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n this work, a sustainable precipitation method was used to prepare a zinc 

oxide-bentonite clay (ZnO/BT) composite and to evaluate its catalytic 

performance in a digitally controlled baffle photocatalytic reactor (DBPCR) 

for hybrid adsorption and photo-oxidation degradation. The prepared composite 

was characterized using XRD, FTIR, BET, FE-SEM, and DRS to explain its 

structure and properties. The working parameters, including pH, process time, 

temperature, and dose was analyzed using a Box-Behnken design from the response 

surface methodology to maximize organic removal. The new reactor design 

provided superior mixing and light distribution, promoting combined physical and 

chemical treatment. The new composite achieved an excellent removal efficiency of 

99.7 % for organic pollutants in refinery wastewater (RWW), compared with 90.5 

% for nano clay. The results indicate that photo-oxidation degradation followed 

pseudo-first-order kinetics, attributed to enhanced interfacial charge transfer, 

reduced electron-hole recombination during photo-oxidation, and increased free 

radical formation. The combination of sustainable preparation with a baffled digital 

oxidation reactor demonstrates a viable, high-performance technique for organic 

remediation. This nanocomposite displays excellent stability and can be recycled 

over multiple cycles, more than six times, with organic removal of more than 82.5 

%, emphasizing its potential for large-scale industrial applications in adsorption/ 

oxidation processes and ecological catalysis for wastewater treatment. Prog Color 

Colorants Coat. 20 (2027), 251-269© Institute for Color Science and Technology. 
 

 

 

1. Introduction 

Wastewater treatment involves collecting waste and 

making it suitable for discharge back into the environ-

ment. The water pollution source is the discharge of raw 

or partially treated industrial wastewater into ecosystems, 

a common problem in many republics. Water pollutants 

can enter the aquatic environment in many ways, either 

directly from treatment plants that shied away from 

their responsibilities or from wastewater [1]. The 

environmental risk of refinery wastewater stems from 

the presence of a wide range of organic compounds, 

including phenols, aromatic compounds, hydrocarbons, 

and mixtures containing carbon and hydrogen [2]. 

Crude oil manufacture and refining processes produce 

huge volumes of wastewater, which need an effective 

method before release or recycling because of their 
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complex composition and potential ecological impacts. 

As a result, organic pollutants are among the principal 

wastewater contaminants, and large quantities of these 

contaminants are toxic even at low concentrations [3]. 

Classic methods have been developed to be less 

energetic for removing organic compounds in wastewater 

owing to their poisonous, non-biodegradable, and 

stubborn nature. Various wastewater treatment methods 

are used, such as biological [4], membrane [5], and 

oxidation [6]. However, these methods are not effective, 

so they only change from case to case, giving rise to a 

novel group of contaminants that exhibit additional 

behavior [7]. These values are finally allowable for 

release to the sea. An expanded understanding is aimed 

at environmental provisions of crude oil production, 

with the essential focus on continuous growth in current 

treatment services, along with the inspection of new 

methods for various types of chemical environments 

[8]. The management of waste from crude oil 

production is typically based on physical, chemical, and 

biological methods, with a focus on chemical and 

physical methods [9].  

Green remediation reduces environmental demand 

through an attack-and-evade approach, avoiding 

potential protection and ecological harm. Consequently, 

using live services for the removal of hazardous 

compound pollutants is effective through adsorption 

and oxidation, facilitated by high surface area and 

high free radical production [10]. The hybrid 

treatment has been established in recent years to 

assess the effectiveness of chemical treatments for a 

diversity of pollutants [11]. Though not all treatment 

approaches have been experimentally assessed in the 

work, the actual behavior organization [12]. Further-

more, the catalyst's strong oxide production remains 

extremely reactive and has high potential, and reacts 

with all compounds in solution [13]. The 

photocatalytic process is a valuable treatment for 

various prepared composites that oxidize organic 

pollutants using strong oxidants generated by the 

composite [14]. When exposed to UV or solar light, a 

sensitizer, or excited catalyst molecule, absorbs 

energy, primarily to generate strong oxidants (free 

radicals) for organic compounds and to convert to 

carbon dioxide and water [15]. In recent years, the 

authors have focused on improving the performance 

and sustainability of zinc metal-based composites for 

ecological remediation and energy-related applications, 

with particular emphasis on green, sustainable 

preparation processes that enhance photo-oxidation 

and the activities of the nano-catalyst associated with 

conventional preparation [16]. In a related direction, 

recent work prepared a presentation on zinc oxide  

and nano-cellulose-enhanced oxidative desulfurization. 

Comprehensive wastewater assessments also emphasize 

the importance of physical modification [17]. In this 

work, a new composite prepared by precipitation from 

zinc nitrate hexahydrate and nano-bentonite clay is 

used as an adsorbent and photocatalyst with unique 

properties and requirements. The DBPCR was 

designed to have a greater impact than other reactors. 

