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Abstract 

Organic compounds are one of the most severe pollutants occurring in the environment. 

Hence, it is important to remove these compounds from the environment through 

remediation processes such as photocatalysis. The present study investigated the 

photocatalytic degradation of p-nitrophenol (NP) and phenol red (PR) using a cerium oxide-

titanium oxide nanocomposite (CeO2-TiO2nc) under UV light. CeO2-TiO2nc was synthesized 

using the co-precipitation method. An X-ray diffraction (XRD) analysis confirmed the phase 

purity of the material. A UV-Vis absorption study revealed a broad peak in the 250–310 nm 

region. The photocatalytic study was performed under three irradiation conditions: no light, 

visible light (λ > 400 nm), and UV light (λ < 400 nm). The maximum degradation percentage 

for NP and PR was 97.3% and 99.8%, respectively, with the reaction rate constant (k) of 0.42 

and 0.54, respectively. This is the first study to utilize the synergistic effects of TiO2 and CeO2 

for degrading NP and PR. Over 97% degradation was achieved for both the compounds in 80 
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min; this result shows the high photocatalytic activity of CeO2-TiO2nc. Thus, CeO2-TiO2nc can 

be used as a cost-effective adsorbent with a high capacity to degrade harmful organic 

compounds. 
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1. Introduction 

Pollutants generated from various industries are a major threat to the environment. Among 

these pollutants, persistent organic pollutants (POPs) are substances with critical environmental 

concern because of their toxicity, potential carcinogenicity, high chemical stability, and 

nonbiodegradability [1, 2]. Because of these characteristics, POPs are widely distributed in water 

bodies and remain in living beings for prolonged time periods. Wastewater from textile processing 

plants contains various dyes at concentrations ranging from 10 to 200 mg L-1, which are 

carcinogenic. Some of the natural coloring dyes do not tightly bind to the surface of textile 

products and are released into water bodies. The amount released could vary from 2% for basic 

color compounds to 5% for highly reactive coloring compounds, thereby leading to severe 

discoloration of surface and ground waters near the coloring dye industries [3, 4]. A survey of the 

toxicological properties of wastewater effluents showed that coloring dye industries release highly 

toxic chemicals in water when compared with other industries. Some of the highly toxic chemicals 

released as waste materials from industries include carbon-based toxic compounds such as 

dibenzofurans, polychlorinated dibenzo-p-dioxins, and polychlorinated biphenyls and 

organochlorine pesticides such as dichloro-diphenyl-trichloroethane, hexachlorobenzene, 

dibenzo-p-dioxins, and dibenzo-p-furans [5]. These organic products are also discharged into the 

surrounding environment as byproducts of processes such as waste disposal and metal 

production.  

Few organic products can also bioaccumulate and bio-magnify in the environment. Several 

studies have investigated various treatment methods to eliminate highly toxic compounds from 

water, including ozonation, precipitation, ion exchange, adsorption, advanced oxidation, and 

reverse osmosis; however, some of these methods are not feasible because of their high cost [6]. 

Coloring dyes are classified into several categories, such as acidic dyes, basic dyes, direct dyes, 

fluorescent dyes, sulfur dyes, reactive dyes, and precursor dyes. Currently, we are focusing on 

acidic dyes. Acidic dyes are water-soluble compounds with a carboxylic acid group or sulfonic acid 

group in their molecules. Based on chemical constituents, acidic dyes include azo compounds, 

triarylmethanes, anthraquinones, nitro compounds, iminoacetone, quinolines, and nitrous 

compounds. Azo dyes are characterized by an azo group (-N=N-) present in varying numbers. 

These groups are linked by phenyl and naphthyl radicals to functional groups such as chlorine, 

amino, hydroxyl, nitro, methyl, sodium salts, and sulfonic acid [7-9]. Consequently, azo 

compounds with functional groups are considered mutagenic and carcinogenic [10-12]. Several 

research studies have shown that the release of such compounds into the environment is alarming 

because their toxicity could pose a life-threatening risk to the exposed organisms. Presently, 
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several studies are being conducted on the degradation of organic compounds through physical 

processes such as flocculation; adsorption; use of silica gel, activated charcoal, and wood chips; 

membrane filtration, UV radiation; ion exchange technique; coagulation through electrokinetics; 

and filtration [13]. Chemical processes such as oxidation, Fenton reaction, ozonation, and 

