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Abstract 
In this study, a series of x %CeO2/TiO2 (x= 1, 2, 3, 5 and 10) catalysts were successfully synthesized with Ce(NO3)3.6H2O 
as precursor via a simple wetness impregnation method. The resulting samples were characterized by XRD, FTIR, 
surface area and pore volume measurements, Raman spectroscopy, SEM, and UV-Vis -DRS. These catalysts were used 
for the degradation of the phenol through three types of advanced oxidation processes (AOPs), namely the 
heterogeneous Fenton process (photocatalyst/H2O2), the photocatalysis process (photocatalyst/UV), and the photo-
Fenton process (photocatalyst/UV/H2O2). The 10 % CeO2/TiO2 catalyst showed superior degradation efficiency of 99.05 
%, when used in the heterogeneous photo-Fenton process. To determine the optimal conditions for phenol degradation, 
using the heterogeneous photo-Fenton process, the effects of parameters such as photocatalyst dosage, initial pH, 
phenol concentration, H2O2 volume, and temperature were investigated. The optimal conditions were as follows: 0.1 g 
of catalyst, 0.6 mM of hydrogen peroxide, a reaction temperature of 25 °C, an initial pH of 8, an initial phenol 
concentration of 30 ppm, and a reaction time of 240 minutes. The impact of radical scavengers (such as p-
benzonquinone, silver nitrate, EDTA-2Na and propan-2-ol) on degradation efficiency was also studied. For all three 
oxidation processes, phenol photodegradation could be described by the pseudo-first-order kinetics according to the 
Langmuir-Hinshelwood model. Furthermore, the catalysts could be easily recovered from the reaction solution by 
centrifugation and reused for five cycles without significant loss of activity. 
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1. Introduction  

Phenols, recognized as some of the most toxic 
organic pollutants, are discharged into 
wastewater by numerous industries, including 
agriculture, petrochemicals, textiles, paints, 
plastics, and pesticides [1]. These harmful, 
persistent compounds cause undesirable tastes 
and odors in both ground and surface waters [2-4]. 
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Their toxicity and resistance to biodegradation 
present a significant threat to environmental 
integrity and human health, potentially leading to 
major economic and financial consequences [5,6]. 
With a global annual production of about 7 million 
tons due to widespread industrial applications, 
phenol is found in high concentrations in the 
effluents of industries such as coke ovens, 
phenolic resins, and coal conversion [7]. Even at 
low levels, phenols can be harmful to a variety of 
organisms and can cause severe health issues [8]. 
Consequently, the World Health Organization 
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(WHO) has established strict limits for phenol in 
drinking water, with a maximum permissible 
concentration of 1–2 µg/L [9]. 

Several treatment methods have been 
explored for the removal and degradation of 
phenolic compounds in wastewater, such as 
chemical precipitation [10], separation [11], 
adsorption [10], coagulation [12], and 
biodegradation [13]. However, these methods 
often only lead to partial degradation, shifting 
contaminants between phases and generating 
secondary pollutants that require further 
treatment [14,15]. Recently, advanced oxidation 
processes (AOPs), which use semiconducting 
materials as photocatalysts exposed to light, have 
gained attention for their ability to degrade 
persistent organic pollutants. These 
photocatalysts, such as TiO2, CdS, ZnO, SnO2, and 
CeO2, possess a unique electronic band structure 
with a valence band and conduction band 
separated by an energy bandgap (Eg). When 
photons with energy greater than or equal to the 
bandgap are absorbed, electron–hole (e−/h+) pairs 
are generated within the semiconductor particles. 
These photogenerated carriers migrate, causing 
charge separation and producing strong oxidizing 
agents (e.g., •O2−, e−, h+, and •OH), which initiate 
the degradation of organic pollutants, ultimately 
mineralizing them into CO2, water, and mineral 
acids [16,17]. 

Among these semiconductors, TiO2 is 
particularly efficient, nontoxic, cost-effective, and 
stable over a wide pH range [18-21]. Despite its 
potential, the practical catalytic performance of 
TiO2 is severely restricted by its large band gap 
(3.2 eV for anatase and 3.0 eV for rutile) [22]. 
Additionally, TiO2’s photocatalytic efficiency is 
often limited by a high rate of electron-hole 
recombination [23,24]. Ceria (CeO2), a rare earth 
element, has attracted significant interest for 
environmental remediation due to its high oxygen 
storage capacity (OSC) and thermal stability [25-
27]. Its ability to switch between two oxidation 
states (Ce3+/Ce4+) and form oxygen vacancies 
enhances its redox behavior [25,28-32]. Metal 
doping, such as doping TiO2 with ceria, reduces 
the bandgap energy [33], inhibits electron-hole 
recombination, and broadens the light absorption 
range, thereby improving photocatalytic efficiency 
[34-36]. Although CeO2/TiO2 catalysts have been 
widely investigated, most studies have focused on 
single-process applications. As a result, their 
comparative performance across different 
advanced oxidation processes (AOPs) remains 
insufficiently explored. In particular, there is a 
lack of systematic investigations examining how 
these materials behave when transitioning 
between photocatalytic, Fenton, and photo-
Fenton systems under identical operating 
conditions. Against this backdrop, our results 
reveal the distinctive dual role of CeO2. On the one 

hand, it effectively limits electron–hole 
recombination, and on the other, it actively 
facilitates the activation of H2O2. 

The originality of this work lies in overcoming 
these limitations through a comprehensive 
comparative evaluation of three heterogeneous 
AOPs. Rather than treating the material as a 
simple doped semiconductor, this study highlights 
the dual nature of CeO2, showing that it functions 
both as a promoter of charge separation and as a 
highly efficient catalytic site for H2O2 activation. 
By integrating these mechanistic insights with 
detailed kinetic modeling based on the Langmuir–
Hinshelwood approach, this work offers a clearer 
understanding of the synergistic pathways 
governing the mineralization of phenol. 

In this study, CeO2/TiO2 photocatalysts with 
varying CeO2 loadings (1–10 %) were synthesized 
using liquid impregnation and characterized 
using techniques like Fourier-transform infrared 
spectroscopy (FTIR), powder X-ray diffraction 
(XRD), BET analysis, UV-vis diffuse reflectance 
spectroscopy (DRS), Raman spectroscopy, and 
scanning electron microscopy (SEM). The phenol 
degradation performance of the photocatalysts 
was evaluated using three heterogeneous 
advanced oxidation processes: the heterogeneous 
Fenton (photocatalyst/H2O2), photocatalysis 
(photocatalyst/UV), and photo-Fenton 
(H2O2/photocatalyst/UV) processes. The study 
also explored the synergistic effects of phenol 
degradation in photo-Fenton reactions, varying 
parameters such as photocatalyst dosage, initial 
pH, phenol concentration, H2O2 volume, and 
temperature. UV-Vis spectroscopy was used to 
analyze the photocatalytic degradation results, 
determine optimal conditions, and conduct kinetic 
studies using the Langmuir-Hinshelwood (L-H) 
kinetic model. 