In this new work, we used the DBPCR to facilitate 

organic removal by photocatalytic oxidation. Next, 

several trials were conducted under the new design 

with changed working conditions, and the chemical 

and reactor performance were assessed. Lastly, the 

optimization design in Minitab 17 was applied to 

determine the optimal limits for the adsorption and 

oxidation treatments.  

 

2. Experimental 

2.1 Chemicals and organic measurement  

Table 1 presents the properties of wastewater obtained 

from an oilfield in Muthanna, Iraq. Wastewater from 

wet oilfields is stored for hybrid wastewater treatment. 

After the hybrid treatment, a separating funnel was 

used with 35 mL of wastewater, and 0.15 g of sodium 

salt was added to break up the pollutant compounds. 

Then, 4 mL of tetrachloromethane S(CCl4) was added, 

and the mixture was shaken for 5 minutes. The lower 

(organic) layer was used for the absorbance test. After 

30 minutes, the wastewater separated into two layers, 

and the organic compounds were measured using a 

UV spectrometer and a calibration curve. 
 

Table 1: Refinery wastewater properties 

Parameter Unit Values 

Organic compounds ppm 132.5 

TDS ppm 423.4 

TSS ppm 15.4 

Turbidity NTU 6.87 

pH --- 6.82 

Density g/cm3 0.995 
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2.2. The preparation of a nano-composite 

The nano bentonite is dried at 105 °C for 240 minutes to 

remove moisture, then cooled in a desiccator. In 

addition, disperse 0.2 g of the nanomaterial in 40 mL of 

DI water in a 200 mL glass beaker, and mix at 300 rpm 

for 1 hour to swell the bentonite and obtain a uniform 

solution. Dissolve 0.2 g of zinc nitrate (Zn(NO₃)₂·6H₂O) 

in 30 mL of DI water, agitating for 30 minutes to obtain 

a uniform solution. Gradually add the Zn(NO₃)₂·6H₂O 

solution to the clay slurry dropwise over 0.5 hour while 

maintaining agitation. This allows zinc to adsorb/ 

disperse on support surfaces. Add a small amount of 0.5 

M sodium hydroxide dropwise to the ZnO/BT solution 

until the pH reaches 10 to precipitate zinc hydroxide on 

and within the support. Continue agitation for 120 min 

to stage the slurry and promote intimate contact between 

zinc hydroxide and nano clay. Optionally, heat to 50 °C 

for 2 hours to promote better fastening/condensation. 

Then, wash and calcine to a nanocomposite at 500 °C 

for 180 minutes, as shown in Figure 1. 

 

2.3. New design digital baffle of adsorption/ 

oxidation reactor 

The new catalytic oxidation was designed for hybrid 

adsorption and oxidation of organic compounds. In 

this project, we have designed a novel reactor by 

changing the components of the catalytic reactor. 

Evaluation of the competence of the photo reactor in 

the setting of wastewater procedures via physical and 

chemical processes. The reactor design improved the 

mass transfer and the distribution of oxidation in the 

hybrid treatment. The reactor design comprised a 

digital agitator with an impeller speed up to 3000 rpm, 

and a three-baffle design for organic treatment. These 

baffles enhance the transfer of reactants to the reactor 

(i.e., improving the efficiency of hybrid methods). In 

addition, three baffles were installed on the reactor wall 

to minimize still zones and promote a continuous stream 

of organic compounds. Baffles were distributed across 

the reactor surface at equal spacing (300 cm between 

baffles), and a 2 cm woolen solid protrusion was used 

to seal the oxidation reactor, as shown in Figure 2. 

 

 
Figure 1: The preparation of ZnO/BT. 
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Figure 2: The design of the adsorption/oxidation batch reactor. 

 

2.4. Experimental design 

A statistical method, a procedure for response surface 

design, and the Minitab-17 program were used to 

independently and collaboratively anticipate the 

consequences of parameter issues. The main variables, 

pH (X1), time (X2), dose (X3), and temperature (X4), 

were varied from low value to high value in the range 

(3-9), (30-120 min), (0.25-1.5 g), and (25-60 °C), 

respectively. 

 

3. Results and Discussion 

3.1. The characterization of the composite  

The nano bentonite was analyzed for functional groups 

using FTIR measurement. The peak size in the range is 

a direct indication of the number of groups present. The 

FTIR results confirmed the presence of many typical 

functional groups in the Nano support. Figure 3 shows 

the complete band at 3355.88 cm-1 for nano clay, and 

the new composite from bentonite and zinc oxide is 

attributed to amine or hydroxyl stretching or flaring of 

polymeric mixes. This band appeared in the medium 

region, 2922.44-2896.11 cm-1, in the spectral analysis 

of ZnO/BT, which is attributed to the presence of the 

bond. Previously, the bands below 795 cm-1 are in the 

fingerprint region of phosphate and sulfur functional 

groups [18]. 

