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Abstract: The recent advancement in the production of nanomaterials with novel architectures and
functionality has allowed for the effective treatment of industrial wastewaters and contaminated soil
and, in that view, the current study aimed to investigate the catalytic efficacy of biopolymer-loaded
titanium nanocomposite. Therefore, Cerium (Ce)-titanium dioxide (TiO2) loaded chitosan nanocom-
posite was formed and studied its catalytic efficacy towards the degradation of an industrial dye
pollutant. For the production of Ce-TiO2/chitosan nanocomposite, we followed the hydrothermal
synthesis route and the formed nanocomposite was thoroughly analyzed for the crystallinity (using
powdered X-ray diffraction, XRD), surface bonding, and nature (using Fourier transform infrared,
FTIR spectroscopy), morphology (scanning electron microscopy, SEM), elemental composition (elec-
tron diffraction analysis by X-rays, EDAX), porosity (Brunauer–Emmett–Teller, BET), and particles
size in powdered form (transmission electron microscopy, TEM). Then the efficiency of synthesized
nanocomposite was tested towards the photocatalytic degradation of Rhodamine B (Rh B) dye by
applying various parameters such as the irradiation time, solution pH, catalyst dosage, and the dye
concentration. Further, the Langmuir–Hinshelwood model was employed to investigate the kinetics
of RhB degradation and provided a conceivable photocatalytic mechanism. It was indicated based on
the catalyst mechanism that the modification of TiO2 nanoparticles with Ce and loading onto chitosan
biopolymer may have accelerated the photocurrent transport due to an increase in the number of
electrons and holes generated by the photon’s irradiation. In this way, the study has witnessed the
excellent photocatalytic performance of Ce-TiO2/chitosan with 95% Rh B degradation as against the
pure TiO2 nanoparticles thus stressing the importance of developing novel composite photocatalysts.

Keywords: photodegradation; nanocomposite formation; TiO2 catalysis; langumir-heinshelwood;
UV irradiation; wastewater treatment

1. Introduction

Water and soil contamination associated with environmental pollution are serious
concerns across the globe and it requires immediate action to incorporate sustainable
development [1]. One of the major sources of this water, soil, and air contamination are the
industries, and in particular, the metal, wood, paint, and textile plants that use synthetic
dyes for coloring. For the textile industry alone, more than 10,000 tons of dyes are used all
over the globe annually, and the fabrics consume only 70–80% while the remaining 20% of
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dye effluent causes severe environmental issues [2]. This unused/remaining dye effluent
in its untreated form from the industries affects the aquatic ecosystem by flowing toward
water bodies like ponds, rivers, and lakes. The commonly used synthetic dyes include
azo dye, ramazol orange, rhodamine, methylene blue, etc., which are mostly carcinogenic
to humans as they are all very difficult to remove from the water bodies. Apart from the
persistence of dye molecules in the water streams, the dye removal process is tedious and
associated with high costs and low efficiency [3,4].

The commonly employed physico-chemical methods for the removal of organic dye
pollutants from industrial and agriculture effluents include adsorption, electrocoagulation,
nano/ultra-membrane filtration, reverse osmosis, ion exchange, etc. [5]. However, the com-
promised ability of these conventional wastewater treatment technologies is demanding
the development of sustainable, economical, environmentally friendly, feasible, and highly
effective plants that can fully eliminate the dye contaminants [6]. To resolve this problem,
water purification processes are applied at which cost-effective and eco-friendly techniques
are most essential in treating the polluted wastewater. In that view, the photocatalytic
dye degradation technique has been identified to be the sophisticated one because of its
low-cost, ecofriendly nature, efficacy, and easy processing. This method acts by generating
highly active reactive species following the UV-light irradiation from sunlight [7,8].

Heterogeneous photocatalysis with semiconductor nanoparticles serves as an alter-
native and exceptionally effective technique, where the mechanism proceeds through the
generation of highly reactive hydroxyl free radical oxidants. In the following step, the
formed free radicals reacted with the noxious pollutant dye molecules and reduced the
concentration of organic compounds [9]. Hence many different catalysts are being tested
in this direction like the metallic oxides (Ta, Sr, Cd, Zn, Ti, etc.), and among all, titanium
dioxide (TiO2) has a special role in the photocatalysis sector particularly decomposing
synthetic dyes because of its abundance and low cost, high efficacy, immune to chemical
corrosion, and long-term stability. In that view, various TiO2-based photocatalysts are
being developed with a change of doping agent, conjugation, surface functionality, etc., as
these additional groups help to further enhance the light-harvesting ability, photochemical
reactivity, aquatic stability, and minimize the environmental toxicity [10,11].