 
2. Materials and Methods 

2.1 Materials 

All chemicals used in the experiments were of 
analytical grade, purchased from Sigma Aldrich 
and used as received without further purification. 
(TiO2, anatase, 97 %, M = 79.87 g.mol⁻¹), 
(Ce(NO3)3.6H2O, ≥ 99 %, M = 434.22 g.mol⁻¹), 
(H2O2, 30 %, M = 34 g.mol⁻¹), (NaOH, 98 %, M = 
40 g.mol⁻¹), (HCl, 37 %, d = 0.789, M = 36.46 
g.mol⁻¹), (C6H6O, M = 94.11 g.mol⁻¹). 

 
2.2. Catalyst Preparation 

The CeO2/TiO2 catalyst was synthesized via 
the incipient wetness impregnation method. First, 
TiO2 (Degussa P25 calcined at 400 °C for 4 h) was 
placed and stirred in water to form a homogenous 
suspension. A proper amount of Ce(NO3)3.6H2O 
was dissolved in 10 mL of distilled water to form 
a transparent solution, and then added to TiO2 
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suspension, with stirring for 24 h at room 
temperature. The mixture undergoes two drying 
processes: first, for four hours in a sand bath at 80 
°C, then overnight at 100 °C in the oven. The 
obtained solids were then calcined at 400 °C in air 
for 4 h with ramp rate of 5 °C /min. The amount of 
CeO2 was varied from 1 % to 10 % by the changing 
the amount of cerium nitrate hexahydrate during 
the synthesis. 

 
2.3. Catalysts Characterizations 

X-ray powder diffraction (XRD) patterns of 
the samples were recorded on a Rigaku D-
MiniFlex Nifil-tered 600 powder X-ray 
diffractometer with Cu-Kα (λ = 1.541874 Å), in the 
2θ range of 20 ° - 80 °, with a step size of 0.03 ° 
and a scan speed of 2 °/min. The N2 physisorption 
measurement was carried out in a Micromeritics 
3flex at 77.35 K. Before the analysis, the catalyst 
samples were degassed at 200 °C for 2 h in 
vacuum. The specific surface area was calculated 
by Brunauer-Emmett-Teller (BET) equation, 
while the pore size and pore volume distributions 
were determined from desorption isotherms using 
Barrett-Joyner-Halenda (BJH) method. Fourier-
transform infrared (FTIR) spectra were conducted 
using an Agilent Technologies Cary 600 FTIR 
spectrometer in the range of 400–4000 cm− 1 using 
KBr pallet method. The UV-vis diffuse reflectance 
spectra (DRS) of the samples in the 200 - 800 nm 
range were recorded on an Agilent Carry 7000, 
Universal Measurement Spectrophotometer 
equipped with an integrating sphere attachment, 
using BaSO4 as the reflectance standard. A 
Hitachi TM1000 Scanning Electron Microscope 
(SEM) was used to characterize the morphological 
features of the synthesized catalysts. The Energy 
Dispersive X-ray (EDX) spectrum of the samples 
was also recorded in the same instrument and the 
chemical composition was studied. The 
measurements of Raman spectroscopy were 
performed at room temperature using HORIBA 
Scientific (LabRAM HR Evolution) Raman 
spectrometer, using a λ = 633 nm laser line as the 
excitation source with spectral resolution of 2 cm–

1 in a scanning range of 20–1000 cm–1. Analytik 
Jena SPECORD 210 PLUS spectrophotometer 
was used to analyze phenol solution samples 
obtained from Heterogeneous Fenton, 
photocatalysis, and photo-Fenton experiments. 
Spectral scanning was acquired between 200 and 
800 nm range at a speed of 20 nm/s. The maximum 
absorbance of phenol was found at 272 nm. 

 
2.4. Degradation Processes 

2.4.1  Heterogeneous Fenton 

Phenol degradation experiments were 
performed in a 250 mL Erlenmeyer flask. 130 mL 
of phenol solution 30 ppm containing 0.1 g of 

catalyst was stirred at ambient temperature for 
60 minutes to achieve adsorption-desorption 
equilibrium. Subsequently, 0.6 mM of 30 % H2O2 
was then added to initiate the reaction. Samples 
(2 mL) were collected every 10 minutes, 
centrifuged, and analyzed for phenol 
concentration by measuring absorbance at 272 nm 
using a UV-Vis spectrophotometer Analytik Jena 
SPECORD 210 PLUS. All experiments were 
conducted in duplicate or triplicate for 
reproducibility. 

 
2.4.2  Photocatalysis 

Photocatalytic degradation experiments were 
performed in a three-neck flask. The 0.1 g of 
catalyst was placed in a volume of 130 mL of 
phenol solution and stirred for 60 minutes in the 
dark until the adsorption–desorption equilibrium 
was obtained. UV irradiation was then carried out 
using a 10 W pen lamp (λ = 254 nm, 6.5 mm 
diameter, 53.8 mm length) enclosed in a quartz 
jacket immersed in the solution. A UV–visible 
spectrophotometer model Analytik Jena 
SPECORD 210 PLUS was used to measure the 
sample absorbance during the manipulation. 

 
2.4.3  Heterogeneous Photo-Fenton 

The experiments carried out in this process 
are similar to those of photocatalysis. However, 
after 60 minutes of stirring in the dark, in 
addition to the illumination by the UV lamp, an 
amount of H2O2 was injected into the reaction 
system, marking the start of the reaction (t₀). The 
percentage of phenol degradation (Efficiency) was 
calculated using Equation (1): 

 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (%) = 𝐴𝐴0−𝐴𝐴𝑡𝑡

𝐴𝐴0
 × 100% =   𝐶𝐶0−𝐶𝐶𝑡𝑡

𝐶𝐶0
 × 100% 

      (1)  
 
where, A0 and At represent the absorbance values 
of the solution before degradation (after 60 min of 
adsorption) and at specific time intervals, 
respectively. Similarly, C0 corresponds to the 
initial concentration of phenol, while Ct is the 
concentration at a specific time. The adsorption 
percentage (%) was determined using the same 
equation. 