photochemical processes are also being used for organic compound degradation [14-16]. The 

adsorption and membrane filtration techniques create secondary wastes that need further 

treatment. These challenges have led researchers to consider advanced processes and biological 

methods to effectively treat dye-containing wastewaters. These processes use strong oxidizing 

agents (Fenton process/H2O2) or metal oxide-based photocatalysts such as titanium dioxide (TiO2), 

zinc peroxide (ZnO2), manganese oxide/manganese dioxide (MnO/MnO2), and ferric oxide (Fe2O3) 

in the presence of light irradiation [17-22]. Biological methods have also been used as they are 

environment friendly, result in the complete mineralization of organic pollutants, and involve the 

generation of (OH) radicals that enable the destruction of hazardous pollutants [23].  

TiO2 has been used for the photocatalytic degradation of several organic and inorganic 

contaminants in water. It is economical; has good stability, excellent light adsorption, and low 

toxicity; and can be easily recovered by filtration and centrifugation [24, 25]. However, it has a 

large band gap that restricts its adsorption to the UV range alone. This limitation can be overcome 

by doping or forming composites with different nanoparticles [26, 27]. Rare earth metals and their 

oxides, when combined with TiO2, lead to a red shift by forming inter-band states [28, 29]. Their 

addition reduces electron-hole pair recombination by trapping the electrons in inter-bands and 

accelerating their mobility over TiO2 surface [30, 31]. Cerium (Ce) shows activity in the visible light 

region when combined with TiO2 [32-34]. Cerium oxide (CeO2) is an active rare earth metal oxide 

with excellent stability, easily accessible due to excess quantity, nontoxicity, and economical 

nature [35-37]. It has been used in several different applications such as water gas shift (WGS), 

pollution control, oxygen sensors, solid oxide fuel cells, hydrogen generation, and wastewater 

treatment [38-40]. The catalytic property of CeO2 is based on the formation of Ce3+ defect sites 

and oxygen vacancies. These defect sites reduce electron-hole pair recombination on TiO2 

surfaces, which induces higher efficiency of photocatalytic degradation in UV and visible light 

regions [41]. In the present study, we utilized the synergistic effects of TiO2 and CeO2 for 

degrading azo compounds. 

Azo compounds are nonbiodegradable because of their extreme stability to light irradiation and 

resistance to microbial attack [15]. Organic compounds containing the phenolic group and its 

derivatives are among the common pollutants released from various industries. Among such 

organic compounds, p-nitrophenol (NP) and phenol red (PR) are the most toxic ones. They are 

generated from explosives, textile industries, and military establishments and can contaminate 

soil and water bodies. Hence, a reduction in the amount of NP and PR is very crucial because of 

their anthropogenic, toxic, and inhibitory characteristics. The present study aimed to conduct 

remediation of water polluted with NP and PR dyes by using a CeO2-TiO2 nanocomposite (CeO2-

TiO2nc) through the photocatalysis process [16]. This study is the first in which synergistic effects 

of TiO2 and CeO2 were utilized for degrading NP and PR. Over 97% degradation was achieved for 

both the compounds in 80 min; this shows the high photocatalytic activity of CeO2-TiO2nc. The 

maximum degradation percentage for NP and PR was 97.3% and 99.8%, respectively, and the 

reaction rate constant (k) was 0.42 and 0.54 for NP and PR, respectively. These findings 
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demonstrate that CeO2-TiO2nc can be used as a cost-effective adsorbent with a high capacity to 

degrade harmful organic compounds.  

2. Methods and Materials 

The chemical and reagents used for synthesizing CeO2/TiO2nc were titanium isopropoxide 

(TTIP) (97%, Aldrich Chemicals), isopropanol (99%, Rankem), cerium nitrate hexahydrate (99%, 

Thomas Baker), and sodium hydroxide (98%, Fisher Scientific). A 100 mL solution was prepared 

using deionized (DI) water as the solvent. The precalculated amount, i.e., 5 mL TTIP and 10 mL 

isopropanol, of precursor was mixed with DI water. The gel preparation process was started 

following the mixing of the solutions by vigorous stirring. Hydrolysis of TTIP yielded a turbid 

solution that was heated at 70 °C for approximately 18–20 h. The precipitated sample was then 

collected and washed thrice with ethanol to neutralize the sample. This precipitate was collected 

and dried for 24 h at 80 °C. Finally, the prepared powder was annealed at 400 °C for 2 h. To 

synthesize CeO2 nanoparticles (NPs), Ce(NO3)2·6H2O was added to 100 mL DI water to prepare a 

0.25 M solution. This solution was mixed under regular stirring with the as-prepared TiO2 NPs by 

using the titration method. Following the complete mixing of CeO2 and TiO2 NPs, the solution was 

stirred for some time and then dried at 80 °C for 4 h. The resultant CeO2-TiO2nc was then calcined 

at 400 °C for 4 h. 

