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 The discharge of spent caustic wastewater (SCW) from petrochemical plants 

poses a significant environmental concern due to its high Chemical Oxygen 

Demand (COD). This research investigates the efficacy of a photocatalytic 

degradation process for treating SCW. The primary objective is to achieve 

maximum COD reduction while carefully managing the hydrogen peroxide 

(H2O2) to SCW ratio and optimizing key operational parameters. To this end, 

g-C3N4/CeFeO3 nanocomposites were synthesized as efficient photocatalysts 

and thoroughly characterized using XRD, FE-SEM, EDX, FT-IR, DRS, and BET 

techniques. Under optimized conditions—specifically a photocatalyst loading 

of 1.0 g/L, an H2O2/SCW ratio of 2.50 mL/L, a pH of 5.0, a reaction time of 60 

minutes, and an aeration rate of 1.50 L/min—a remarkable 98% COD removal 

was achieved. Furthermore, catalyst recycling studies demonstrated the 

reusability of the g-C3N4/CeFeO3 nanocomposites for at least four consecutive 

treatment cycles, indicating their potential for sustainable application. 

Recognizing the limitations of conventional reactors for scaling up 

photocatalytic processes, this study also proposes the integration of the 

developed photocatalyst with advanced reactor designs, such as Taylor-

Couette reactors, to enhance mass and photon transfer. This integration 

represents a critical future direction for achieving industrially viable 

wastewater treatment solutions. 
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1. Introduction 

Pollutants present in petrochemical wastewater 

are significant contributors to environmental 

contamination, necessitating their removal to 

ensure effective wastewater management and 

compliance with environmental standards [1, 2]. 

Furthermore, certain pollutants can induce 

corrosion in pipelines and process equipment [3]. In 

the olefin units of petrochemical industries, 

furnace exhaust gases contain sulfur compounds, 

which are separated from olefins, hydrogen, and 

methane in fractionation towers using caustic 

solutions [4]. The resulting spent caustic solution, 

https://creativecommons.org/licenses/by/4.0/
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containing sulfur compounds, constitutes the 

unit's wastewater and requires appropriate 

treatment before disposal [5]. This process aims to 

eliminate hydrogen sulfide, but the formation of 

sodium sulfide, a toxic compound, is observed in 

the effluent. Spent caustic is recognized as a 

hazardous wastewater due to its high acidity and 

the presence of sulfide, hydrocarbon, residual free 

caustic, and mineral salts [6, 7]. The caustic 

stream must undergo treatment, as high sulfide 

concentrations can cause toxicity to 

microorganisms in biological wastewater 

treatment [8]. Spent caustic poses various 

challenges for refining, petrochemical, and gas 

industries. Sulfides, mercaptans, and volatile 

organic compounds generate offensive odors [9, 

10]. Additionally, these gases and pollutants 

present toxicity hazards, as they can be absorbed 

through the skin and into the bloodstream, leading 

to adverse health effects [11]. 
Spent caustic exhibits a high Chemical Oxygen 

Demand (COD), a propensity for foaming, and the 

potential to induce detrimental or toxic effects in 

biological treatment units [12]. Given the wide 

range of hydrocarbons present in spent caustic 

wastewater, the selection of novel techniques such 

as advanced oxidation processes (AOPs), as a 

primary degradation method prior to biological 

treatment, and subsequent to physical 

pretreatment, can be considered logical and 

effective [13]. Sulfide contamination is both toxic 

and highly corrosive, causing damage to 

equipment [14]. Furthermore, its presence in 

wastewater can lead to the formation of insoluble 

metal precipitates [15]. By employing AOPs, 

sulfide, sulfur compounds, and hydrocarbon 

compounds can be oxidized and reduced to levels 

meeting specified standards [16]. 
Various methods have been developed for caustic 

treatment, each justified for specific types or 

quantities of spent caustic compared to others. 