 
3. Results and Discussion  

3.1. Catalyst Characterizations 

3.1.1. X-Ray Diffraction 

The XRD analysis was conducted to 
determine the crystalline and phase of CeO2/TiO2 
with different CeO2 loadings. Figure 1a shows the 
XRD graphics of the samples. The observed 2θ 
values at 25.24°, 37.78°, 48.02°, 53.9°, 55.1°, 
62.86°, 68.93°, 70.24°, and 75.11° can be matched 
to the (101), (004), (200), (105), (211), (204), (116), 
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Catalyst BET surface area 
(m2.g-1) 

Pore volume 
(cm3. g-1) 

Average pore diameter 
(nm) 

Particles Size 
(nm) 

TiO2 10 0.15 67 67 
1% CeO2/TiO2 10 0.21 58 57 
2% CeO2/TiO2 11 0.16 61 55 
3% CeO2/TiO2 12 0.17 60 48 
5% CeO2/TiO2 13 0.18 54 47 
10% CeO2/TiO2 19 0.18 39 36 

(200), and (215) planes, respectively. All these 
peaks belong to anatase phase of TiO2 which 
crystallized in the tetragonal structure and 
matches well with the standard JCPDS card no. 
84-1285. It is noteworthy that the XRD spectra of 
sample containing 1 wt% ceria did not exhibit any 
discernible peaks attributable to cerium oxide. It 
could typically be attributed to three factors: low 
CeO2 content with high dispersion, the presence of 
very small CeO2 crystallites (< 5 nm), or the 
existence of amorphous CeO2 [37,38]. A small 
cerium oxide peak at 2θ = 28° was evident in the 
spectra for 3 and 5 wt% loadings. Furthermore, a 
second peak at 2θ = 33.08° was distinctly observed 
for 10 wt% loading. These peaks can be indexed to 
the (111) and (200) planes of cubic fluorite CeO2, 
respectively, based on JCPDS PDF no. 34-0394 
[39]. 

Spectral analysis reveals a gradual 
attenuation of the anatase (101) peak intensity 
with increasing Ce concentration in the samples. 
Crystal size, determined using Scherrer's formula 
on the anatase (101) diffraction plane 
demonstrate a clear inverse relationship between 
Ce concentration and crystal size. This 
observation can be explained by the formation of 
Ce-O-Ti bonds on the catalyst surface, which 
inhibit crystal grain growth Table 1 [40-42]. The 
XRD pattern shows that the peaks of doped 
samples are slightly shifted towards the higher 
diffraction angle side. This shift, particularly 
evident for the (101) plane, suggests the 

incorporation of Ce into the TiO2 lattice. 
However, the size mismatch between Ti⁴⁺ (0.065 
nm) and Ce³⁺/Ce⁴⁺ (0.103 nm/ 0.101 nm) cations 
restrict Ce substitution at Ti sites [40,43]. Hence, 
relatively large Ce cations stay on the particle 
surfaces, and at grain boundaries and grain 
junctions. This may inhibit the crystallite growth 
of titania through the formation of Ce–O–Ti 
bonds, which increase the diffusion barrier at the 
titania grain junctions [44]. It can be seen that 
the intensity of the XRD peaks Figure 1a 
decreases by increasing the Ce content, which 
might be due to a decrease in the average particle 
size caused by the doping. Cano-Franco et al. [36] 
proposed that Ce can substitute for oxygen (0.132 
nm) in the crystal TiO2 lattice, resulting in the 
formation of oxygen vacancies and lattice 
distortion. 

 
3.1.2  BET analysis 

The textural properties of the resulting 
materials, including surface area and pore size 
distribution, were characterized by nitrogen 
adsorption-desorption isotherm analysis and the 
corresponding data are presented in Figure 2a. 
The curves of the N2 adsorption-desorption 
isotherms for all samples were similar, in which 
x %CeO2/TiO2 exhibited a type IIb isotherm 
according to IUPAC classification [45] reflecting 
the presence of low porous or macroporous 
samples (pore sizes exceeding 50 nm), with a type 

Figure 1. XRD patterns of CeO2/TiO2 materials with diverse CeO2 dosages. 

Table 1. Textural properties of various catalysts. 
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H3 hysteresis loop. The pore-size distribution 
Figure 2b revealed the presence of both mesopores 
and macropores (the pore size value is at upper 
mesopore and lower macropore margin). Table 1 
summarizes the surface area, pore volume and 
average pore diameter of the samples. A slight 
increase in surface area was observed with 
increasing Ce content (from 1 % to 10 %), likely 
attributed to CeO2 inhibiting the agglomeration of 
TiO2 crystallites [46]. This is consistent with XRD 
results in Figure 1a, which suggest a decrease in 
crystallinity due to the incorporation of CeO2, 
which hinders crystal growth and sintering 
processes [47]. While the pore volume increased 
mildly, the overall mesopore/macropore structure 
was well-maintained in the composites. This 
favorable pore structure facilitated the adsorption 
and reaction of organic pollutants, as well as 
enhanced electron transfer within the materials 
[43]. The presence of a relatively large particle 
surface area increases the number of active sites 
available for reactant adsorption, thereby making 
the photocatalytic process more effective [48]. 

 

3.1.3  FTIR analysis 

Figure 3a presents the IR spectra of TiO2 and 
x %CeO2/TiO2 materials. The high-frequency 
region (3600-3200 cm-1) is typically associated 
with OH vibrations, while lower frequencies 
correspond to Ti–O and Ce–O bond vibrations [49-
51]. According to McDevitt et al. [52], the 
vibrations observed between 800 and 400 cm-1 are 
attributed to the stretching vibrations ν (Ti−O) of 
the −[Ti−O−Ti−O−Ti−O]− chain. Furthermore,  
Larbot et al. [53] and Chhor et al. [54] subdivided 
this frequency range into two regions: ν = 653-550 
cm−1, assigned to the stretching vibrations of 
isolated Ti–O bonds. ν = 495-436 cm−1, attributed 
to the stretching vibrations of Ti–O bonds within 
the −[Ti−O−Ti−O−Ti−O]− chain. 

The IR spectrum exhibits a broad band 
centered at 3450 cm−1 attributed to both water 
bending vibrations and asymmetric Ti-OH 
stretching [55-57]. A distinct band at 2363 cm−1 
corresponds to the asymmetric stretching 
vibrations of atmospheric CO₂ [58]. In the 1500-
400 cm−1 region Figure 3b, two absorption regions 

Figure 2. N2 adsorption–desorption isotherms (a) and BJH-pore size distribution of the supported 
samples (b). 

Figure 3. FTIR spectra of various samples. 
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are observed: 750-650 cm⁻¹ assigned to Ti-O 
stretching in simpler molecular arrangements, 
and 610-450 cm⁻¹ characteristic of Ti-O-Ti bridge 
stretching. The Ce-O stretching vibration, 
expected in this region, is likely obscured by the 
intense Ti-O-Ti band [59]. In the infrared 
absorption spectrum of 10%CeO2/TiO2, the 
characteristic TiO2 peak at 540 cm−1 shifts to 
approximately 565 cm−1. This shift suggests that 
the incorporation of Ce into the TiO2 lattice, 
leading to the formation of Ti-O-Ce bonds, alters 
the stretching vibrations of the original Ti-O-Ti 
bonds.  