The peak location values of nano bentonite and nano 

composite samples used as adsorbents and for oxidation 

were examined relative to the standard peak, as shown 

in Figure 4. The sharp peak typical of nano bentonite 

appears at the diffraction angles of 21° and 37°. The 

broadened peak is an unusual characteristic of Nano 

clay, indicating the presence of anions in the current 

between the Nano clay support surface and crops, with 

the distance between cells at the sharpest peak 

(20.77.7°). The XRD pattern of the nanocomposite 

clearly shows the characteristic peaks (100 and 002), 

confirming the successful formation of the nano-

composite [19]. 

The examination by FE-SEM of the nano-bentonite 

section showed homogeneous surfaces at low magnifi-

cations, as presented in Figure 5 for nano-bentonite and 

nanocomposite. The BT clay exhibits a nearly spherical, 

agglomerated morphology [20]. These new composites 

were prepared with particle sizes in the range (20-110 

nm), with a mean diameter of 90 nm [21]. The new 

catalyst distribution analysis of the ZnO/BT provides 

vital insights into the material's characterization, which 

is directly related to its photo-oxidation performance, 

confirming that the nanomaterial has been effectively 

combined in the nanoparticle regime, which is vital for 

maximizing the surface-to-volume ratio and enhancing 

quantum properties for photo-catalysis, as shown in 

Figure 6 [22].  
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       Figure 3: FTIR of BT and ZnO/BT catalyst.                               Figure 4: XRD of bentonite and the new catalyst. 

 

 
Figure 5: FE-SEM analysis of (a) nano clay and (b) new composite. 

 

 
Figure 6: Particle size distribution.  
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The slight reduction in surface area from 453 m2/g 

for bentonite to 429 m2/g for the ZnO/BT composite 

suggests that the adsorption-desorption isotherm type 

remains similar, likely Type IV with hysteresis. 

However, the pore-size distribution indicates minimal 

blockage or coverage of the narrowest pores by the 

incorporated zinc oxide nanoparticles, as shown in 

Figure 7a. The pore-size distribution analysis (often 

using the BJH method for mesopores) reveals how the 

pore structure changes upon modification, as shown in 

Figure 7b. Pristine bentonite with a very high surface 

area usually contains a significant number of micro-

pores and/or accessible mesopores. The initial broad 

peak is centered in the mesoporous range. Incor-

porating a metal oxide onto the support surface, which 

results in a slight decrease in surface area, indicates 

that a portion of the original pore surface or volume 

has been covered or filled [23]. The analysis of the 

Diffuse Reflectance Spectroscopy (DRS) spectrum is 

critical because it confirms the optical properties of 

the ZnO/BT composite, most importantly the 2.21 eV 

band gap, which has profound implications for its use 

as a photocatalyst. The DRS spectrum of the new 

composite would show a sharp decrease in reflectance 

(or a sharp increase in absorption) at an energy 

corresponding to the 2.21 eV band gap, as shown in 

Figure 8. This marks the onset of fundamental light 

absorption, where photons possess sufficient energy to 

promote electrons from the valence band to the 

conduction band. The immobilization process can also 

form a heterojunction between the metal oxide and the 

support surface or create defects/oxygen vacancies 

within the zinc oxide crystal lattice. These defects 

introduce new energy levels within the band gap, 

effectively lowering the energy required for electron 

excitation [24]. 

 

3.2 Statistical analysis of hybrid treatment 

To measure and enhance the combined effect of the 

working variables, attention was paid to an exact 

standard of procedure restraints. Statistically significant 

manufacturing investigations were presented in Table 2 

to analyze the experimental data for adsorption and 

oxidation treatment using a digital baffled reactor. The 

organic removal based on a linear model was used to 

determine the development variable amount and signify 

it in real units [25]. The equations 1 and 2 of the model 

for organic compounds in refinery wastewater by 

Minitab software with box-behnken design (BBD) 

with first order polynomial that show the effect of 

parameters on the organic removal are:  
 

Organic Removal by BT=30.10+1.728X1+ 0.0672X2+ 

18.48X3+0.248X4       (1) 
 

Organic Removal by ZnO/BT=47.99+1.636X1+ 

0.055X2+ 14.60X3+0.1652X4     (2) 

 

 
Figure 7: (a) Adsorption-desorption isotherms and (b) The new composite distribution. 
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Figure 8: Diffuse Reflectance Spectroscopy of ZnO/BT. 