TiO2 is an active photocatalyst, although various changes (doping) and combinations
(conjugation/loading) are being applied to make it further efficient, the rapid charge
recombination ability mainly limits its potentiality during the photocatalytic degradation
pathways [12]. As this dynamic charge, recombination is strongly influenced by the
structure, shape, and optical properties and the TiO2 modification must be applied in
a way that increases photogenerated charge carrier separation efficiency to ameliorate
the photocatalytic capacity [13]. Such a valence electronic transformation in the atomic
structure can maintain the TiO2 nanocomposite as a superior candidate for organic dye
degradation reactions which are influenced by light irradiation.

One approach to slow down the rate of charge carrier recombination involves the use
of metal doping as it helps to create hetero-junctions between the two semiconductors. In
that view, various studies are being carried out by the doping of single or multiple metal
ions (like Zn, Cd, Mn, Cu, etc.) with TiO2 nanoparticles as the combination increases the
electronic band gap and prevents the charge scavenging capacity to support an improved
photocatalytic activity. One of the studies provides information that the TiO2 nanoparticle’s
interaction with that of rare-earth metals, in particular, the cerium (Ce) metal can improve
the photocatalytic performance significantly. This enhancement is attributed to the forma-
tion of Lewis base complexes originating from the d-orbital interaction with that of f-orbital
functional groups of rare earth metals. In addition, the availability of higher surface sites
for suitable ions doped into the host lattice boosts the electron trapping, and the difference
in band gap energy supports for an increased photocatalytic activity [14].

In addition, the problems arising from the powdered form of TiO2 like the recovery,
unwanted toxicity (due to the nanosized particles), high agglomeration, and difficulty of
thin film formation are identified to be relieved through the combination of TiO2 with
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chitosan biopolymer. Such developed Chitosan-TiO2 composites are investigated to possess
a high rate of flexibility, formation into a range of thicknesses, and light harvesting capacity.
Also, the chitosan biopolymer offers continuous and stable support to fully adsorb the dye
molecules that need to be degraded by the TiO2 catalyst, and in this way, the recombination
can easily be dodged [15]. Moreover, taking advantage of the pH-responsive nature of chi-
tosan biopolymer, many different pollutants like heavy metals, and organic and inorganic
dyes are being successfully removed through surface adsorption from the wastewater.

By considering the abilities of Ce and the biopolymer of chitosan towards the produc-
tion of an effective and stable photocatalyst, the present study aims to study the photocat-
alytic nature of a stable nanocomposite of Ce-TiO2/chitosan. We hypothesized that the
loading of Ce-TiO2 nanoparticles onto the biopolymer of chitosan serves to further improve
the surface area, aqueous stability, surface functionality, and structural stability [16]. To the
best of our knowledge, there have been only limited studies that are aimed at studying
the dye degradation capacity of pure TiO2/Ce [17] and TiO2/chitosan nanocomposite [18],
while no closer report investigates the photocatalytic degradation of Rhodamine B (RhB)
dye involving the Ce-TiO2/chitosan composite. Therefore, the scope of the present in-
vestigation is to study the photocatalytic efficacy and degradation kinetics of RhB dye
under the influence of Ce-TiO2/chitosan catalyst mediated by solar irradiation. For that,
we first formed the nanocomposite by the hydrothermal synthesis route, and then fully
analyzed the surface, morphological, optical, electronic, and elemental characteristics.
Further, the RhB dye degradation and kinetics by altering the initial dye concentration,
contact time, irradiation time, and solution pH are compared among pure TiO2, Ce-TiO2,
and Ce-TiO2/chitosan, as the same methodology can be applied for the anchoring of other
metal oxides onto biopolymer matrix.