The structural and optical properties of CeO2-TiO2nc were studied using an X-ray diffractometer 

(Rigaku MiniFlex) and a UV-Vis spectrometer (T90+, PG Instruments Ltd.). Solutions of NP and PR 

(10 ppm concentration) in 30 mL of DI water were prepared for degradation studies. Next, 30 mg 

of CeO2-TiO2nc was added to 30 mL of the NP and PR solutions separately in two beakers. The 

photocatalytic study of NP and PR compounds were performed under three irradiation conditions: 

without light, visible light (λ > 400 nm) generated through a 100 W power bulb (Philips), and UV 

light (λ < 400 nm) generated through a 300 W power bulb (Osram). The beaker was positioned 15 

cm from the two bulbs. Next, 4 mL of sample was collected at regular intervals of 0, 20, 40, 60, and 

80 min in micro centrifuge tubes. The tubes were then centrifuged (Eppendorf Centrifuge 5424R) 

to obtain a supernatant. UV-Vis spectra were acquired with a UV-Vis spectrometer to study the 

sequential degradation of NP and PR compounds. The reutilization of the catalyst was investigated 

by the cyclic photocatalytic study. The used catalyst was centrifuged after the first degradation 

study to remove the adsorbed molecules. The catalyst was then washed 4–5 times using DI water. 

Centrifugation was performed one more time to remove the remaining adsorbed molecules. CeO2-

TiO2nc was further studied for 4 degradation cycles of NP and PR. 

3. Results & Discussion 

3.1 Characterization Results 

Figure 1 shows the X-ray diffraction (XRD) spectra of CeO2/TiO2nc in the range of 10–70°. TiO2 

peaks are indicated by the (*) mark and are positioned at 24.91°, 37.24°, and 62.70° corresponding 

to (101), (004), and (204) planes, respectively. The remaining peaks in the spectra are of CeO2 at 

the positions of 28.01°, 32.72°, 47.24°, 55.97°, 58.56°, and 62.70° corresponding to (111), (200), 

(220), (311), (222), and (400), respectively. The average crystallite size was calculated using the 
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Debye–Scherrer equation as explained in our previously published paper. The average crystallite 

size was 7.15 and 6.25 nm for TiO2 and CeO2, respectively [19, 42]. 

 

Figure 1 XRD pattern of CeO2/TiO2nc. The (*) mark indicates peaks obtained due to 

TiO2 NPs. 

Figure 2 shows the UV-Vis absorption plot for CeO2/TiO2nc. Two small peaks were obtained at 

255 and 305 nm corresponding to TiO2 and CeO2, respectively. The optical band gap (Eg) was 

determined from the absorption profiles of CeO2/TiO2nc by using the Tauc plot given by 
(𝛼ℎʋ)2 = 𝐴(ℎʋ − 𝐸𝑔) 

where α is the absorption coefficient, h is Planck’s constant, n is the frequency of incident light, A 

is the proportionality constant, and Eg is the optical band gap. A large band gap of 3.68 eV was 

noted, which can allow for effective charge carrier separation and less electron–hole 

recombination [43, 44].  

 

Figure 2 UV absorption of CeO2/TiO2nc. The inset shows Tauc’s plot for calculating the 

band gap, which was around 3.68 eV. 

Organic compounds have received considerable attention as harmful aquatic pollutants, and 

hence, studies are being actively conducted to develop novel remediation methods. NP and PR are 

azo compounds and are difficult to degrade because of their chemical properties. In the present 
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study, CeO2/TiO2nc functioned as an excellent photocatalyst under UV light and could degrade 

both NP and PR. 