Generally, all methods are designed to reduce 

Biological Oxygen Demand (BOD) and COD, and 

the neutralized substance is sent to a Wastewater 

Treatment Facility (WWTF) for further treatment 

[17]. Treatment methods can be categorized into 

thermal and chemical processes, each 

encompassing various techniques. Thermal 

methods include incineration and wet air oxidation 

(WAO), while chemical methods consist of direct 

chemical oxidation, deep neutralization, and 

separation [18-20]. 
Given that direct biological treatment is not 

feasible for certain specific wastewaters in this 

industry, due to their inherent nature, innovative 

methods such as AOPs are being explored for the 

remediation of these pollutants [21 ,22]. These 

methods rely on the generation of highly reactive 

species, such as hydroxyl radicals, which can 

rapidly oxidize a wide range of organic 

contaminants [23].  Among advanced oxidation 

processes, heterogeneous photocatalysts have 

demonstrated satisfactory results in the 

degradation of recalcitrant and toxic organic 

substances, producing less toxic and biologically 

degradable materials [24]. Spent caustic from oil 

and gas refineries is recognized as a hazardous 

stream due to its characteristic properties, 

including high pH (corrosivity) and toxic 

components such as phenol, sodium sulfide, and 

mercaptans [25]. Spent caustic imposes high levels 

of BOD and COD on natural water resources. It also 

contains sulfides and mercaptans, which can lead 

to sediment formation or metallurgical damage in 

refinery equipment. Consequently, it appears to 

have minimal potential for in-refinery reuse. 

Therefore, appropriate wastewater treatment 

methods are essential for its safe disposal. 

However, commercially available disposal methods 

are costly and environmentally unsustainable. 

Hence, there is a pressing need for the 

development of an eco-friendly and cost-effective 

technology in this field. AOPs represent one such 

technology that has emerged as an alternative 

solution in wastewater treatment over the past 

decade [26]. The fundamental mechanism of these 

processes involves the generation of free radicals, 

which induce pollutant degradation by attacking 

contaminant species [27]. AOPs differ from other 

conventional methods in that they destroy harmful 

compounds and pollutants, converting them into 

harmless substances like carbon dioxide and water, 

rather than concentrating them for separation or 

transferring them to another phase [28]. 

Consequently, these processes do not produce 

secondary pollutants, thus eliminating the need for 

disposal or recovery. Previous research has explored 

various AOPs for wastewater treatment. A slurry 
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bubble photoreactor employing external 

circulation of SnO2 nanoparticles was 

demonstrated to effectively remove chemical 

oxygen demand (COD) from petroleum refinery 

wastewater [29]. To achieve permissible COD 

concentrations for wider applications, an 

electrocoagulation reactor has been implemented 

to treat real oily wastewater effluent from a 

petroleum refinery [30]. Furthermore, the efficacy 

of electrocoagulation in the removal of COD, 

biochemical oxygen demand (BOD), oil & grease, 

and turbidity from oil-field produced water has 

been investigated [31]. Comparative analyses of 

mesoporous TiO2 nanoparticles and commercial 

TiO2 photocatalysts have been conducted in the 

context of phenol photodegradation and COD 

reduction in industrial wastewater derived from the 

pharmaceutical sector [32]. Additionally, the 

photocatalytic degradation process has been 

evaluated for its capacity to remove turbidity and 

COD from municipal wastewater [33]. 

 The use of photocatalytic materials for pollutant 

degradation is one method within the realm of 

AOPs. The photocatalytic process essentially 

enhances light-induced reactions in the presence 

of a catalyst. Upon illumination, photocatalysts 

are activated and generate free radicals with high 

oxidizing power, leading to the degradation of 

various organic and inorganic materials. In this 

research, the degradation process of spent caustic 

is investigated through the design of a 

photocatalytic reactor and the synthesis of an 

efficient photocatalyst. Metal-free polymeric 

graphitic carbon nitride (g-C3N4) stands out as an 

efficient and robust visible-light-driven 

photocatalyst [34]. However, its practical 

application has been limited by its small specific 

surface area, rapid recombination of 

photogenerated electron-hole pairs, and the 

difficulty in recycling its powdered form from 

aqueous solutions, leading to catalyst loss [35]. 