2. Results and Discussion
2.1. Characterization of Ce-TiO2/Chitosan Nanocomposite

Figure 1A,B depicts the powdered X-ray diffraction (XRD) pattern of Ce-TiO2 and
Ce-TiO2/chitosan nanocomposite. From the diffraction pattern, the peaks of Ce-TiO2 show
peaks at 2θ = 27.5◦, 36.1◦, 37.9◦, 42◦, 54.1◦, 55.1◦, 62.7◦, and 68.9◦ indexed to 101, 004, 101,
105, and 211 planes (respectively), which can be attributed to the Anatase phase. Likewise,
the Ce-TiO2/chitosan has diffraction peaks reflecting at the 2θ of 25.3◦, 37.9◦, 48.1◦, 54.1◦,
62.7◦, and 75◦, indicating for a well crystallized form. Also, it is very clear from the XRD
pattern that the Ce-TiO2/chitosan composite has similar peaks to that of Ce-TiO2 but with
a slight reduction in the peak intensity followed by the disappearance of the diffraction
peak of Chitosan. Additionally, it can be interesting to note that the final nano-composite
structure of the Ce-TiO2/chitosan sample did not change much as compared to the native
Ce-TiO2 core, thereby confirming the maintenance of the same core characteristics and
success of the synthesis procedure [19,20].
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The UV-Vis spectroscopy of as-synthesized Ce-TiO2/chitosan nanocomposite is pro-
vided in Figure 2A and from the graph, the sample exhibits an absorption band ranging
from 300 to 450 nm which corresponds to the absorption property of a semiconductor
material [20]. Also, the Ce-TiO2/chitosan nanocomposite absorption peak revealed that
the chitosan loading can influence (in our case, reduce) TiO nanoparticles absorption
wavelength to a little extent. One possible explanation for such observation is that the
chitosan molecules are in the vicinity of TiO2, allowing for the absorption and capturing
of electrons nearby. In this way, chitosan availability can control the light energy required
for the transition of electrons in TiO2 and at the same time, reduces TiO2’s tendency of fast
electron-hole recombination. Therefore, the observation of increased absorbance from the
Ce-TiO2/chitosan nanocomposite material turned out to be due to chitosan presence which
could also achieve improved absorption performance of TiO2 to some extent, where they
all can affect the photocatalytic property [21]. Further, Tauc’s plot provided in Figure 2B
indicates that the band gap energy of Ce-TiO2/chitosan nanocomposite is 2.92 eV. Tauc
formula used to find the bandgap energy is:

(αhγ)
1
2 = β

(
hγ− Eg

)
.

where Eg is the optical band gap, h the Planck’s constant, ν the incident photons, β a
constant of the band tailing parameter, and γ is the index.
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Figure 2. UV-Vis spectral analysis (A,C) and Tauc plots (B,D) of Ce-TiO2/chitosan nanocomposite
and Ce-TiO2 nanoparticles respectively.

The surface functionality and molecular nature of Ce-TiO2 and Ce-TiO2/chitosan
nano-composite were studied using the FTIR spectroscopy, where Figure 3A,B shows
the FTIR spectra of Ce-TiO2 and Ce-TiO2/chitosan nanocomposite respectively. From
the spectrum, the Ce-TiO2 (Figure 3A) composite contains two bands, one at 3265 cm−1

and the other at 1618 cm−1 which can be ascribed to the –OH stretching and bending
vibration of adsorbed water molecules. Also, the other bands, 752 cm−1 and 802 cm−1

describe the characteristic peak of metal-oxygen, i.e., the Ti-O vibration [22,23]. However,
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for the Ce-TiO2/chitosan nanocomposite (Figure 3B), the broad peak at 3285 cm−1 is from
the presence of N–H stretching. The absorption bands at 2957 cm−1 and 2880 cm−1 are
ascribed to the alkyl C–H stretching and carboxylic O–H stretching vibrations. Similarly,
the peak at 1636 cm−1 ascribes the presence of amide from the chitosan molecules, and
at the same time, the characteristic peaks at 1145 cm−1 and 1037 cm−1 corresponds to
the C–N and C–O stretching vibrations. The peak at 743 cm−1 from the Ti–O bond also
persists in the nanocomposite, while the peaks appearing below 500 cm−1 can be attributed
to the Ti–O–Ce band, thereby confirming the successful formation of Ce-TiO2/chitosan
nanocomposite [24,25]. Moreover, these characteristic peaks of the Ce-TiO2/chitosan
nanocomposite indicate that the hydrogen bonding in chitosan molecules can become
stronger following the formation of the Ce-TiO2/chitosan composite. Together with the
TiO2 metal oxide, the presence of amide, amine, and hydroxyl functional groups influence
the physicochemical and architectural changes to the Ce-TiO2/chitosan composite that can
aid in the efficient removal of dyes by photodegradation processes [26].
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Figure 3. FT-IR spectral studies of Ce-TiO2 (A) and Ce-TiO2/chitosan nanocomposite (B).

Brunauer-Emmett-Teller (BET) analysis was employed to investigate the specific sur-
face area of the synthesized nanocomposite. Figure 4A–D compares the specific surface area
of pure Ce-TiO2-Ce and Ce-TiO2/chitosan nanocomposite. The N2 adsorption-desorption
graph of Ce-TiO2/chitosan nanocomposite under low relative pressure (P/P0) conditions
indicates the non-overlap of desorption graphs and this unusual case could occur with
meta-stable agents like chitosan [26]. Such an observation can be attributed to the mainte-
nance of interconnected pores by the composite and resembles a tinted bottle with evenly
distributed pores. With this structure of nanocomposite, the process of desorption can occur
through the percolation mechanism involving the outflow of gas phase from the pores [27].
Under low-pressure conditions, the re-strained/accumulated gasses in the sample pores
can get released simultaneously, thereby resulting in an indication of desorbed gases than
that of adsorbed in the adsorption–desorption graph. Although the other agents like TiO2
and Ce are available, they are all covered by the chitosan biopolymer, where the pore vol-
ume and its average diameter were determined by the BET isotherm method and the values
tabulated in Table 1. From the analysis, the specific surface area for the Ce-TiO2/chitosan
composite was calculated to be 162 m2/g while for Ce-TiO2 it is 114 m2/g [28].