 

The effects of organic removal on the parameters 

pH, time, dose, and temperature are confirmed. Positive 

coefficient values indicate improved elimination, 

whereas negative coefficient values indicate adverse 

effects. The model's capability remained unchanged in 

the Analysis of Variance in Table 3 for bentonite with 

metal oxide developed for pollutant removal, based on 

F and P tests aimed at the use of changing parts and 

completing detailed sources of variation. Consistent p-

values were used as indicators of significance, where 

values less than 0.05 indicate that the variable has a 

strong effect on organic elimination. This statistical 

behavior validates that the experimental results are not 

due to random variation but are indeed attributable to 

the studied limits [26].  

 

Table 2: Hybrid treatment data of adsorption/oxidation. 

Run 
X1: 

pH 

X2: 

time (min) 

X3 

Dose (g) 

X3 

Temperature 

(oC) 

Organic 

removal by 

BT 

Organic 

removal by 

ZnO/BT 

1 3 30 0.9 43 72.4 80.4 

2 9 30 0.9 43 84.9 92.3 

3 3 120 0.9 43 77.4 85.4 

4 9 120 0.9 43 89.3 96.3 

5 6 75 0.25 25 55.4 70.3 

6 6 75 1.5 25 77.5 87.4 

7 6 75 0.25 60 66.7 73.4 

8 6 75 1.5 60 82.5 89.3 

9 3 75 0.9 25 69.5 79.2 

10 9 75 0.9 25 78.8 87.4 

11 3 75 0.9 60 77.4 85.2 

12 9 75 0.9 60 90.3 97.2 

13 6 30 0.25 43 51.4 69.4 

14 6 120 0.25 43 60.3 72.5 
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Table 2: Continue. 

Run 
X1: 

pH 

X2: 

time (min) 

X3 

Dose (g) 

X3 

Temperature 

(oC) 

Organic 

removal by 

BT 

Organic 

removal by 

ZnO/BT 

15 6 30 1.5 43 76.3 83.5 

16 6 120 1.5 43 80.3 88.2 

17 3 75 0.25 43 49.6 60 

18 9 75 0.25 43 59.4 71.5 

19 3 75 1.5 43 78.6 86.1 

20 9 75 1.5 43 84.4 90.5 

21 6 30 0.9 25 62.5 71.6 

22 6 120 0.9 25 70.4 78.8 

23 6 30 0.9 60 71.8 79.2 

24 6 120 0.9 60 77.9 85.1 

25 6 75 0.9 43 71.5 84.2 

26 6 75 0.9 43 70.9 85 

27 6 75 0.9 43 72 84.8 

 

The competence of the developed response surface 

models was additionally assessed using the coefficient 

of determination (R²) and the adjusted coefficient of 

determination (adjusted R²). For the bentonite clay 

model, the statistical analysis yielded an R² value of 

79.8 % and an adjusted R² value of 71.5 %, repre-

sentative that the model adequately defines the 

experimental data and clarifies most of the observed 

variability. In comparison, the nano composite model 

showed a higher R² value of 89.5 % and an adjusted  

R² value of 77.5 %, representing a better overall fit  

and improved capability to signify the experimental 

response. These statistical indicators indicate that 

the developed quadratic models are appropriate for 

describing the adsorption treatment, with the nano-

composite model providing superior predictive 

performance compared to the bentonite clay model in 

Table 4 [27]. 

 

Table 3: The variance analysis for the nanocomposite. 

Foundation DOF Seq. SS Adj. MS Fisher Value P–test Value 

1-Model 14 2766.26 197.59 10.96 0 

Linear 4 2232.13 558.03 30.96 0 

X1 1 322.4 322.4 17.89 0.001 

X2 1 112.49 112.49 6.24 0.028 

X3 1 1565.66 1565.66 86.88 0 

X4 1 233.42 233.42 12.95 0.004 

Square 4 481.33 120.33 6.68 0.005 

X1
2 1 164.76 164.76 9.14 0.011 

X2
2 1 4.52 4.52 0.25 0.626 

X3
2 1 143.32 143.32 7.95 0.015 

X4
2 1 16.72 16.72 0.93 0.354 
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Table 3: Continue. 

Foundation DOF Seq. SS Adj. MS Fisher Value P–test Value 

2-Way Interaction 6 22.82 3.8 0.21 0.966 

X1 × X2 1 0.09 0.09 0 0.945 

X1 × X3 1 3.59 3.59 0.2 0.663 

X1 × X4 1 3.16 3.16 0.18 0.683 

X2 × X3 1 6.08 6.08 0.34 0.572 

X2 × X4 1 0.86 0.86 0.05 0.831 

X3 × X4 1 9.04 9.04 0.5 0.492 

Error 12 216.26 18.02 -- -- 

Lack-of-Fit 10 215.65 21.57 71.09 0.014 

Pure Error 2 0.61 0.3 -- -- 

Total 26 2982.52 -- -- -- 

 

Table 4: Model summary for BT and ZnO/BT. 