 
3.1.4  Raman spectral analysis 

Raman spectra of TiO2, CeO2 and various 
CeO2/TiO2 mixed oxides are displayed in Figure 
4a. The Raman bands pertaining to the anatase 
phase are observed at 140,87 (Eg), 192,50 (Eg), 
392,49 (B1g), 512,50 (A1g + B1g) and 635,00 (Eg) 
cm-1. Eg modes originate from symmetric 
stretching vibrations of oxygen atoms within the 
O-Ti-O bond, whereas B1g and A1g modes arise 
from symmetric and anti -symmetric bending 
vibrations of O–Ti–O bond [60,61]. The Raman 
spectrum of CeO2, a fluorite-structured material, 
exhibits a prominent F2g mode at 462 cm−1 
[62,63]. This mode emanates from symmetric 
vibrations of oxygen atoms within the Ce-O-Ce 
framework. Additionally, weaker features are 
observed at 260 cm−1 and 600 cm−1, corresponding 
to the normally Raman-inactive (IR-active) 
transverse and longitudinal optical phonon modes 
at the Brillouin zone center (Figure 4b). As the Ce 
weight percentage increases, a gradual decrease 
in the intensity of all Raman peaks is observed, 

and the prominent Eg peak exhibits a slight blue-
shift. The observed Eg peak positions are: 142.43 
cm−1 (1%CeO2/TiO2), 142.11 cm−1 (2%CeO2/TiO2), 
143.44 cm−1 (3%CeO2/TiO2), 146.13 cm−1 
(5%CeO2/TiO2), and 147.19 cm−1 (10%CeO2/TiO2), 
respectively (Figure 4c). Consistent with XRD 
results, the Raman spectra of CeO2/TiO2 mixed 
oxides with low Ce/TiO2 weight ratios do not 
display the characteristic Raman band of cubic 
CeO2. This band becomes apparent in the mixed 
oxides with CeO2/TiO2 weight ratios of 5 and 10 % 
[64]. The ionic radius mismatch between Ce and 
Ti leads to lattice distortion in TiO2 when Ce 
enters interstitial sites. Ce3+ incorporation into 
the TiO2 matrix generates oxygen vacancies, 
potentially facilitated by electron transfer 
between Ce3+ and Ce4+. Higher Ce3+ 
concentrations likely result in increased oxygen 
vacancy formation. These oxygen vacancies can 
induce lattice distortions and consequently shift 
the Raman peaks to higher wavenumbers [65,66]. 
Additionally, the presence of oxygen vacancies 
(lattice defects) caused by the displacement of 
oxide ions from their normal lattice sites 
contributes to the broadening and shifting of 
Raman active modes. Moreover, size-induced 
radial pressure in nanocomposites leads to volume 
contraction and increased force constants, 
resulting in a blue-shift of the Raman peaks 
[65,67]. The results from Raman spectra are 
following the results of XRD. 

 
3.1.5  UV–vis-diffuse reflectance spectroscopy 
(UV–vis-DRS) 

The diffuse reflectance spectra of bare TiO2 
and x %CeO2/TiO2, recorded at room temperature, 

Figure 4. Raman spectra of 1-10 %CeO2/TiO2 mixed oxides. 
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are shown in Figure 5a. TiO2 mainly absorbs 
ultraviolet (UV) light, and its maximum 
wavelength is 380 nm which corresponds to O2− → 
Ti4+ charge transfer and related to electron 
excitation from valence band to the conduction 
band in TiO2 [68]. However, the absorption edge 
was found to be shifted to higher wavelengths (red 
shift) after CeO2 incorporation, and it 
continuously showed a small shift with the 
incremental loading of CeO2 in the samples.  The 
absorption edges of Ce-doped samples with a 
concentration of 1 %, 2 %, 3 %, 5 % and 10 % were 
observed at 387 nm, 390 nm, 386 nm, 392 nm and 
397 nm, respectively. The red shift is likely 
attributed to the formation of heterojunction 
between TiO2 and CeO2 via their interaction or 
close contact in the composite [69]. Noteworthy, 
the red shift may be caused by the formation a 
new electronic state, which reduces the distance of 
charge transfer between 4f electrons of Ce ions 
and the conduction or valence band in the TiO2 
bandgap, enhancing the photocatalytic activity 
[70]. The energy gaps of the as-prepared materials 
were determined using the Tauc plot method and 
are presented in Figure 5b. The band gap energy 
(Eg) was calculated using the following equation 
[71]:  

 
(αhν)n = A (hν - Eg)                (2) 
 
where, α is the absorption coefficient, h is Planck's 
constant, ν is the optical frequency, and A is a 
constant. The exponent 'n' depends on the type of 
semiconductor transition: 1/2 for indirect 
transitions and 2 for direct transitions. Since TiO2 
is an indirect-band gap semiconductor, n = 1/2 
[72]. The calculated band gaps for pure CeO2, pure 
TiO2 and (1-10)% CeO2/TiO2 were determined to 
be 2,81 eV, 3.26 eV, 3.20 eV, 3.18 eV, 3.21 eV, 3.16 
eV and 3.12 eV, respectively. The observed band 
gap for the TiO2 is in excellent agreement with the 

literature values reported for the anatase [22]. 
The results show that the lowest band gap energy 
(Eg) of the semiconductors corresponds to that in 
the solids with the highest cerium content. At 
such concentrations, the maximum substitution of 
Ti4+ by Ce4+ cations could be reached. These 
results do not imply that all the cerium added to 
the titania substituted the Ti4+ cations in the 
titania framework. It illustrates that the 
maximum substitution, probably just a few 
titanium cations, is reached with such cerium 
contents. In fact, we cannot expect a high 
substitution of Ti4+ by Ce4+ cations, since the ionic 
radius of Ti4+ is lower (0.065 nm) than that of Ce4+ 
(0.101 nm) [43]. These results indicate that doping 
Ce in TiO2 significantly reduces the band gap 
energy and effectively inhibits the recombination 
of photogenerated electron holes [44].  

 
3.1.6  SEM analysis 

The Scanning Electron Microscopy (SEM) 
images of TiO2 and CeO2/TiO2 with varying CeO2 
loadings are presented in Figure 6. The SEM 
image in Figure 6a reveals that the majority of 
TiO2 particles exhibit a combination of 
homogeneous and irregular crystalline structures 
at the nanoscale. Furthermore, all observed 
particles tend to aggregate, forming clusters that 
adhere to each other with diverse shapes and 
sizes. CeO2 incorporation (1-10 wt.%) into TiO2, as 
shown in Figure 6 (b)–(f), led to the formation of 
larger agglomerates. Increasing CeO2 loading 
further enhanced agglomeration while 
simultaneously increasing the porosity of the 
composites, characterized by a network of 
interconnected voids [73]. This morphology is 
expected to enhance the catalytic properties of the 
material. [24]. The EDX analysis, as shown in 
Figure 6 (a)-(f), reveals the presence of peaks 
corresponding exclusively to Ce and Ti [43,44]. 
The absence of any other elemental peaks strongly 

Figure 5. DR UV – vis spectra (a) and Tauc plots (b) of the as-prepared samples. 

 

(α
hν

)1
/2

 (e
V 

cm
-1

)1/
2

Energy (eV)

3.26 eV

0

0.2

0.4

0.6

0.8

1

1.5 2.5 3.5 4.52 3 4 5

TiO
2

1% CeO
2
/TiO

2

2% CeO
2/
TiO

2

3% CeO
2
/TiO

2

5% CeO
2
/TiO

2

10% CeO
2
/TiO

2

3.20 eV

3.18eV

3.21 eV

3.16 eV

3.12 eV

(a) (b)

200 300 400 500 600 700 800

A
bs

or
ba

nc
e 

(a
.u

.)