Table 1. Pore volume and size of Ce-TiO2 and Ce-TiO2/chitosan nanocomposite.

Sample Surface Area (m2/g) Pore Volume (cm3/g) Pore Size (nm)

Ce-TiO2/chitosan 162 0.540 4.5955

Ce-TiO2 114 0.031 2.28
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The surface morphology of the Ce-TiO2/chitosan nanocomposite is further confirmed
by the FESEM analysis. Figure 5 shows the SEM image of Ce-TiO2/chitosan nanocomposite
(A), compared to that of pure chitosan (B) and naked Ce-TiO2 nanoparticles (C) at different
magnifications. As observed from the FESEM of nanocomposite (Figure 5A), the chitosan
biopolymer with its porous structure is completely covering the non-porous, crystalline
Ce-TiO2 nanoparticles (Figure 5C). All the single crystals of Ce-TiO2 are mostly covered
by the chitosan biopolymer in such a way that the Ce-TiO2 nanoparticles have been fully
distributed onto the matrices of chitosan. This conjugation has led to an improvement
in the porosity and associated total surface area of nanocomposite as compared to the
individual samples of naked Ce-TiO2 and pure chitosan, thereby providing a solid support
for the photocatalytic process to efficiently occur at its surface [29].
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The purity and elemental composition of as-prepared Ce-TiO2/chitosan nanocompos-
ite was further confirmed by the electron diffraction analysis by X-rays (EDAX) spectra,
where the analysis related to the elements of Ce, Ti, C, and O is provided in Figure 6. From
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the graph, the appearance of elemental peaks at the respective positions confirms their
availability in the nanocomposite. The analysis indicated that the weight percentage of
Ce is 0.5%, Ti is 55.44%, C is 1.41%, and O is 39.81%. Table 2 denotes the elements present
along with their weight percentages in the nanocomposite. In this, the availability of a
high amount of Ti (more than 50%) within the stable chitosan matrix provides preliminary
evidence for the potential effects of photocatalysis mediated by the Ti element [30].
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Table 2. EDAX of Ce-TiO2/chitosan nanocomposite.

Element Energy (keV) Mass % Atom %

C 0.277 1.41 3.04
O 0.525 39.81 64.49
P 2.013 2.85 2.38
Ti 4.508 55.44 30.00
Ce 4.837 0.50 0.09

Total 100.00 100.00

The Ce-TiO2/chitosan nanocomposite’s morphological features were further examined
by the TEM analysis and the particle image is shown in Figure 7. From the graph, the
particles appear to be in uniform size and are fully agglomerated because of the availability
of biopolymer of chitosan which has the nature of totally covering Ce/TiO2 nanoparticles
surfaces [31].
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2.2. Photodegradation Studies
2.2.1. Influence of Dye Concentration and Contact Time

Studying the effects of the initial concentration of the photocatalyst material on dye
degradation under light irradiation is essential for practical applications. Therefore, we inves-
tigated the photocatalytic behavior of TiO2, and Ce-TiO2, and compared them with that of
Ce-TiO2/chitosan. Figure 8 provides the comparative studies of RhB degradation under the
photocatalytic influence of TiO2, Ce-TiO2, and Ce-TiO2/chitosan with constant catalyst amount
(20 mg/100 mL), dye concentration range of 10 to 80 ppm, and irradiation time (80 min).
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Figure 8. Comparison of the effects of changes in the initial RhB dye concentration (10–80 ppm)
under UV irradiation of Ce-TiO2/chitosan composite along with pure TiO2 and Ce-TiO2.

From the graph, the percentage (%) degradation of RhB dye is decreasing significantly
with that of an increased amount of initial dye concentration for all three catalysts (TiO2,
Ce-TiO2, and Ce-TiO2/chitosan). Such decreased catalytic activity has already been noticed
in several investigations where the increase of target pollutant concentration leads to the ad-
sorption of more and more molecules at the surface of the photocatalyst, causing a decrease
in the light-harvesting ability and thus reduced photodegradation rate. The decreased
photocatalytic activity may be due to (i) a very high concentration of dye molecules to serve
as an inner filter that causes the diversion of incidence light photons at the catalyst surface,
(ii) no or limited production of oxidative free radicals to participate in a catalyst mechanism,
and (iii) blockage of active surface sites to participate in a catalytic reaction by the highly
concentrated dye molecules [32]. Also, the results indicated that the Ce-TiO2/chitosan
composite possessed a higher efficiency towards the RhB dye degradation under UV light
irradiation than the corresponding Ce-TiO2 and TiO2. Such an observation may be from
the combined effects of chitosan porosity, and its supportive nature to localize the dye
molecules for longer periods.