3.2 Photon-Enhanced Degradation Study of NP and PR Azo Compounds  

Figure 3 displays the photocatalytic activity of CeO2/TiO2nc in (a) dark, (b) visible light, and (c) 

UV light; an excellent degradation rate of 97.3% in 80 min was achieved for NP. Figure 3 (d) shows 

the C/Co plot of plot (c), which clearly indicates that the catalytic activity increased rapidly under 

UV light irradiation. The inset of Figure 3 (d) shows the pseudo-first-order reaction kinetic study.  

 

Figure 3 UV-Vis spectra of NP showing degradation studies (a) without light, (b) with 

visible light (λ > 400 nm), and (c) with UV light (λ < 400 nm); (d) shows a decrease in 

the intensity of NP with time. The inset shows the kinetic study based on pseudo-first-

order for degradation studies under UV light. 

Similarly, Figure 4 displays the photocatalytic activity of CeO2/TiO2nc in (a) dark, (b) visible light, 

and (c) UV light; an excellent degradation rate of 99.8% in 80 min was achieved for PR. Figure 4 (d) 

shows the C/Co plot of plot (c), which clearly indicates that the catalytic activity increased rapidly 

under UV light irradiation. The inset of Figure 4 (d) shows the pseudo-first-order reaction kinetic 

study. 
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Figure 4 UV-Vis spectra of PR showing degradation studies (a) without light, (b) with 

visible light (λ > 400 nm), and (c) with UV light (λ < 400 nm); (d) shows a decrease in 

the intensity of PR with time. The inset exhibits the kinetic study based on pseudo-

first-order for degradation studies under UV light. 

The degradation percentages of NP and PR were calculated using the formulae 

𝑛 =
(𝐶𝑖 − 𝐶𝑓)

𝐶𝑖
× 10 

where 𝑐𝑖 is the initial concentration of the dye and 𝑐𝑓 is the final concentration of the dye. In both 

studies, UV-Vis spectroscopy was used to determine the initial and final concentrations of the dye, 

and the peak was noted at 440 nm. In dark and under visible light conditions, both NP and PR 

showed high intensity, while under UV light, NP and PR concentrations decreased drastically [13, 

14]. In the dark, there was minimal degradation of the dyes; this was primarily because of the 

adsorption of NP and PR on the catalyst surface. Under visible light irradiation, no substantial 

difference in degradation was observed, which could be due to the larger wavelength and less 

energy of visible light that does not cause electron excitation to promote higher photodegradation 

at the surface of the nanomaterials [3, 4, 23]. However, under UV light, more than 97% 

degradation was achieved for both NP and PR; this finding shows that the short wavelength and 

high energy of UV light facilitate CeO2/TiO2nc in the photocatalytic degradation process.  

The kinetics of the photocatalytic degradation of NP and PR and CeO2/TiO2nc can be expressed 

as follows: 

− (
𝑑𝐶

𝑑𝑡
) = 𝐾𝐶 
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where K is the pseudo-first-order reaction rate constant, C is the concentration of dye molecules 

at time t, and t is the reaction time. By integrating the above equation and taking the limits as 𝑐 =

𝑐𝑜 at time t = 0, we obtain 

𝑙𝑛 𝑙𝑛 (
𝐶𝑜

𝐶
)  = 𝐾𝑡 

By using the above equation, the pseudo-first-order rate constant for both the studies have 

been tabulated in Table 1.  

Table 1 Values of R square and K for NP and PR dye degradation under UV light. 

S. No. Compound R2 k value (s-1) 

1. NP 0.95 0.42 

2. PR 0.88 0.54 

3.3 Mechanisms of NP and PR Degradation 

Figure 5 shows the mechanism of photocatalysis. Commonly, in semiconductors, electrons are 

excited from the valence band (VB) to the conduction band (CB) in the presence of light, which 

leads to a redox reaction [45]. In the present case, there are different band positions because of 

the CB and VB of CeO2 and TiO2. Based on the band gap, both CeO2 and TiO2 are considered 

semiconductors [46, 47]. Under irradiation with UV light, both these semiconductors are excited, 

which leads to the production of photogenerated electrons and holes. These photogenerated 

electrons are excited and reach the CB, while the photogenerated holes remain at the VB. The 

difference in electronegativity between CeO2 and TiO2 leads to a transfer of electrons from the 

conducting materials to the surface of NP and PR. On the surface of NP and PR, redox reactions 

occur, which leads to the degradation of the dye due to the generation of OH˙ radicals. The 

electrons from the CB of the nanocomposites are responsible for the reduction process, which 

leads to the generation of O2-, and OH° radicals, whereas the VB leads to the oxidation process and 

generation of OH° and OH- radicals, which further recombine with the functional groups of azo 

compounds to break them into smaller harmless compounds. The mineralization process was the 

dominant process for the degradation of NP and PR dyes [48-50]. 