Therefore, developing an efficient and reusable g-

C3N4-based photocatalyst for contaminant 

degradation is crucial [36]. One way to overcome 

the limitations of this catalyst is by fabricating 

composites with other structures, including  metal 

oxides, nanostructures, and Metal-Organic 

Frameworks (MOFs). Among different materials, 

Iron-based MOFs (Fe-MOFs) have garnered 

significant interest due to their inherent porosity 

and semiconductor properties [37]. The presence of 

Fe-oxygen clusters, which exhibit strong absorption 

in the visible light spectrum, further positions Fe-

MOFs as promising materials for photocatalysis 

[38]. Consequently, integrating Fe-MOFs with g-

C3N4 has emerged as a strategy to enhance 

photocatalytic efficiency. Notably, the intimate 

combination of g-C3N4 with Mn–Fe bimetallic 

nanostructures can yield electrocatalysts with 

highly conductive skeletons, metal-based core-

shell structures, and uniquely intertwined, 

hierarchically porous architectures. These 

exceptional characteristics are advantageous for 

exposing ample active sites, modifying the 

electronic structure, and facilitating interfacial 

charge transfer. Furthermore, they strengthen the 

interfacial contact between metal-based 

nanoparticles and the graphitic carbon shell, 

ultimately ensuring high catalytic activity and 

stability for reactions such as oxygen reduction. 

This approach of combining g-C3N4 with Fe-based 

or bimetallic Mn-Fe MOFs holds significant promise 

for creating improved photocatalytic and 

electrocatalytic materials [39]. Hence, in this 

research, g-C3N4/CeFeO3 nanocomposites was 

initially synthesized for activity under visible light, 

and its structure was subsequently characterized 

using various methods, including XRD, FE-SEM, 

EDX, FT-IR, DRS, and BET. The photocatalyst's 

ability to function within the visible light range for 

the degradation process was then evaluated. 
Another innovation of this work is the design of an 

efficient photocatalytic reactor, termed a Taylor-

Couette reactor, to overcome external mass 

transfer limitations.  One of the limitations in 

photocatalytic degradation processes that hinders 

scale-up is the lack of an optimal and efficient 

reactor. Conventional reactors typically suffer from 

mass transfer and photon transfer limitations, 

necessitating the design of a novel reactor to 

overcome these limitations. Taylor-Couette 

reactors represent a promising technology for the 

intensification of processes limited by mass 

transfer phenomena [40]. This is attributed to their 

inherent capacity to precisely modulate shear 

stresses and residence time distributions, facilitate 

homogeneous mixing, and provide elevated surface 

area-to-volume ratios [41]. A Taylor-Couette 
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reactor is fundamentally constructed as a 

cylindrical vessel housing a coaxially inserted inner 

cylinder, thereby defining an annular space. While 

both cylindrical surfaces can be rotated at defined 

angular velocities, the outer cylinder is typically 

held stationary in the majority of applications [42]. 

The hydrodynamic conditions within the reactor, 

specifically the mixing characteristics, are 

established independently of axial flow through the 

manipulation of the cylinders' rotational speed and 

key dimensionless parameters, including the 

aspect ratio, the ratio of the inner to outer cylinder 

diameters, and the radial gap width [43]. The 

vortical structures generated within Taylor-

Couette reactors exhibit the potential to induce 

efficient radial and axial convective transport [44]. 

Furthermore, the thickness of the fluid boundary 

layer between the fluid and the light source is 

minimized, resulting in optimal light exposure 

times and uniform radiation intensities [45]. In 

summary, the utilization of this reactor results in 

an enhanced mass transfer rate and photon 

transfer rate.  

The novelty of this research lies in the synergistic 

combination of a novel photocatalyst (g-

C3N4/CeFeO3 nanocomposite) and an efficient 

reactor design (Taylor-Couette reactor) to address 

the limitations of conventional spent caustic 

treatment methods. While g-C3N4 shows promise 

as a metal-free photocatalyst, its practical use is 

hindered by factors like low surface area and 

difficulty in recovery. This study aims to overcome 

these limitations by synthesizing a composite with 

CeFeO3, an iron-based material with visible light 

absorption properties, to enhance photocatalytic 

efficiency and potentially improve reusability. 