2.2.2. Effect of Catalyst Dose on the Photocatalytic Degradation of RhB Dye

The optimization of catalyst amount and its dosage is very much necessary to avoid
the usage of excess catalyst and at the same time, this ensures the complete absorption
of irradiated light photons for effective photo mineralization. Also, the usage of optimal
catalyst amount is governed by many different parameters like the reactor geometry, type
of dye, its concentration, power of excitation source, and catalyst’s definite amount.

Figure 9 compares the effect of Rh B dye degradation using TiO2, Ce-TiO2, and Ce-
TiO2/chitosan when analyzed by varying the catalyst amounts and keeping other parame-
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ters constant (initial dye concentration of 40 ppm, irradiation time of 90 min, and pH of
6.5) under UV irradiation. From the graph, the plot of % dye removal versus catalyst dose
seems to be exponential towards RhB dye degradation for all the catalysts and among those
three, the chitosan-based composite has very high activity followed by Ce-TiO2 and the
pure TiO2 has the least activity. This increased activity at higher catalyst doses may be due
to the availability of a greater number of active sites at the catalyst surface than that of
dye molecules to undergo degradation. Also, in the case of a lower catalyst amount, the
availability of limited active sites accessible at the adsorbent surface is needed when high
dye molecules are present, resulting in a reduction of rapid solute adsorption. Moreover, it
is to be pointed out that the catalyst dose significantly affects the number of active sites
on the photocatalyst and the incident light penetration through the suspension [33]. A far
increase in the total number of active sites may also cause a negative effect by decreasing
the incident light penetration due to the strong shielding effect.
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Figure 9. Comparison of % removal of RhB dye among the three different photocatalysts of TiO2,
Ce-TiO2, and Ce-TiO2/chitosan as against the changes in catalyst dosage (5–30 mg).

2.3. Effect of Solution pH on RhB Degradation

The pH range of wastewater from the textile industry is typically very large. One of
the most significant factors that affect the photo-oxidation processes and one that frequently
affects dye wastewater properties is pH. Figure 10 compares the RhB dye degradation
characteristics under varying pHs in the range of 3–8 with three different catalysts (TiO2, Ce-
TiO2, Ce-TiO2/chitosan). For the photocatalytic reaction, all other experimental conditions
were maintained constant like 40 ppm of initial dye concentration, 20 mg of catalyst, and
90 min of irradiation time.

As observed from the graph (Figure 10) the % of RhB dye decolorization is increased
concerning an increase of solution pH for all three catalysts under UV light irradiations
and very high for the Ce-TiO2/chitosan nanocomposite as compared to the other two.
In general, TiO2 possesses a 6.2 point of zero charges (PZC) and its surface gets positive
charges accumulation under acidic conditions (pH < 6.2), while negative charges in the
alkaline environments (pH > 6.2). However, RhB dye molecules possess positive charges
because of the presence of amine groups in their structure and these groups get ionized in
water solvent. The dye molecules in these ionic conditions possess electrostatic attraction
towards the composite surface in the basic media and at the same time forbidden in
the acidic media due to the columbic repulsion among the two positively charged TiO2
particles and the dye molecules. Thus, the reaction rate of RhB dye degradation catalyzed
by Ce-TiO2/chitosan reaches its maximum at a very high pH (i.e., basic environment) [34].
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Figure 10. Comparison of % removal of RhB dye in the presence of three different catalysts under the
influence of light irradiation with varying solution pHs.

2.4. Effect of Irradiation Time on the RhB Dye Degradation

In general, for any photocatalytic reaction, the irradiation or contact time plays a
very important role in the efficacy of the degradation process and so we have applied
varied irradiation times for the decomposition of RhB dye. Figure 11 compares the RhB
dye removal (standard of 40 ppm concentration) under the varying conditions of UV light
irradiation times (viz., 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 min) with a constant catalyst
dose of TiO2, Ce-TiO2, or Ce-TiO2/chitosan (20 mg per 100 mL). It has been observed from
the graph that the photo decoloration (%) of RhB dye increases with time increase for all
three catalysts and is very high for the Ce-TiO2/chitosan nanocomposite as against the
other two. This observation can be linked to the high rate of light absorption originating
from the chitosan presence in the nanocomposite in addition to the prolonged irradiation
times, where this continuous absorption can efficiently break the dye molecules due to the
action of electron-holes formation without undergoing any recombination [35].
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Figure 11. Parameters of the effect of irradiation time on RhB dye degradation under UV irradiation
onto pure TiO2, Ce-TiO2, and Ce-TiO2/chitosan nanocomposite (Initial dye concentration: 40 ppm;
Dose: 10 mg; pH: 6.5).
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2.5. Assessment of Photodegradation Kinetics