Wavelenght (nm)

0

0.8

0.6

0.4

0.2

1
TiO

2

1% CeO
2
/TiO

2

2% CeO
2/
TiO

2

3% CeO
2
/TiO

2

5% CeO
2
/TiO

2

10% CeO
2
/TiO

2



 

 
 

Bulletin of Chemical Reaction Engineering & Catalysis, 21 (1), 2026, 198 

Copyright © 2026, ISSN 1978-2993 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

suggests that the synthesized sample is highly 
pure and free from any significant impurities [39]. 
EDX-estimated elemental analysis in mass ratio 
(Table 2) closely matches the theoretical ratio. 
This deviation is completely acceptable. 

 

3.2. Catalytic Tests 

The catalytic performances of the catalysts 
were investigated by assessing their ability to 
degrade phenol through Heterogeneous Fenton, 
photocatalytic, and photo-Fenton reactions in 
aqueous media. 

Figure 6. SEM graphics of samples. 
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Sample Composition weight (%) 
Ce Ti 

TiO2 0 100 
1%CeO2/TiO2 0.96 99.04 
2%CeO2/TiO2 1.75 98.25 
3%CeO2/TiO2 3.37 96.63 
5%CeO2/TiO2 4.71 95.29 
10%CeO2/TiO2 9.99 90.01 

3.2.1  Adsorption and blank tests 

Before photocatalytic experiments, the 
adsorption capacity of the catalysts for phenol was 
determined under conditions identical to those 
employed in subsequent photocatalytic studies. 
Figure 7a illustrates the phenol adsorption on 
samples after 2 hours in the dark. Nearly 14.1 %, 
14.7 %, 16.6 %, 17.9 %, 18.5 % and 22.5 % phenol 
adsorption was measured for TiO2, 1 %, 2 %, 3 %, 
5 % and 10 %CeO2/TiO2 catalysts respectively. 
Equilibrium was generally reached within 60 
minutes, with adsorption being rapid initially and 
then slowing down. The 10 %CeO2/TiO2 material, 
exhibiting the largest specific surface area (19 
m²/g), demonstrated the highest adsorption 
capacity. [37,74]. Notably, the TiO2 support and 1 
%CeO2/TiO2 material displayed nearly identical 
adsorption capacities, likely due to the low ceria 
content in the latter, which had a minimal impact 
on its specific surface area. Consequently, a 60-
minute equilibration period was implemented 
prior to each catalytic reaction. 

The direct photolysis in heterogeneous 
Fenton and photocatalysis reactions resulted in 
the lowest phenol degradation in aqueous 
solution, with only 4.5 % and 21.64 % degradation 
respectively. In contrast, under photo-Fenton 

conditions, photolysis achieved a degradation rate 
of 77.88 % (Figure 7b). 

 
3.2.2  Phenol catalytic degradation 

According to Figure 8a, the heterogeneous 
Fenton reaction (H2O2/catalyst) appears to be 
ineffective with all of the prepared catalysts.  Pure 
titanium dioxide (TiO2) exhibited the highest 
performance for phenol degradation, achieving 
approximately 32.42 % degradation efficiency. 
This performance can be attributed to the 
presence of numerous active sites on the TiO2 
surface, which facilitate the formation of hydroxyl 
radicals (•OH), contributing to substrate 
degradation [75,76]. However, the oxidation 
ability of H2O2 is inherently limited [77,78].  
Conversely, increasing the ceria (CeO2) content on 
the TiO2 support led to a decrease in degradation 
efficiency. This suggests that the ceria particles 
may be blocking the active sites on the TiO2, thus 
hindering the generation of •OH radicals. 

Figure 8b depicts the photocatalytic 
(catalyst/UV) degradation of phenol using 
different loadings of the x%CeO2/TiO2 catalysts. A 
notable increase in degradation efficiency was 
observed, ranging from 89.54 % with 1% 
CeO2/TiO2 to 99.77 % with 10% CeO2/TiO2. It is 
interesting to note that the 5% CeO2/TiO2 sample, 
tested several times, showed a slower initial 
degradation rate during the first hour of the 
process. This behavior suggests a temporary 
obstruction effect of the surface, which is highly 
dispersed by cerium sites, thus momentarily 
preventing the initial adsorption of phenol 
molecules or the penetration of UV rays to the 
active sites of catalyst during the first 60 minutes 
of the reaction. However, as the reaction 
progresses, the Ce3+/Ce4+ redox cycles and high 
oxygen storage capacity effectively stabilize the 
generation of radicals. This allows the 5% sample 

Figure 7. Phenol adsorption (without UV irradiation) (a), and Photolysis (b). (25 °C, 0.1 g of catalyst, and 
30 ppm phenol pH of 7). 

Phenol adsorption (without UV irradiation) Photolysis 

Table 2. Phenol adsorption (without UV 
irradiation) (a), and Photolysis (b). (25 °C, 0.1 
g of catalyst, and 30 ppm phenol pH of 7). 
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to achieve a degradation efficiency comparable to 
that of the 10% sample after 150 minutes. This 
highlights the robust synergistic effect between 
CeO2 and TiO2. The observed increase in catalytic 
activity with higher CeO2 content can be 
attributed to the corresponding rise in specific 
surface area, which promotes a larger reaction 
interface and facilitates more rapid intraparticle 
molecular transfer [79,80]. The addition of CeO2 is 
hypothesized to increase oxygen vacancies, which 
can readily capture electrons and generate surface 
oxygen radicals with strong reduction capabilities 
[81]. Ultimately, Ce4+ ions can capture electrons 
and convert them into Ce3+ ions [82], which 

possess one electron in the 4f orbital. This electron 
is then transferred to adsorbed oxygen, resulting 
in the formation of superoxide radicals that 
interact with and degrade phenol [83]. 
Additionally, the electrons trapped in Ce4+ sites 
are subsequently transferred to the adsorbed O2 
through an oxidation process, helping to prevent 
the recombination of photogenerated electrons 
and holes. A similar high degradation efficiency 
(99.05 %) was observed with the Photo-Fenton 
reaction (catalyst/H2O2/UV) Figure 8c. The 
integration of Fenton reaction and photocatalytic 
processes offers a distinct advantage in terms of 
reactive oxygen species generation. The combined 