Furthermore, the introduction of a Taylor-Couette 

reactor is intended to mitigate external mass 

transfer and photon transfer limitations that 

typically impede the scale-up of photocatalytic 

degradation processes. 

2. Materials and methods 

2.1. Materials and reagents 

Cerium (III) nitrate hexahydrate (Ce(NO3)3·6H2O, 

98.50%), Iron (III) nitrate nonahydrate 

(Fe(NO3)3·9H2O, 98%), Melamine (C3H6N6, 99%), 

and Ethanol (CH3CH2OH, 99.90%) were purchased 

from Merck company. All chemical materials were 

of analytical grade and used without further 

purification. Deionized water was used in all 

experiment. 

2.2. Material synthesis and characterization 

2.2.1. Synthesis of Graphite Carbon Nitride (g-

C3N4) 

To synthesize g-C3N4, 0.50 g of melamine was 

initially added to a covered ceramic crucible and 

placed in a muffle furnace. It was then heated to 

550 °C with a gradual ramp rate (20 °C/min) and 

maintained at this temperature for 2 hours. 

Subsequently, the ceramic crucible was removed 

from the furnace to allow the resulting product to 

cool to ambient temperature and then ground into 

a powder. 

2.2.2. Synthesis of CeFeO3/g-C3N4 Nanocomposites 

Initially, 0.604 g of Ce(NO3)3·6H2O and 0.562 g of 

Fe(NO3)3·9H2O were dissolved in 10 mL of deionized 

water and stirred at ambient temperature for 60 

minutes. Subsequently, both solutions were mixed 

and stirred vigorously for another 60 minutes. 

Then, 0.50 g of g-C3N4 was added to the mixture 

and stirred for an additional 60 minutes. The 

resulting suspension was then placed in an oven at 

80 °C for 12 hours to dry. Following this, the 

precipitate was collected and centrifuged (10,000 

rpm, 20 minutes), and after multiple washes with 

water and ethanol, dried in an oven at 65 °C for 12 

hours. Finally, the obtained product was calcined 

at 400 °C for 2 hours in a furnace. 

2.2.3. Characterization 

All pH measurements were performed using a 

Metrohm Model-692 pH/Ion Meter. A RH basic2 IKA 

(Germany) heating stirrer, a Sartorius BP110S 

(Germany) four-digit digital balance with an 

accuracy of ±0.0001 g, a Griffin (UK) muffle 

furnace and oven, and a Sigma 16P (Germany) 

centrifuge were utilized. Temperature regulation 

and stabilization were achieved using a bath 

equipped with a temperature control and water 

circulation system. X-ray diffraction (XRD) 

analysis was conducted using a Philips PW-1730 

(Netherlands) instrument. Field-emission scanning 

electron microscopy (FE-SEM) was performed using 

a TE-SCAN Mira III (Czech Republic) microscope. 

Fourier-transform infrared spectroscopy (FT-IR) 
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was carried out using a Thermo AVATAR (USA) 

spectrometer. Brunauer-Emmett-Teller (BET) 

surface area and porosity analysis were performed 

using nitrogen gas with a BEL BELSORP MINI II 

(Japan) instrument. Diffuse reflectance 

spectroscopy (DRS) was measured using an 

Avantes Avaspec-2048-TEC spectrometer with an 

AvaLamp DH-S setup. Ultraviolet-visible 

spectrophotometry calculations were performed 

using a Shimadzu UV-160 (Japan) instrument. COD 

was measured using HACH LCK 014 kits. 

2.4. Photocatalytic Degradation Process for COD 

Reduction 

To evaluate the photocatalytic capabilities of 

CeFeO3/g-C3N4 Nanocomposites, this 

photocatalyst was employed for the treatment of 

spent caustic wastewater (SCW). Through 

experimental investigation, optimal conditions 

were identified, resulting in maximum COD 

removal. Various parameters were examined in this 

study, including photocatalyst loading (g/L), 

H2O2/SCW ratio (mL/L), pH level, reaction time 

(min), and aeration rate (L/min) .  For conducting 

the experiments, a Taylor–Couette photocatalytic 

reactor with a total volume of 1500 cm³ was utilized 

(Figure 1). A mechanical stirrer was incorporated to 

facilitate mixing within the reactor. To ensure 

adequate aeration of the solutions, an air pump 

was used to supply the necessary oxygen. 