Model R² (%) Adjusted R² (%) Predicted R² (%) 

BT 79.8 71.5 62.3 

ZnO/BT 89.5 77.5 68.7 

 

The results in Figures 9 show that elimination 

increases over time, pH, dose, and temperature, and that 

all parameters have a positive effect on the hybrid for 

all organic compounds in wastewater, with values in 

bentonite with metal oxide, respectively, which incline 

to droplet formation for a certain time, due to the lack 

of passable places on the adsorption surface and 

increased free radical production that reacts with 

organic compounds more than organic adsorption in the 

basic solution [25]. As previously stated, the statistics 

were analyzed using response surface methods with the 

Box-Behnken design to calculate the main effects of the 

independent variables. The variation in organic removal 

produced by varying the state level describes the 

consequences of the problem [34].  

 

 
Figure 9: The interaction between the organic removal and independent parameters for ZnO/BT. 
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Figure 10: The main plot for the organic removal for ZnO/BT. 

 

Figure 10 depicts the main effects of each 

independent variable on pollutant removal for bentonite 

with metal oxide. The most significant variables 

influencing organic removal were pH, time, dose, and 

temperature. These coefficients are positive, indicating 

that increasing the parameters within the inspected range 

would increase organic removal. Also, increasing the 

parameters increases the amount of free radicals in the 

prepared catalyst [28]. 

 

3.3. Working variables for hybrid treatment 

 To assess the effect of dose on hybrid treatment 

performance, experiments were conducted at doses 

ranging from 0.2 to 1.5 g. Organic elimination increased 

with dose due to the amount effect on adsorption and 

oxidation, reaching 88.4 and 75.3 % at 1.5 g. Lower 

organic elimination was observed at doses ≤0.2 g, with 

values of 57.2 and 68.8 % at 0.2 g for bentonite and 

bentonite with metal oxide, respectively (Figure 11a). A 

higher amount would lead to a higher degradation rate of 

adsorption and oxidation on the support surface. 

Consequently, more free hydroxyl radicals would 

accumulate in the wastewater, leading to greater 

oxidation of organic compounds and their conversion to 

carbon dioxide and water [29]. Figure 11b demonstrates 

that the organic elimination capability is enhanced as the 

hybrid treatment time increases, through adsorption onto 

bentonite with a high surface area, oxidation by free 

radicals produced from zinc oxide on the support, and 

conversion of organic compounds to water and carbon 

dioxide in wastewater treatment. Longer treatment time 

results in greater organic elimination in wastewater by 

the digital baffle catalytic reactor, increasing mass 

transfer and free radical production. This could be 

attributed to the presence of important adsorption action 

via the photooxidation process due to the length of the 

process time, and to increasing the organic adsorption 

with more generation of free radicals in wastewater by 

hybrid treatment [30]. The pH has a significant effect on 

the overall performance of hybrid treatment and 

associated growth. It increases pollutant removal, while 

all other parameters remain relatively low, raising 

additional issues. Figure 11c shows the pH results in the 

range (3-9) for the adsorption and oxidation of 

compound pollutants. It was observed that organic 

removal reached 71.4 and 90.6 % in basic solution 

compared with 71.2 and 79.6 % in acid solution for 

bentonite and bentonite with metal oxide, respectively. 

This indicates high organic removal in oxidation 

compared with adsorption treatment and high free 

radical production that degrades organic compounds in 

wastewater [31]. This behavior can be attributed to the 

surface chemistry and catalytic activity of the new 

composite. In a basic solution, the metal oxide surface 

carries a negative charge that increases organic adsorp-

tion and facilitates the formation of free radicals and 

reactive oxygen species. These oxidants are chiefly 

responsible for organic degradation in wastewater. In an 

acidic solution, protonation of active sites decreases 

adsorption effectiveness and suppresses free radical 

production, thereby limiting pollutant removal [32]. The 

influence of temperature on adsorption and oxidation by 
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the new composite for organic removal from wastewater 

can vary with changes from low to high temperatures. 

Increasing temperature can enhance adsorption kinetics 

and squalor treatment by increasing the oxidation rate 

involved in adsorption and free radical production from 

metal oxide on the support [33]. However, dispro-

portionately high temperatures might similarly result in 

deterioration of the support structure itself, affecting its 

efficiency. Increasing the temperature from 25 to 60 °C 

led to an increased removal of pollutant compounds, as 

shown in Figure 11d [34]. The elevated temperature 

enhances mass transfer rates and reduces wastewater 

viscosity, easing the diffusion of pollutant molecules 

toward active support sites. Higher thermal energy  

also promotes the production of reactive oxidants, 

accelerating oxidative degradation kinetics. So, the 

synergistic combined mechanism of the nanocomposite 

becomes more active at high temperatures, leading to 

enhanced organic compound removal in wastewater [35]. 