Figure 8. Kinetics of phenol degradation on the different catalysts synthesized of process (a) Like-Fenton, 
(b) Photocatalysis and (c) Photo-Fenton. 25 °C, 0.1 g of catalyst, 30 ppm phenol, pH 7 and H2O2 0.6 mM). 
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Catalyst 
Fenton Photocatalysis PhotoFenton 

kapp 
(min -1) 

t1/2 
(min) R2 kapp 

(min -1) 
t1/2 

(min) R2 kapp 
(min -1) 

t1/2 
(min) R2 

TiO2 0.001874 368.20 99.03 0.005020 137.45 99.24 0.007861 87.77 99.52 
1% CeO2/TiO2 0.001279 539.48 99.46 0.011200 61.61 99.39 0.011693 59.00 98.87 
2% CeO2/TiO2 0.002529 272.83 99.19 0.009405 73.36 99.59 0.017291 39.90 99.11 
3% CeO2/TiO2 0.002103 328.10 98.99 0.009935 69.45 98.61 0.009496 72.66 99.77 
5% CeO2/TiO2 0.000289 2387.54 99.42 0.011518 59.91 99.00 0.017209 40.09 99.50 
10% CeO2/TiO2 0.000440 1568.18 99.70 0.014848 46.47 99.41 0.021309 32.38 99.25 

approach yields a significantly higher 
concentration of reactive oxygen species, such as 
singlet oxygen O2, superoxide anions •O2−, and 
hydroxyl radicals •OH/•OOH, compared to the 
application of either Fenton reactions or 
photocatalysis in isolation [84]. These highly 
reactive species are capable of disrupting the 
chemical bonds within organic compounds, 
leading to their eventual mineralization into 
water and carbon dioxide or substantial 
fragmentation into smaller, less harmful units.  

First-order kinetics were used to determine 
reaction rates [85].  The apparent rate constants 
(kapp) and R² values (Figure 9) were obtained from 
the linear plots of ln(C0/Ct). Table 3 summarizes 
the kapp values and calculated half-lives (t1/2) for all 
AOPs. Table 3 shows a strong correlation (R² ≈ 
0.99), confirming that the phenol degradation 
follows first-order kinetics. The Fenton reaction 
with TiO2 resulted in the lowest degradation rate 
(33.42 %), with an apparent rate constant of 
0.001874 min−1 and a half-life of 46.47 min.  
Photocatalysis using 10% CeO2/TiO2 significantly 
improved the reaction rate constant by more than 
eight times (0.00502 min⁻¹), although the half-life 
increased to 137.45 min.  The most effective 
degradation (99.05 %) was achieved with the 
photo-Fenton reaction using 10%CeO2/TiO2, 
which yielded the highest rate constant (0.02131 
min⁻¹) and the shortest half-life (32.38 min). 

3.2.3  Mechanism of photocatalytic reactions over 
CeO2/TiO2 

The conduction band (CB) and valence band 
(VB) edge positions of CeO2 and TiO2 can be 
calculated using the Mulliken electronegativity 
Equations (3 and 4) [39]. 
 
ECB = X – Ee – 0.5Eg                             (3) 
EVB = X – Ee + 0.5Eg                          (4) 
 
ECB represents the conduction band edge energy, 
EVB the valence band edge energy, X the 
electronegativity (5.56 eV for CeO2 and 5.81 eV for 
TiO2 [34], Ee the free energy of electrons relative 
to the normal hydrogen electrode (NHE) (4.5 eV) 
[34], and Eg the semiconductor's band gap. Based 
on calculations from Equations. (3) and (4), TiO2 
exhibited ECB and EVB values of -0.32 eV and 2.94 
eV, while CeO2 showed values of -0.35 eV and 2.46 
eV. The conduction and valence band edges of 
CeO2 are both lower in energy than those of TiO2. 
A possible mechanism for the phenol degradation, 
based on the band structures of CeO2 and TiO2, is 
proposed in Figure 10. 

During illumination, CeO2, an n-type 
semiconductor with a band gap of approximately 
3.2 eV [86,87], absorbs light. This excitation 
promotes electrons from the interband 4f level to 
the conduction band, effectively reducing electron-
hole recombination [88]. Due to the higher 

Table 3. Fitting kinetics parameters of phenol degradation using 10 %CeO2/TiO2 according to pseudo first-
order. 

Figure 9. Temporal evolution of ln(C/C₀) for the different catalysts for all the AOPs. Like-Fenton (a), 
Photocatalysis (b) and Photo-Fenton (c) 
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conduction band energy of TiO2 3.26 eV compared 
to CeO2 2.81 eV, these excited electrons migrate to 
the TiO2 conduction band. Subsequently, they 
reduce surface oxygen, leading to the formation of 
reactive oxygen species, including superoxide 
(•O2⁻) and hydroxyl (•OOH/•OH) radicals, on the 
CeO2/TiO2 surface. Simultaneously, the 
photoexcitation generates holes in the CeO2 
valence band. These holes, acting as strong 
oxidants, react with H2O or HO⁻, producing 
additional hydroxyl radicals [72,89]. These 
reactive oxygen species then degrade phenol, 
mineralizing it into CO2 and H2O through various 
intermediate products. The phenol degradation 
process over CeO2/TiO2 can be summarized as 
follows: when illuminated, the CeO2/TiO2 
composite absorbs photons, resulting in the 
efficient separation of electrons and holes: 
 
CeO2/TiO2 + hλ → h+(CeO2) + e–(TiO2)    (5) 
 
Holes interact with H2O, generating hydroxyl 
radicals (•OH), while electrons interact with 
H2O2, also producing •OH [22,77,78]. 
 
h++H2O → H+ + •OH                                (6) 
H2O2 + e–→ OH–+ •OH                          (7) 
 
Ce4+ ions capture electrons, becoming Ce3+, and 
then react with adsorbed oxygen to form 
superoxide radicals (•O2−) [83]. 
 
Ce4+ + e– → Ce3+                                    (8) 
Ce3+ + O2 → Ce+4 + •O2−                        (9) 

 
The combined presence of •OH and •O2− readily 
oxidizes phenol to CO2, H2O and   intermediate 
products. 
 
(•OH, •O2−) + phenol → CO2+H2O+ intermediate 
products                                        10) 

Photocatalytic phenol degradation on 10 
%CeO2/TiO2 with H2O2 was further studied under 
different conditions. 
 
3.2.3 Effect of added H2O2 concentration on phenol 
photodegradation 

Hydrogen peroxide (H2O2) dosage is critical in 
photo-Fenton-like reactions, as it generates 
hydroxyl radicals (•OH), which are the primary 
oxidative species, by reacting with the catalyst 
surface. To determine the optimal dosage, 10 
%CeO2/TiO2 was irradiated with varying H2O2 
concentrations (0.4-3.6 mM) at pH of 7, a reaction 
temperature of 20 °C, and a catalyst dosage of 0.1 
g in 130 mL of phenol solution (Figure 11). Initial 
increases in H2O2 (0.4-0.6 mM) led to a slight 
improvement in phenol removal efficiency, from 
91.16 % to 99.05 %. However, further increases 
above 1.2 mM yielded negligible improvements 
and, as supported by previous studies [39,90,91], 
eventually decreased the degradation rate. This 
can be explained by two competing effects. First, 
increased H2O2 concentration initially enhances 
•OH production, accelerating pollutant 
degradation (H2O2 + hν → 2 •OH). Second, at 

Figure 10. Photocatalytic mechanism of 
CeO2/TiO2. 