Figure 12 compares the UV–Vis absorption spectrums of RhB dye with regards to
changes in the irradiation time (in the range of 0–90 min) when Ce-TiO2/chitosan nanocom-
posite is available as a photocatalyst. As shown in the figure, the increased time frame
of UV light irradiation leads to a continuous reduction in the absorbance of RhB dye
with the Ce-TiO2/chitosan composite as a catalyst and the decreased absorption band
intensity for the dye is an indication of the degradation process. As shown in the figure,
the disappearance of RhB dye’s characteristic peak at 483 nm after 100 min of UV light
irradiation depicted that the dye had been degraded completely by the Ce-TiO2/chitosan
composite catalyst [36]. This indicates that the Ce-TiO2/chitosan composite catalyst has
greater photocatalytic activity than that of Ce-TiO2.
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Figure 12. Comparison of changes in the UV–Vis absorption spectrum of RhB dye in the presence of
Ce-TiO2/chitosan nanocomposite catalyst with varying irradiation time in the range of 0–90 min.

Figure 13 provides the comparison of photocatalytic degradation kinetics among the
three catalysts of TiO2, Ce-TiO2, and Ce-TiO2/chitosan under UV light irradiation, where
the reaction indicated to follow first-order kinetics of Langmuir–Hinshelwood (L-H) law of
heterogeneous reaction concerning the time (t) of irradiation.

ln

(
C0

C f

)
= Kapp t

where, C0—initial dye concentration, Cf—final dye concentration at time t, t the irradiation
time, and Kapp the apparent first-order rate constant.

For the three catalyst samples, the values of ln(C0/Ct) were plotted against time
(min), where the obtained plots were found to be linear (Figure 13). Table 3 provides the
comparison of rate constant values obtained from the slopes of RhB degradation for TiO2,
Ce-TiO2, and Ce-TiO2/chitosan composite.
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Table 3. First-order kinetic rate constant (k) and regression coefficient (R2) of RhB dye degradation
under UV light irradiation.

Photocatalyst Rate Constant (k) R2

TiO2 0.0207 0.907
Ce-TiO2 0.0598 0.938

Ce-TiO2/chitosan 0.1013 0.999

Figure 14 provides the comparison of first-order kinetic rate constants for the three
sample catalysts of pure TiO2, Ce-TiO2, and Ce-TiO2/chitosan. From the comparison
of results, the Ce-TiO2/chitosan composite catalyst has a high-rate constant value as
compared to the other two catalysts (TiO2 and Ce-TiO2), indicating the occurrence of higher
photocatalytic activity towards RhB degradation under sunlight. Such an observation
of enhanced catalytic activity as against pure TiO2 and Ce-TiO2 originating mainly from
the active role played by both compounds of Ce and chitosan has enormous support
for the upregulation of light absorption capacity and at the same time incorporating the
effective mechanism of electron acceptor-transporter ability within the composite [37]. This
entire phenomenon may have effectively blocked the re-accommodation of charges and
stimulated the transfer of charges within TiO2.
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2.6. Photodegradation Mechanism

In the Ce-TiO2/chitosan nanocomposite, the active photocatalytic behavior of the TiO2
core can be enhanced by the availability of metal Ce as well as chitosan. In general, Ce metal
and the biopolymer of chitosan have the capacity to offer multifunctional characteristics,
i.e., the Ce can trap the excited electrons from the TiO2 core while chitosan serves as an
energy harvester so more light energy can get absorbed from the UV light source. The
combination of these two phenomena like the trapping of excited electrons and the light-
harvesting mechanism slows down the recombination of electron-hole and at the same time
the formation of O2

•− gets increased which has the capacity to eventually degrade the dye
pollutants, in our case the RhB dye. Oxygen molecule scavenges the electrons generated
by the O2

•− and OH• species. The holes are attacked by the water molecule available at
the valence band of core TiO2 and thus support the generation of OH radicals. It acts as
a strong oxidant for the complete mineralization of organic pollutants. Hence the RhB
molecules in the solution can get hunted by the oxidative radicals to form some intermediate
compounds, the mineralized products of non-toxic nature towards the environment and
the aquatic life. The reaction mechanism is represented schematically in Figure 15 [38–40].
The following are the suggested reactions responsible for the degradation of the RhB dye
using Ce-TiO2/chitosan nanocomposite.

