic support for reduction reactions of
nitroaromatic compounds with no signi�cant loss in the catalytic activity and thereby, can decontaminate
the environmental matrix.
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Figure 1

Structure of xanthan gum
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Figure 2

Synthetic scheme of CeO2 nanoparticles
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Figure 3

FESEM images of (a) C-350, (b) C-500, (c) C-650, and (d) C-800 CeO2 nanoparticles
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Figure 4

XRD pattern of C-350, C-500, C-650, and C-800 CeO2 nanoparticles

Figure 5

FESEM images illustrates the morphologies of template assisted CeO2 nanoparticles at (a) 10 min, (b) 15
min, (c) 20 min, (d) 25 min, (e) 30 min, (f) 35 min, (g) 40 min, (h) 45 min and (i) 50 min reaction time
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Figure 6

FESEM images of (a) template free CeO2 nanoparticles (b-1) xanthan gum, (b-2) xanthan gum assisted
CeO2 nanoparticles, (c-1) treated xanthan gum, (c-2) treated xanthan gum assisted CeO2 nanoparticles
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Figure 7

FESEM images of CeO2 nanoparticles (a) C-20, (b) C-40 and (c) C-60

Figure 8
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XRD pattern of CeO2 nanoparticles (C-20, C-40, and C-60)

Figure 9

HRTEM images of CeO2 nanoparticles (C-40 sample) at different magni�cations (a) 100 nm (b) 50 nm
(c) 20 nm (d) 10 nm
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Figure 10

XPS spectra of CeO2 nanoparticles (C-40)
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Figure 11

UV-vis absorption spectra of reduction of nitrobenzene (a) in the presence (b) in the absence of catalyst;
reduction of 2-nitrophenol (c) in the presence (d) in the absence of the catalyst
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Figure 12

FTIR spectra of (a) 2-aminophenol and (b) aminobenzene or aniline
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Figure 13

represents the correlation between ln(At/Ao) and time for the reduction of (a)nitrobenzene and (b) 2-
nitrophenol
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Figure 14

Reusability cycles of the CeO2 catalyst
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