Figure 11. Effect of H2O2 concentration on the 
photocatalytic degradation of phenol (initial pH 
= 7, 25 °C, 0.1 g of catalyst, and 30 ppm phenol). 
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concentrations above 1.2 mM, excess •OH reacts 
with H2O2, forming less reactive hydroperoxyl 
radicals (HO2•) (H2O2 + •OH → HO2• + H2O) 
[92,93].  

Furthermore, hydroperoxyl radicals (HO2•) 
can react with hydroxyl radicals (•OH), leading to 
the formation of water and oxygen (HO2• + •OH → 
H2O + O2). Additionally, excess •OH can undergo 
recombination (•OH + •OH → H2O2), further 
diminishing the available •OH in the solution. 
This scavenging effect of •OH significantly 
reduces degradation efficiency. Therefore, the 
optimal H2O2 concentration for this experiment 
was found to be 0.6 mM [94]. 

 
3.2.4  Effect of initial pH 

In the photocatalytic degradation of organic 
pollutants using semiconductor metal oxides, pH 
plays a crucial role as it influences the surface 
charge of the particles in solution [95]. This 
influence is primarily exerted through the 
alteration of the catalyst's surface charge; a 
phenomenon directly linked to the point of zero 
charge (pHpzc). When the pH is below the pHpzc, 
the surface becomes positively charged due to 
protonation, while above the pHpzc, it becomes 
negatively charged due to deprotonation. The 
effect of pH on the photodegradation of phenol in 
the presence of 10 %CeO2/TiO2 particles was 
studied over a broad pH range, from 3 to 11, with 
a constant photocatalyst dosage of 0.1 g, a 0.6 mM 
dosage of H2O2, and an initial phenol 
concentration of 30 ppm (130 mL). The phenol 
degradation percentages obtained for pH values of 
3, 4, 7, 8, and 11 were 28.44 %, 78.00 %, 91.16 %, 
99.05 %, and 89.00 %, respectively (Figure 12). 
The results indicated that the photodegradation 
efficiency increased with pH up to 8 and then 
decreased. Lower photocatalytic degradation was 
observed when the phenol solution was either 

acidic or alkaline. Explaining the effect of pH on 
the photocatalytic process is a challenging task 
due to its multiple roles, such as electrostatic 
interactions between the semiconductor surface, 
solvent molecules, the substrate, and the charged 
radicals formed during the reaction process. The 
pHzpc of 10%CeO2/TiO2 was found to be 6.54. When 
the pH was between 3 and 4, Cl- ions from HCl 
could adsorb onto the catalyst surface, reducing 
phenol degradation. At neutral and slightly basic 
pH values, phenol exists primarily in its nonionic 
form, minimizing its water solubility and 
maximizing adsorption onto the catalyst. The 
charge attraction between the negatively charged 
phenol molecules and the positively charged 
catalyst particles enhances the coupling of phenol 
molecules with CeO2/TiO2 particles. On the other 
hand, at higher pH values, phenol tends to exist 
as phenolate (C6H5O⁻) anions. These anions have 
extremely high solubility in solution and will not 
be significantly adsorbed. Coulombic repulsion 
between the negatively charged surface of the 
catalyst particles and the hydroxide anions can 
prevent the formation of hydroxyl radicals, thus 
reducing photodegradation. Additionally, the 
presence of OH- can increase the number of •OH 
radicals, which are powerful oxidizers capable of 
rapidly decomposing phenol. The optimum pH 
was found to be 8. In this case, CeO2/Ti-OH is 
stable, allowing the photocatalyst to efficiently 
capture the appropriate energy, making the 
photocatalytic process effective [96]. At acidic pH, 
the formation of •OH radicals are less compared 
to alkaline pH due to slower electron-hole 
formation [97]. The optimum pH is in the basic 
solution where the photocatalyst is negatively 
charged, and the phenol is positively charged, 
resulting in a favorable interaction. Under 
alkaline conditions, competitive adsorption of 
NaOH ions leads to lower phenol photocatalytic 
degradation [98]. In strongly alkaline 

Figure 12. Effect of initial solution pH on the photocatalytic degradation of phenol (0.6 mM H2O2, 25 °C, 
0.1 g of catalyst, and 30 ppm phenol). 
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environments, as the pH rises to 11, phenol adopts 
a negative charge. This, in conjunction with a 
reduced energy absorption capacity of the 
photocatalyst, leads to a repulsive interaction 
between the two [99,100]. 

 
3.2.5  Effect of photocatalyst dosage 

Catalyst dosage is a critical factor in 
heterogeneous photocatalytic reactions. To assess 
its impact on CeO2/TiO2 the photodegradation of 
phenol, experiments were conducted by varying 
the amount from 0.025 g to 0.4 g (Figure 13), while 
maintaining the initial pH at 8, the phenol 
concentration at 30 ppm, and the reaction time at 
240 minutes. The optimal degradation efficiency 
(99.05 %) was achieved with a 0.1 g catalyst 
dosage. This can be attributed to an adequate 
number of photocatalyst particles, which 
maximizes electron/hole pair generation, 
increases active sites, and promotes hydroxyl 
radical formation, thereby enhancing 
photodegradation. However, higher dosages (0.2 g 

and 0.4 g) led to reduced efficiency. This is likely 
due to catalyst coagulation, as reported by Mei et 
al. [90], which decreases active sites and hinders 
contact between the catalyst and H2O2. 
Additionally, excessive catalyst can reduce light 
transmittance and increase scattering, lowering 
electron/hole pair utilization. Specifically, an 
increase in the turbidity of the solution, caused by 
the excess catalyst, results in a reduction in the 
degree of light penetration [101]. Based on the 
experimental results, the optimal photocatalyst 
dosage was determined to be 0.1 g. 

 
3.2.6  Effect of temperature 

The impact of temperature on phenol removal 
was tested across a range of temperatures from 8 
to 50 °C. The experiment was conducted at a pH 
of 8, using a 0.4 mM dosage of H2O2 and a 0.1 g 
dosage of catalyst and 30 ppm phenol solution. 
The phenol degradation efficiency as a function of 
temperature is illustrated in Figure 14. The 
results indicate that the rate of photocatalytic 

Figure 13. Effect of catalyst dosage (10 %CeO2/TiO2 on the photocatalytic degradation of phenol  (initial 
pH = 8, 25 °C, 0.6 mM H2O2, at 30 ppm phenol). 

Figure 14. Impact of temperature variation on phenol photocatalytic degradation (initial pH of 8, 0.6 mM 
H2O2, 0.1 g of catalyst, and 30 ppm phenol). 
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degradation is temperature-dependent. The 
phenol removal rate increased as the temperature 
rose from 8 to 25 °C but declined at 30 and 50 °C. 
While temperature can generally enhance 
reaction kinetics and adsorption [102], excessive 
temperatures (>80 °C) lead to charge carrier 
recombination and reduced organic adsorption 
onto catalyst [103,104]. 