Temperature was controlled by circulating cooling 

water through the reactor jacket .  In each 

experiment, 1 L of solution was adjusted to the 

desired pH using H2SO4 and NaOH. Subsequently, 

this solution was introduced into the reactor. The 

stirrer was then activated, and a specific amount 

of photocatalyst was added to achieve the target 

concentration. To maximize the adsorption of 

photocatalyst particles and establish equilibrium, 

the stirring process continued for 30 minutes 

before the light source was activated. Upon 

activation of the light source, the aeration system 

was also initiated. At specific intervals (after 15, 30, 

45, 60 and 75 min), 5 mL of the sample was taken 

from the mixture and quickly centrifuged at 10,000 

rpm for 1 min. Finally, COD of the solution was 

determined using a COD meter at various intervals. 

The raw wastewater characteristics were obtained 

from the spent caustic neutralization section 

produced in the olefin unit of a petrochemical 

industry. These characteristics are presented in 

Table 1, which were used as the influent 

wastewater sample for the photoreactor. 

3. Results and discussion 

3.1. Structural and morphological characterization 

of samples 

Results indicate that for the CeFeO3 nanoparticles 

(Figure 2), well-resolved XRD reflections were 

observed at 2θ angles of 25.35°, 32.29°, 36.8°, 39.8°, 

47.7°, 55°, 57.8°, 62.8°, and 67.58°. These peaks 

correspond to the (111), (112), (021), (202), (221), 

(422), (204), (551), and (331) crystal planes of 

CeFeO3, which can be indexed to an orthorhombic 

structure (ICCD: 00-022-0166). The g-C3N4 sample 

exhibited two diffraction peaks at 13.2° and 27.5°, 

corresponding to the (100) and (002) diffraction 

planes, respectively. 

The FT-IR spectrum of the g-C3N4/CeFeO3 

photocatalyst is shown in Figure 3. A strong 

absorption band in the range of 1200-1650 cm⁻¹ is 

attributed to the typical skeletal stretching 

vibration of triazine or tri-s-triazine. The peak at 

1622 cm⁻¹ corresponds to the C-N stretching 

vibrational mode, while the peaks observed at 1238, 

1320, and 1409 cm⁻¹ are associated with the C-N 

heterocycle stretching of g-C3N4. The sharp peak 

observed at 808 cm⁻¹ in the spectra of all g-C3N4 

samples is a characteristic out-of-plane bending 

vibrational mode of triazine units. The absorption 

band observed at 857 cm⁻¹ is attributed to metal-

oxygen stretching (Ce-O stretching). The peak at 

1093 cm⁻¹ is due to the metal-hydroxide bond Ce-

OH, and finally, the band around 937 cm⁻¹ is 

attributed to the Ce-Fe bond in cerium orthoferrite. 

Other existing bands can be assigned as follows: 

the peaks at 3453, 3424, 1643, and 1636 cm⁻¹ 
indicate the presence of adsorbed water.
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Table 1. Main characteristics of the utilized wastewater . 
Characteristic Measurement unit Amount 

COD mg/L 1360 

TDS mg/L 285 

Na2S wt % 0.5 

pH - 12.70 

Na2CO3 wt % 2.5 

NaOH wt % 3 

Phenols mg/L 420 

 
Fig. 1. Schematic diagram of the experimental setup. 

 
Fig. 2. XRD patterns of the prepared samples. 
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Fig. 3. FTIR spectrums of the g-C3N4/CeFeO3 nanocomposite. 