The optimal conditions for independent variables that 

affect organic removal by hybrid treatment, such as pH, 

process time, dose, and temperature, were determined 

using a response surface method design, as shown in 

Figure 12 for bentonite and bentonite with metal oxide. 

 

3.4. Regeneration and cycle for the nano-

composite 

Regeneration remains a major challenge, and the use of 

commercial catalysts, such as low-surface-area titanium 

dioxide, at high cost has spurred the search for low-cost 

alternative photocatalyst materials. After bentonite, 

which has a high surface area and a lower cost than 

activated carbon, adsorbs organic pollutants, it must  

be regenerated to restore its adsorption capacity.  

This is typically achieved by desorption, in which 

organic compounds are removed from the support. 

Heating the new composite releases adsorbed organic 

compounds from wastewater. This technique requires 

careful control to avoid damaging the new composite. 
 

 

 

 
Figure 11: The effect of working variables (a) dose, (b) process time, (c) pH, and (d) temperature.   
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Figure 12: The best conditions for hybrid treatment of adsorption and oxidation.  

 

Regeneration efficiency values at 80 and 30 °C, res-

pectively, were 86.4 and 71.5 % for new composites at 

pH 6 and 300 rpm with 1.5 g. The reusability of  

the photocatalyst was examined through successive 

oxidation treatments over 6 cycles under the best 

conditions shown in Figure 13. The composite hetero-

junction photocatalyst maintained its outstanding 

performance even after 3 cycles, with only a slight 

decrease from 99.4 to 82.5 %. Thus, the prepared 

composite heterojunction effectively treated organic 

compounds in wastewater. The reduced activity of the 

catalyst could be attributed to the loss of catalyst 

weight throughout the hybrid treatment [36].  

 

3.5. Simulated empirical analysis and Minitab 

results 

Based on the independent variables for Organic 

Removal by adsorption and photooxidation with a new 

nano catalyst prepared from bentonite and a metal 

oxide, using a Box-Behnken design to optimize the 

Organic Removal Percentage, as shown in Figure 14, 

the expected consequences, plots, and a structured 

conversation, as would be classically generated in a 

statistical analysis of a Design of Experiments, would 

be suitable. This is the main organic removal. While a 

full CFD replication is multifaceted, the Empirical CFD 

term proposes that the fluid dynamics of the stirred 

batch reactor affect the observed experiential 

consequences (R %). At 0.5 hours, organic removal is 

often incomplete due to external mass transfer how 

quickly organic molecules move from the bulk solution 

to the composite surface. After 120 min, the treatment 

transitions to being limited by intra-particle mass 

transfer via molecular diffusion (molecules moving into 

the porous support of the new composite). The CFD 

model suggests that adequate mixing ensures that the 

external mass-transfer resistance is negligible, meaning 

that the true oxidation/adsorption kinetics control the 

treatment at 120 min. A CFD simulation would predict 

that excessive support could lead to poor particle 

separation or agglomeration, possibly reducing the 

effective adsorption surface area despite a higher total 

mass. The empirical data presentation shows high 

elimination at 1.5 g, suggesting that, in the new setup, 

mixing was adequate to overcome this negative CFD 

result [37]. 

 

 
Figure 13: ZnO/BT reusability. 
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Figure 14: Empirical CFD of organic removal by BT and ZnO/BT. 

 

3.6. The mechanism for the nanocomposite 

The improved performance of the new composite in the 

photo-oxidation reactor can be attributed to the 

synergistic relationship between zinc oxide and the 

Nano clay matrix. The metal oxide provides highly 

active oxidation and adsorption sites, while the clay 

contributes a layered, porous structure with a high 

specific surface area and abundant surface hydroxyl 

functional groups. The addition of the metal oxide to 

the nano-support surface enhances the dispersion of 

active sites and promotes a well-organized interaction 

between organic compounds and the nanocomposite 

surface. The organic elimination mechanism is primarily 

governed by electrostatic interactions, surface com-

plexation, and composite surface oxidation. Under 

optimal pH conditions, the nanocomposite surface 

becomes negatively charged, facilitating the adsorption 

of positively charged pollutant species onto its active 

surface sites. Hydroxyl groups present on both  

zinc oxide and bentonite surfaces participate in  

the formation of surface complexes with organic 

compounds, thereby improving adsorption stability and 

elimination efficiency [38]. Many catalysts, such as 

titanium and zinc oxides, are known as photocatalysts 

and semiconductors with low surface area. In this work, 

a new nanocomposite was prepared as a high-surface-

area semiconductor. Like zinc oxide, it cannot be used 

for ecological cleansing because it can dissolve and 

form toxic by-products. Through the hybrid treatment 

of adsorption and oxidation, the photon energy of the 

valence band is sufficient to reach the conduction band, 

producing an electron-hole pair, as exemplified in 

Figure 15 [22]. UV radiation can provide photons with 

energy, which is vital for overcoming the band gap of 

lower-energy commercial zinc oxide and for driving an 

electron from the valence band to the conduction band 

[10]. Equations 3-8 expand on the significant photo-

catalytic oxidation treatment. 
 