Ce-TiO2/chitosan + hγ→ Ce-TiO2 (e− + h+) + Chitosan

Ce-TiO2 (e− + h+)/chitosan→ Ce-TiO2 (h+) + Chitosan (e−)

Chitosan (e−) + O2 → Chitosan + O2
•−

Ce-TiO2 (e−) + O2 → Ce-TiO2 + O2
•−

O2
•− + 2 H2O→ H2O2 + 2 OH + O2

H2O2 + O2
•− → OH• + OH− + O2

−

Ce-TiO2 (h+) + H2O or OH− → Ce-TiO2 + OH•

OH• + Dye→ CO2 + H2O (mineralized product)

Dye + h+ (VB)→ oxidation products

Dye + e− (CB)→ reduction products

Catalysts 2023, 13, x FOR PEER REVIEW 15 of 19 
 

 

Ce-TiO2 (h+) + H2O or OH− → Ce-TiO2 + OH• 

OH• + Dye → CO2 + H2O (mineralized product) 
Dye + h+ (VB) → oxidation products 
Dye + e− (CB) → reduction products 

 
Figure 15. Schematic representation of the photodegradation mechanism at the surface of 
Ce-TiO2/chitosan nanocomposite (from the figure, * corresponds to an excited state of oxygen). 

3. Materials and Methods 
3.1. Chemicals 

All chemicals such as titanium dioxide (TiO2), titanium isopropoxide (TTIP), Chi-
tosan, Cerium nitrate Ce(NO3)2, and ethanol were purchased from Sigma–Aldrich 
(Banglore, India) with 98% purity. It was used as received without further purification 
and the solvents used were analytical grade. Distilled water was used as a solvent in all 
the preparations. 

3.2. Synthesis of Ce-TiO2 Loaded Chitosan 
For the synthesis of Ce-TiO2/chitosan nanocomposite, the hydrothermal method was 

employed and for that, about 3 g of chitosan was dispersed in 20 mL of anhydrous eth-
anol in a beaker. The mixture was then stirred using a magnetic stirrer for 3 h to obtain an 
anhydrous suspension of chitosan. Now, 100 mL aqueous Ce(NO3)2 (0.085 M) was added 
drop-wise to the earlier prepared chitosan suspension with continuous stirring, followed 
by the addition of 50 mL methanol (24.44 M) and continued the vigorous stirring for an-
other 2 h. At this stage, a color change from white to pale yellow can be observed. To this 
suspension mixture, a dropwise addition of 3.5 mL of TTIP at a ratio of not exceeding 20 
drops per minute was performed. After the complete addition, the magnetic stirring was 
maintained for another 5 h, and at the end, the precipitate of Ce-TiO2 nanoparticles 
formed were collected by centrifugation, washed with ethanol and distilled water, and 
dried at 50–100 °C with the use of hot air oven. The powdered sample obtained is yellow 
which was subjected to calcination at 900 °C for 9 h to finally generate the faint yel-
low-colored product [41]. 

  

Figure 15. Schematic representation of the photodegradation mechanism at the surface of Ce-
TiO2/chitosan nanocomposite (from the figure, * corresponds to an excited state of oxygen).



Catalysts 2023, 13, 1506 14 of 17

3. Materials and Methods
3.1. Chemicals

All chemicals such as titanium dioxide (TiO2), titanium isopropoxide (TTIP), Chitosan,
Cerium nitrate Ce(NO3)2, and ethanol were purchased from Sigma–Aldrich (Banglore, India)
with 98% purity. It was used as received without further purification and the solvents used
were analytical grade. Distilled water was used as a solvent in all the preparations.

3.2. Synthesis of Ce-TiO2 Loaded Chitosan

For the synthesis of Ce-TiO2/chitosan nanocomposite, the hydrothermal method was
employed and for that, about 3 g of chitosan was dispersed in 20 mL of anhydrous ethanol
in a beaker. The mixture was then stirred using a magnetic stirrer for 3 h to obtain an
anhydrous suspension of chitosan. Now, 100 mL aqueous Ce(NO3)2 (0.085 M) was added
drop-wise to the earlier prepared chitosan suspension with continuous stirring, followed by
the addition of 50 mL methanol (24.44 M) and continued the vigorous stirring for another
2 h. At this stage, a color change from white to pale yellow can be observed. To this
suspension mixture, a dropwise addition of 3.5 mL of TTIP at a ratio of not exceeding
20 drops per minute was performed. After the complete addition, the magnetic stirring was
maintained for another 5 h, and at the end, the precipitate of Ce-TiO2 nanoparticles formed
were collected by centrifugation, washed with ethanol and distilled water, and dried at
50–100 ◦C with the use of hot air oven. The powdered sample obtained is yellow which
was subjected to calcination at 900 ◦C for 9 h to finally generate the faint yellow-colored
product [41].