FE-SEM images (Figure 4) reveal a non-uniform 

distribution of shapes and strong agglomeration, 

which may be attributed to inherent interactions 

between the magnetic nanoparticles. The 

agglomeration of nanoparticles may arise from the 

thermal treatment involving elevated calcination 

temperatures. EDX analysis of the g-C3N4 samples 

coated with CeFeO3 (Figure 5) revealed the 

presence of Ce, Fe, C, N, and O elements in the 

nanocomposite, confirming the phase identified by 

XRD analysis.

 
Fig. 4. FE-SEM images of the g-C3N4/CeFeO3 nanocomposite. (a): 1 µm scale, (b): 2 µm scale, (c): 10 µm scale, and 

(d): 100 µm scale. 
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Fig. 5. EDX spectra of g-C3N4/CeFeO3 nanocomposite. 

In Figure 6, elemental mapping analysis was 

employed to generate visual representations of the 

elemental distribution within the sample, 

demonstrating a favorable dispersion of elements 

in the synthesized photocatalyst. The particle size 

distribution of the g-C3N4/CeFeO3 photocatalyst 

are presented in Figure 7. Based on these images, 

the average particle size was determined to be in 

the range of 50 to 70 nm. DRS analysis was 

performed to understand the optical properties of 

the synthesized photocatalysts (Figure 8). The 

optical band gap energy (Ebg) of the prepared 

photocatalysts was calculated via Tauc plots. The 

Ebg values were determined to be 1.87 eV and 2.52 

eV for g-C3N4/CeFeO3 NCs and g-C3N4, respectively.  

 
Fig. 6. Elemental mapping analysis of the g-C3N4/CeFeO3 photocatalyst. 
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Fig. 7. FE-SEM image (a), and particle size distribution of the g-C3N4/CeFeO3 (b). 

 
Fig. 8. DRS analysis for band gap measurement of the prepared samples. 

The textural properties and physicochemical 

characteristics of the g-C3N4/CeFeO3 sample, such 

as pore diameter (DBJH), surface area (BET), and 

total pore volume (Vtotal), are presented in Table 

2. 

Table 2. Data obtained by BET and BJH analyses of the g-

C3N4/CeFeO3 nanocomposites. 

S BET 

(m
2
 g

-

1
) 

V total (cm
3
 g

-

1
) 

Mean pore diameter 

(nm) 

32.10 0.29 36.98 

Nitrogen adsorption-desorption measurements of 

the g-C3N4/CeFeO3 photocatalyst (Figure 9) reveal 

a BET surface area of 32.10 m²/g for the sample. The 

average pore diameter and high BET surface area 

of the synthesized sample suggest that the 

photocatalyst can achieve high efficiency in the 

degradation process. 

 

Fig. 9. N2 adsorption-desorption isotherms of the g-

C3N4/CeFeO3 nanocomposites. 

3.2. Photocatalytic performance of the g-

C3N4/CeFeO3 nanocomposites for COD reduction 

To evaluate the photocatalytic degradation process 

of g-C3N4/CeFeO3 nanocomposites, this 

photocatalyst was utilized for the reduction of COD 

in discarded caustic wastewater. The influence of 

impactful parameters such as pH, photocatalyst 

loading (g/L), aeration rate (L/min), reaction time 
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(min), and the hydrogen peroxide to caustic 

wastewater ratio (mL/L) on the COD reduction rate 

in the discarded caustic wastewater treatment 

process was investigated.  

The effect of photocatalyst loading was also 

investigated. Increasing the photocatalyst 

concentration leads to an increase in the number 

of active sites on the catalyst surface. These sites 

act as electron-hole pair generation centers. The 

generated free electrons can react with molecular 

oxygen to produce superoxide radicals (O
2-

). 

Conversely, positive holes can react with water 

molecules to generate hydroxyl radicals (
•
OH). 

Hydroxyl radicals, recognized as the strongest 

known oxidant, are capable of mineralizing 

numerous stable organic compounds. 