ZnO/BT + hv (visible light) → ZnO/BT (e- + h+) (3) 
 

The photo-produced holes (h⁺) in the valence band 

react with surface-adsorbed water molecules or (-OH) 

to produce highly oxidized free radicals (•OH) in 

equation 4.  
 

   H2O + hVB
+ →• OH + H+ (4) 

 

At the same time, photo-produced electrons (e⁻) in 

the conduction band react with dissolved oxygen to 
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produce superoxide radical anions (•O₂⁻). In equation 

5: 
 

O2 + eCB
− → O2

•  (5) 
 

These superoxide radicals additionally interact 

with water molecules to produce additional free 

radicals and hydroperoxyl species  in equation 6. 
 

  O2
•− + H2O → OH +  HO2

•−  (6) 
 

In photo-oxidation, discrete catalyst particles 

efficiently absorb light from the UV source and 

generate free radicals from the new composite and 

hydroxyls in RWW or dissolved oxygen in situ, which 

produce super reactive oxygen species. The organic 

oxidation is accelerated by the presence of zinc oxide in 

the combined construction, which eases real electron 

transfer across heterojunctions. The organizations 

defined for bimetallic composites, where the interface 

varies, improve composite performance, and are 

consistent with this contemporary charge transfer 

dynamic [39]. The use of UV light in the oxidation 

treatment has been the topic of many studies. 

Miserably, only a small fraction of light energy that 

may theoretically be used as a direct exciter to ZnO/BT 

reaches the Earth's surface. Organic pollutants in a 

waste stream might be oxidized with free radicals and 

start the photooxidation in wastewater. (Eq. 7) [40]. 
 

𝑅𝐻 +∙ 𝑂𝐻 → 𝑅∙ + 𝐻2𝑂  (7) 
 

The kinetics of the organic oxidation treatment by 

the prepared composite were examined using pseudo-

first- and second-order kinetic models in equations 8-

10, respectively. The kinetic equation was initiated to 

provide a better fit with the pseudo-second-order 

kinetic model. The straight-line plots were obtained 

with the first-order kinetics model [41]. Figures 16 

and 17 exemplify the linearized form of the second-

order model using [9] and [11], with variations in pH, 

emphasizing the significant effects of these 

independent variables on photo-oxidation to eliminate 

pollutant compounds in wastewater, and varying  

time over the range (10-60 min). The results indicated 

that the oxidation rate improved with a basic solution 

and the new composite, whereas it increased with acid 

solution, leading to the production of more free radicals, 

easing the degradation of organic compounds, and 

promoting oxidation [42].  
 

-
𝑑𝐶

𝑑𝑡
= 𝐾1𝐶 

(8) 
 

𝐿𝑛
𝐶𝑜

𝐶
= 𝐾1𝑡      (9) 

 

−
𝑑𝐶

𝑑𝑡
= 𝐾2𝐶2 

(10)  
 

1

𝐶
−

1

𝐶∙
= 𝐾2𝑡   (11) 

 

 

 
Figure 15: The mechanism of the prepared composite. 
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Figure 16: The first-order kinetic organic oxidation.  

 

 

Figure 17: The second-order kinetic organic oxidation. 

 

The oxidation kinetics were examined using both 

the pseudo-first-order and pseudo-second-order kinetic 

models to fix the rate-controlling mechanism. Com-

parison of the linear regressions and their consistent 

coefficients of determination (R²) indicated that the 

pseudo-first-order oxidation showed a better agreement 

with the experimental data than the pseudo-second-

order model. The pseudo-first-order plots presented 

higher linearity over the examined contact time, 

whereas the pseudo-second-order plots deviated from 

linear performance, chiefly during the initial oxidation 

stage. So, the oxidation treatment is more suitably 

described by pseudo-first-order kinetic oxidation, 

signifying that the oxidation rate is chiefly governed by 

the availability of active photodegradation sites during 

the initial stages of the treatment in Table 5 [43]. 