3.3. Photodegradation Studies

The catalytic efficacy of our synthesized Ce-TO2/chitosan nanocomposite under the
influence of UV light was evaluated against the RhB dye degradation, following exposure
to direct sunlight for a specified time interval. In this study, the stock solutions of RhB dye
with required concentrations were prepared using double distilled water as solvent. For
the reaction, 100 mL of the known concentration of RhB dye solution was taken in a photo
reactor vessel and then added with the required amount (weighed exactly) of photocatalyst
(either of TiO2, Ce-TiO2, or Ce-TiO2/chitosan nanocomposite). The reaction mixture was
subjected to stirring on a magnetic stirrer for 5 min and then exposed to sunlight directly
for a specific time frame. After the period, the solution mixture was collected from the
reaction vessel, and the suspended solid particles were separated using centrifugation. The
amount of unreacted RhB that is remaining in the solution was measured by analyzing the
sample using the spectrophoto colorimetric technique, where the absorption wavelength in
the range of 550–570 nm was applied on a spectrophoto colorimeter. Preliminary studies
of dark experiments (without the requirement of light irradiation) were performed first to
understand the time frame required to achieve the adsorption–desorption equilibrium of
all the catalyst samples (TiO2, Ce-TiO2, and Ce-TiO2/chitosan) and also to define t = 0 for
the photocatalytic reactions (instant to turn on the irradiation). One point must be kept in
mind that the RhB dye itself has some light absorption capacity to undergo self-degradation
and this level is negligible as compared to the photocatalyzed RhB degradation.

The following relationship was used to calculate the extent of RhB dye that got
removed (degraded) by the nanocomposite,

Percentage (%) dye removal (R) = (Ci − Cf)/Ci × 100

where, Ci = initial dye concentration (in ppm); Cf = finial dye concentration (ppm) at a
specified time interval.

3.4. Instrumental Analysis

The particle sizes and shape were analyzed using the TEM where the sturies were
performed on a TECNAI-G (model T-30) S-twin high-resolution transmission electron
microscope (FEI Company, Hillsboro, OR, USA) operated at an accelerating voltage of
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300 kV. Likewise, the surface morphological features of Ce-TiO2/chitosan nanocomposite
were analyzed using the SEM analysis and for that, the HITACHI SU6600 instrument
operating at an accelerating voltage of 1.5 kV (Hitachi High-Technologies Corporation,
Tokyo, Japan) was employed. The surface bonding was investigated using the FTIR
spectra and was recorded using BRUKER TENSOR 27 (Bruker, Billerica, MA, USA) in the
wavenumber region of 4000–400 cm−1, a resolution of 4 cm−1 was selected. The nature of
the optical properties of the composite was studied using UV-Vis spectroscopy and for that,
TECHCOMP UV-Vis 8500 double-beam spectrometer (TECHCOMP Limited, Kowloon,
Hong Kong) was used. The crystallinity and crystal structure were studied using the
powdered XRD and the patterns recorded at room temperature using Bruker D8 advanced
X-ray diffraction system with Cu-Kα radiation (Bruker, Billerica, MA, USA).

The experiments related to photocatalytic dye degradation under the influence of
Ce-TiO2/chitosan nanocomposite were carried out by the direct exposure of sample tubes
to the sunlight for specified time intervals at our college (summertime in April and May,
time of 11:30 a.m. to 1:30 p.m.; Latitudes and longitudes of 9◦27′ N and 77◦47′ E respec-
tively). Under the tested conditions, the average sunlight intensity was found to be around
1200 Wm−2. At the end of each reaction, the residual concentration of RhB dye was mea-
sured using the UV-Vis spectrophotometer (ELICO SL 207 MINI SPEC, Hyderabad, TS,
India) set at the specified absorption and emission wavelengths of RhB dye. Also, the dye
solution pH was measured by making use of a digital pen pH meter (Hanna instrument,
Vila do Conde, Portugal).

4. Conclusions

In conclusion, the nanocomposite of TiO2-Ce/chitosan was successfully fabricated
using a hydrothermal process to have a high level of photocatalytic activity toward the
degradation of dye pollutants released at the industrial sites. Following the physical
characterization of the nanocomposite, the RhB dye degradation studies have witnessed
the highly supportive nature of Ce in terms of promoting electron excitation and its transfer
properties towards the base TiO2. Likewise, the availability of chitosan biopolymer in the
fabricated nanocomposite has improved the active surface area and also enhanced the
UV light harvesting ability of the Ce-TiO2 core, where all these factors have supported a
significant enhancement in the photocatalytic efficacy as against the other two catalysts
of pure TiO2 and bare Ce-TiO2. Overall, the results (Tauc plots) of the current study stress
the importance of incorporating Ce and chitosan along with TiO2 in terms of reducing
the absorption wavelength and improving the porosity. Such an improvement in the
functional properties of the nanocomposite can turn it into an effective photocatalyst that
can degrade organic dye pollutants and sustainably purify industrial wastewater. We
believe that the developed nanocomposite of biopolymer not only opens new horizons in
the field of heterogeneous photocatalysis but also supports multiple applications in solar
cells, biosensors, anticorrosive coatings, electro-chromic devices, etc.
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