Consequently, with an increase in photocatalyst 

concentration and the resulting increase in free 

radical generation, the rate of oxidation reactions 

significantly increases, and the pollutant removal 

efficiency improves (Figure 10-a). However, 

exceeding an optimal photocatalyst loading 

threshold, identified in this study as approximately 

1.05 g/L, results in a discernible decline in 

degradation percentage. This reduction in 

performance is attributed to the attenuation of 

light penetration depth within the reaction 

medium. Specifically, higher particulate 

concentrations lead to increased light scattering 

and absorption, effectively diminishing the photon 

flux available for photocatalyst activation. 

Consequently, exceeding the aforementioned 

threshold results in increased opacity of the 

suspension, creating suboptimal light conditions 

and a reduction in the extent of chemical oxygen 

demand (COD) abatement. 

pH is a key parameter in photocatalytic processes. 

Generally, photocatalytic processes exhibit higher 

efficiency in acidic environments. Increasing pH at 

low concentrations of oxidizing agents leads to a 

decrease in efficiency, indicating an inverse 

interaction between pH and the oxidant on the 

process. Increasing photocatalyst concentration 

necessitates an increase in pH to prevent particle 

agglomeration. Hydroxyl radical generation 

primarily occurs through the positive hole reaction 

with water molecules or hydroxide ions. The 

deficiency of secondary hydroxyl radical generation 

sources (such as hydroperoxyl radicals) is 

compensated by increasing the photocatalyst 

loading. In alkaline environments, adsorbate 

adsorption on the catalyst surface decreases, 

subsequently reducing the degradation rate. In this 

study, the most effective reduction in Chemical 

Oxygen Demand (COD) was observed when the pH 

was approximately 5.0  (Figure 10-b). This is 

attributed to the maximized generation of hydroxyl 

radicals (OH•) under these specific acidic 

conditions. As the pH increased beyond 5.0, a rapid 

conversion of OH• into its conjugate base, the 

oxide radical anion (O•−), occurred. This anionic 

species exhibits a significantly lower reactivity 

towards organic pollutants compared to the highly 

potent OH• radical. Consequently, the overall 

efficiency of the COD removal process diminished 

with increasing pH values. 

The present study demonstrates that optimizing 

the aeration rate can be utilized as a key parameter 

in the design and operation of advanced oxidation 

process water treatment systems. Increasing the 

aeration rate leads to improved mixing and 

consequently enhances the mass transfer of 

oxygen and catalyst particles. This results in an 

increased production of free radicals, ultimately 

leading to a significant reduction in COD levels in 

the effluent (Figure 10-c). The findings of this 

research can be employed in the design of higher-

efficiency and lower-cost treatment systems. 

The results of Figure 10-d demonstrate that 

increasing the irradiation time in photocatalytic 

processes is directly correlated with an 

enhancement in the removal efficiency of organic 

pollutants. With an increase in irradiation time, a 

greater number of light photons impinge upon the 

catalyst surface, leading to the generation of 

electron-hole pairs. These generated charge 

carriers can react with organic pollutants present 

in the solution and oxidize them. Furthermore, as 

the irradiation time increases, the probability of 

direct and indirect oxidation reactions increases, 

consequently improving the pollutant removal 

efficiency. 

In advanced oxidation processes, hydrogen 

peroxide acts as a potent oxidizing agent. 

Increasing the hydrogen peroxide concentration 

augments the number of hydrogen peroxide 

molecules per unit volume. In the presence of light 

and a photocatalyst, hydrogen peroxide 
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decomposes into hydroxyl radicals. Due to their 

high reactivity, hydroxyl radicals are capable of 

oxidizing a wide range of organic pollutants 

present in wastewater. With an increase in hydroxyl 

radical concentration, the rate of oxidation 

reactions accelerates, consequently reducing the 

COD level (Figure 10-e). 

3.3. Process Optimization  

Optimization of operational variables in the 

degradation process demonstrates that the 

maximum treatment efficiency, achieving a 98% 

COD reduction, is obtained under the optimal 

operational variable conditions of 1.0 g/L 

photocatalyst loading, a pH of 5, a 2.5 mL/L 

hydrogen peroxide to caustic wastewater ratio 

(H2O2/SCW), a 60-minute operation time, and an 

aeration rate of 1.50 L/min. 