 
3.2.7  Effect of initial phenol concentration 

A key parameter in water treatment is the 
initial pollutant concentration. To investigate 
this, phenol degradation was assessed at 
concentrations ranging from 15 to 60 ppm, under 
fixed conditions: pH of 8, 0.1 g of 10 % CeO2/TiO2, 
and a 240-minute reaction time (Figure 15). The 
highest degradation (99.05 %) occurred at 30 ppm. 
The observed decrease in degradation efficiency at 
higher initial concentrations (40-60 ppm), is 
attributed to the increased adsorption of phenol 
on CeO2/TiO2. This occupation of active sites 
restricts the adsorption of hydroxyl ions, leading 
to a reduction in hydroxyl radical generation. 
Furthermore, the increased phenol concentration 
in solution causes photons to be absorbed before 

reaching the catalyst, thereby decreasing photon 
absorption and the overall degradation rate 
[8,105,106]. 

 
3.2.8  The effect of the presence of radical 
scavengers  

Photocatalytic oxidation relies on several key 
oxidative species: superoxide radicals (•O2−), 
electrons (e−), holes (h+), and hydroxyl radicals 
(•OH). To better understand the underlying 
photocatalytic mechanisms, experiments were 
conducted to identify these active species using 
specific scavengers. In this study, 0.8 mM 
solutions of p-benzonquinone (p-BQ) (C6H4(=O)2, 
≥ 98 %, Sigma-Aldrich), 2 mM silver nitrate 
(AgNO3 > 99 %, Sigma-Aldrich), 2 mM disodium 
ethylenediaminetetraacetate (EDTA-2Na) 
(C10H14N2Na2O8·2H2O, 97 %, Sigma-Aldrich), 
and 10 mM propan-2-ol (iso-proOH) 
((CH3)2CHOH, ≥ 99.5 %, Sigma-Aldrich,) were 
introduced into the phenol solution to selectively 
scavenge •O2−, e−, h+, and •OH, respectively [107-
110]. The resulting phenol degradation 
efficiencies after 240 minutes of UV irradiation 
with 10% CeO2/TiO2 are shown in Figure 16. 

Figure 15. Influence of initial phenol concentration on photocatalytic degradation (initial pH = 8, 0.6 mM 
H2O2, 25 °C, 0.1 g of catalyst). 

Figure 16. Effect of the presence of radical scavengers on photocatalytic degradation of phenol. 



 

 
 

Bulletin of Chemical Reaction Engineering & Catalysis, 21 (1), 2026, 206 

Copyright © 2026, ISSN 1978-2993 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Material 
Experimental conditions Reaction 

Time 
(min) 

Degradation 
(%) References [Catalyst] 

(g/L) 
[Phenol] 
(mg/L) 

Anatase TiO2 nanosheets 1.0 50 350 94.23 [2] 
TiO2/Pumice 50 11.2 240 90 [22] 
Nanostructured CeO2 1.3 50 180 35 [23] 
CeO2/TiO2 
heterostructures 

0.5 38 120 99.1 [43] 

TiO2/ZnO 50 50 360 99.51 [57] 
γ-Cu-Ce-Al2O3 0.8 100 120 95 [90] 
TiO2/SiO2 0.2 10 270 64.95 [107] 
10 %CeO2/TiO2 0.1 30 240 99.05 Current work 

In the absence of scavengers, 99.05 % phenol 
degradation was observed. However, the addition 
of p-BQ, iso-proOH, EDTA-2Na, and AgNO3 
significantly reduced degradation to 10.92 %, 
21.25 %, 23.21 %, and 37.42 %, respectively. These 
results indicate that superoxide radicals (•O2−) 
are the dominant active species, followed by 
photogenerated electrons (e−) and holes (h+). 
Furthermore, the limited impact of iso-proOH 
suggests that hydroxyl radicals (•OH) play a less 
significant role in this photocatalytic process. 

 
3.3. Reusability 

The stability of the 10%CeO2/TiO2 
photocatalyst was evaluated over five successive 
experimental cycles employing a phenol solution 
with a concentration of 30 ppm, a pH of 8, 0.4 mM 
of H2O2, and 0.1 g of catalyst. Following each 
experiment, the photocatalyst was recovered via 
centrifugation, extensively rinsed with distilled 
water, and then dried at 80 °C for 12 hours. The 
reduction in phenol concentration for each cycle is 
depicted in Figure 17. The 10%CeO2/TiO2 
photocatalyst exhibited a phenol degradation 
efficiency of approximately 92 % during the initial 
three cycles. A marginal decline in photocatalytic 
activity was noted in the fifth cycle, yielding a 
degradation rate of 88.01 %. The observed 
decrease in degradation percentage is potentially 
attributable to material loss during the recovery 
procedure. Moreover, the deactivation of the 

photocatalyst is likely associated with surface 
poisoning possibly induced by adsorbed 
intermediates [74]. These observations 
demonstrate that the 10 % CeO2/TiO2 
photocatalyst can be effectively reused for a 
minimum of five cycles, thus validating its 
stability throughout the cyclic photocatalytic 
degradation of phenol. 

 
3.4 Comparative study 

Table 4 summarizes recent studies on the 
catalytic activity of various materials for phenol 
degradation. The catalytic performances of the 
prepared catalysts CeO2/TiO2 are comparable to 
or exceed those reported in the literature. This 
suggests that these synthesized materials are 
promising candidates for removing toxic phenol 
pollutants 

 
4. Conclusions 

In conclusion, x% CeO2/TiO2 (x = 1, 2, 3, 5 and 
10) photocatalytic materials were successfully 
prepared by the wetness impregnation method 
and characterized using XRD, FTIR, surface area 
and pore volume measurements, Raman 
spectroscopy, SEM, and UV-Vis-DRS. Their 
effectiveness in degrading phenol in aqueous 
solutions under UV irradiation (λ = 254 nm) was 
compared across various oxidation processes. The 
photocatalyst/UV/H2O2 system demonstrated 
significantly higher efficiency than 
photocatalyst/UV or photocatalyst/H2O2 alone, 
with the degradation rate following the order: 
photocatalyst/H2O2 < photocatalyst/UV < 
photocatalyst/UV/H2O2. Among the synthesized 
materials, 10% CeO2/TiO2 catalyst showed 
superior degradation efficiency of 99.05 %, in 
heterogeneous photo-Fenton process and 
maintained at 88.01 % after five cycles. The 
oxidation rate was influenced by many factors, 
such as photocatalyst dosage, initial pH, phenol 
concentration, H2O2 volume, and temperature.  

 Figure 17. Cycling test of the 10%CeO2/TiO2 
sample. 

Table 4. Comparison of various catalysts for phenol degradation. 
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Optimal conditions for maximum degradation 
(99.05 %) were: 0.1 g catalyst, 0.6 mM hydrogen 
peroxide, 25 °C reaction temperature, initial pH of 
8, 30 ppm initial phenol concentration, and 240 
minutes reaction time. The free radical trapping 
experiments indicate that photogenerated 
superoxide radicals (•O2−) are the primary active 
species for phenol photocatalytic degradation, 
followed by photogenerated electrons (e−) and 
holes (h+), while hydroxyl radicals (•OH) played a 
less significant role. 
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