 

Table 5: Comparisons of rate constants for organic 

oxidation. 

pH 

First order Second order 

K1 

(1/min) 
R2 

K2 

(L/mg.min) 
R2 

3 0.0048 0.92 0.0003 0.88 

5 0.0058 0.91 0.0004 0.89 

7 0.0066 0.94 0.0006 0.9 

9 0.0057 0.95 0.0005 0.89 
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Table 6: Comparison results between the methods. 

Method Working circumstances Feedstock 
Removal 

(%) 
Requirement Reff. 

Batch 

oxidation 

reactor 

300 rpm, medium pH, 

and 60 min 

Malachite 

Green Dye 
99.4 

Photo-catalytic 

ZnO/bentonite/Ag 
[44] 

Photocatalytic 

oxidation 

300 rpm, 6 g/L Dose, pH 

10, and 90 min 

 

Ciproxin 

Antibiotic 
85 Photo catalyst  and bentonite [45] 

Photocatalytic 

oxidation 

200 rpm, 1.2 g/L Dose, 

9 pH and 120 min 

 

Rhodamine 

B Dye 
96.3 

photocatalytic and Oxidant  Ag-

ZnO/rGO 
[46] 

Photocatalytic 

oxidation 

300 rpm, 5 ppm solution, 

pH 8, and 40 min 

 

Methylene 

Blue Dye 
98 Sol-Gel synthesized ZnO [30] 

Batch digital  

oxidation with 

BT 

300 rpm, 1.5 g dose, pH 

9, 60 oC and 120 min 
RWW 90.5 Nano bentonite 

This 

study 

Batch digital  

oxidation with 

ZnO/BT 

300 rpm, 1.5 g dose, pH 

9, 60 oC and 120 min; 60 

oC temperature : 

120 min oxidation time: 

RWW 99.7 
Photocatalytic and Oxidant 

(ZnO/BT) 

This 

study 

 

3.7. Ecological implications and catalyst 

constancy  

It is significant to note that the treated wastewater 

examined in this work is intended for manufacturing 

reuse within refinery processes rather than for direct 

human consumption. The main objective of the 

treatment procedure is to reduce the organic load and 

restore water recyclability for working reuse. In this 

context, the new composite established satisfactory 

working stability under the examined circumstances. 

Also, the immobilization of zinc oxide nanoparticles 

within the bentonite matrix is expected to reduce zinc 

metal release into the treated wastewater and to reduce 

the free radicals produced by oxidation, which react 

with any metals in wastewater and are converted  

to harmless byproducts in treated wastewater. The 

structural incorporation of metal oxide and Nano  

clay helps minimize nanoparticle dissolution while 

preserving catalytic activity during the oxidation 

process. So, the proposed system offers a practical, 

ecologically sound approach to requests for refinery 

wastewater reuse. 

 

3.8. Comparison of the catalyst and previous 

catalysts 

High levels of organic removal in wastewater produced 

from feedstock used in crude oil production. There are 

many types of linked pollutant compounds, such as 

aromatics and phenols. Reliable adsorption and 

photocatalytic treatment, along with a variety of skills,  

are typically used to eliminate organic compounds.  

The hybrid treatment, which combines physical and 

chemical processes to remove pollutants from 

wastewater, is shown in Table 6 for comparison with 

this work and other works. 

 

4. Conclusions 

The sustainable construction of the new composite, 

prepared by precipitation methods from bentonite clay 

and zinc oxide, yielded a structurally stable, highly 

active multifunctional substance capable of hybrid 

adsorption and oxidation degradation. The prepared 

composite achieved stable dispersion within the 

digitally baffled combined adsorption and oxidation. 

Hybrid treatment optimization using the Box–

Behnken design showed that pH, amount, process 

time, and temperature exerted strong interactive 

effects on adsorption and oxidation treatment. The 

degradation pathway closely followed first-order 

kinetics, confirming that organic concentration was 

the rate-determining factor and that the active 

oxidative species were reliably available throughout 

the process. Under optimal conditions of 2 hours 

process time, pH 9, 60 °C, and a 1.5 g dose, the new 
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composite achieved an overall pollutant elimination 

efficiency of 99.7 %, while nano clay achieved  

90.5 %, confirming the superior performance of the 

new composite for organic contaminant elimination. 

The results confirmed that the combined treatment 

significantly increases reactive oxygen species and 

free radical production, resulting in greater adsorption 

and photocatalytic activity than pristine bentonite. 

Importantly, the ZnO–BT nanocom-posite demons-

trates promising potential for hybrid processes in a 

digital baffle oxidation batch reactor, with composite 

amount and operating parameters to maintain high 

organic efficiency in wastewater. Overall, the nano 

catalyst in the digital baffle catalytic reactor proves 

strong potential as a maintainable, scalable, and 

energy-efficient solution for wastewater treatment. 
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