3.4. Durability and Reusability of the g-

C3N4/CeFeO3 nanocomposites  

Catalyst stability and reusability are among the 

most critical factors in the economic and 

environmental assessment of catalytic processes. 

The results of this study demonstrate that the 

synthesized catalyst exhibits acceptable stability 

and can be utilized as an effective and economical 

catalyst for the treatment of industrial 

wastewater. The stability and reusability of the 

synthesized catalyst for the COD reduction process 

were investigated over four consecutive 

experimental cycles (Figure 11). Following each 

cycle, the catalyst was regenerated through 

washing and drying at 60 °C and subsequently 

reused under identical laboratory conditions. The 

performance of the CeFeO3/g-C3N4 

nanocomposites decreased by up to 6.44%, 13.72%, 

21.53%, and 26.44% after one, two, three and four 

consecutive cycles of reuse, respectively. The 

results indicated that despite repeated use, the 

catalyst maintained acceptable stability, and its 

catalytic activity did not significantly diminish. 

Furthermore, the simple and effective regeneration 

method employed in this study played a crucial role 

in preserving the catalyst's activity. 

 
Fig. 10. The effects of operational parameters on COD reduction. (a): photocatalyst loading (g/L), (b): pH, (c): 

Aeration rate (L/min), (d): Time (min), and (e): H2O2/SCW. 
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Fig. 11. Reusability of the g-C3N4/CeFeO3 

nanocomposites. 

3.5. Possible photocatalytic mechanism 

“The interfacial electron transfer in CeFeO₃/g-C₃N₄ 

nanocomposites preferentially occurs from g-C₃N₄ 

to CeFeO₃, with CeFeO₃ serving as the dominant 

electron-rich site. Upon light irradiation, these 

CeFeO₃/g-C₃N₄ nanocomposites facilitate the 

demineralization of organic pollutants, as depicted 

in the corresponding Figure 12. Cerium defects 

located at the interface between g-C₃N₄ and 

CeFeO₃ constitute an effective photocatalyst that 

enhances the spatial separation of photogenerated 

charges and suppresses interfacial recombination 

of photoinduced electron-hole pairs.” 

 
Fig. 12. Schematic diagram of photoexcited electron–

hole separation process. 

3.6. Comparison the performance of CeFeO3/g-

C3N4 NCs with some reported catalysts 

As presented in the Table 3, the performance of the 

proposed system in COD reduction of spent caustic 

was benchmarked against existing literature. The 

results clearly illustrate the proposed system's 

capability to effectively reduce the COD of spent 

caustic, requiring only a minimum reaction time . 

Table 3. Comparison of different catalyst performance for spent caustic wastewater treatment. 

System/Catalyst Catalyst loading 

(g/L) 

Time 

(min) 

COD Removal 

(%) 

Fenton's process/Ferrous sulfate [46] 1.0 60 96.50% 

Wet air oxidation/Carbonaceous materials [47] 1.0 180 60% 

Wet air oxidation/FeSO4 [48] 0.80 60 94% 

Wet air oxidation /Waste-based carbons [49] 1.0 60 60% 

This work 1.0 60 98% 

4. Conclusions 

This study demonstrated the effectiveness of 

synthesized g-C3N4/CeFeO3 nanocomposites as a 

photocatalyst, achieving 98% COD reduction in 

petrochemical caustic wastewater under optimized 

visible light conditions (1.0 g/L catalyst, 2.5 mL/L 

H2O2/SCW, pH 5.0, 60 min, 1.5 L/min aeration). The 

photocatalyst also exhibited promising stability 

and reusability. Since mass and photon transfer 

limitations often hinder the scaling up of 

photocatalytic degradation in conventional 

reactors, this study evaluated the integration of 

the developed g-C3N4/CeFeO3 photocatalyst within 

advanced reactor designs, such as Taylor-Couette 

reactors. These reactors offer enhanced mixing and 

light distribution capabilities, potentially 

overcoming current limitations and leading to 

more efficient and industrially relevant wastewater 

treatment solutions. Investigating this integration 

represents a crucial next step towards practical 

implementation. 
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