Catalysis Research 2022; 2(4), doi:10.21926/cr.2204039 
 

Page 9/15 

 

Figure 5 Oxidation and reduction mechanisms of CeO2/TiO2nc for generating active 

entities under UV light irradiation. 

3.4 Cyclic Photocatalytic Study 

The cyclic photodegradation study enables determining the reutilization capacity of 

CeO2/TiO2nc for multiple reuses. As shown in Figure 6, CeO2/TiO2nc was reused for four cycles of 

the photocatalytic study. The overall degradation percentage was >80% for NP and PR after four 

cycles of photocatalytic study.  

 

Figure 6 Cyclic photocatalytic study of CeO2/TiO2nc for degrading p-nitrophenol (NP) 

and phenol red (PR). 
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3.5 Comparison of the Current Study with Previously Reported Literature on the Degradation of 

NP and PR Azo Compounds 

Table 2 shows the comparison of our results with the previously reported literature for NP 

degradation. We have chosen papers that investigated the use of TiO2 and its composites for 

degrading NP.  

Table 2 Comparison of the current study results with the previously reported results 

for p-nitrophenol degradation using TiO2-based materials and composites. 

S. No Nanoparticles 
Degradation 

Route 

Degradation 

Time 

Degradation 

percentage 
References 

1. 
Zn-TCPP/Ag doped 

mesoporous TiO2 

Photocatalytic 

degradation 
150 >90% [51] 

2. Cu2O NCs/TiO2 
Photocatalytic 

Degradation 
240 60 [52] 

3. SiO2/Fe3O4/C@TiO2 Fenton Process 260 93 [53] 

4. TiO2-CeO2 
Photocatalytic 

degradation 
80 97.3 This Work 

Table 3 shows the comparison of our results with the previously reported literature for PR 

degradation. Here again, we have chosen papers that investigated the use of TiO2 and its 

composites for degrading PR. Compared to previous studies, by utilizing the synergistic effects of 

CeO2 and TiO2, our present study achieved higher degradation of both NP and PT in less time, 

along with a much simpler synthesis of the nanocomposite. 

Table 3 Comparison of the current study results with the previously reported results 

for phenol red degradation using TiO2-based materials and composites. 

S. No. Nanoparticles Degradation Route 
Degradation 

Time (min) 

Degradation 

percentage 
References 

1. 
Nb(x)/TiO2 

Nanocomposites 
Photocatalytic Degradation 160 94% [54] 

2. TiO2 nanocatalyst Photocatalytic discoloration 120 >90% [55] 

3. 

Nitrogen-Doped 

TiO2/WO3 Nano-

Composite 

Photocatalytic Degradation 180 93.87% [56] 

4. TiO2 particles Photocatalytic Degradation 300 >90% [57] 

5. 

Fe/S Co-Doped 

Titanium Dioxide 

Nanotubes 

Photoelectrocatalytic 

Degradation 
706 >90% [58] 

6. CeO2/TiO2nc Photocatalytic Degradation 80 99.8% This work 
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4. Conclusion 

CeO2/TiO2nc was synthesized by the co-precipitation method. The XRD study confirmed the 

formation of a cubic structure for both CeO2 and TiO2, with an average crystallite size of 7.15 nm 

and 6.25 nm, respectively. UV-vis spectroscopy showed two distinct peaks corresponding to CeO2 

and TiO2, with a band gap of 3.68 eV. The photocatalytic study was performed under three 

irradiation conditions: in the dark, under visible light, and under UV light. The maximum 

degradation rates for NP and PR dyes were 97.3% and 99.8% in 80 min under UV irradiation. The 

mineralization process was the dominant process, and the reaction rate constant was 0.42 and 

0.54 for NP and PR, respectively. These results showcase that CeO2/TiO2nc can be used for the 

photocatalytic degradation of NP and PR under UV light irradiation. Compared to previously 

reported results, by utilizing the synergistic effects of CeO2 and TiO2, we achieved higher 

degradation rates in less time, along with a much simpler process of nanocomposite synthesis. 
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