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ABSTRACT

In present work, a heterogeneous Fenton process using prepared Fe203@ CeO2; 1:2 ratio /AC nanocatalyst was
used to treat wastewater discharged from Iraqi petroleum refinery plant. The heterogeneous Fenton process was evaluated
for its efficiency in removing COD via application a response surface methodology (RSM) and adopting a batch mode.
Three essential operating factors were considered namely catalyst dosage (0.5-1.5 g/1), H202 dosage (0.4-1), and pH (3-
7). The Fe203@ CeO2; 1:2 ratio /AC nanocatalyst was characterized using XRD, FESEM. EDS techniques. Results
showed good adhesion property of the prepared nanomaterials with nano size with particle size diameter in range of
(31.52- 69.08 nm). The optimum operating conditions were: catalyst dosage of 1.5 g/1, H202 dosage of 0.5878 g/l and
pH of 3 in which RE% of 85% was achieved. Results of ANOVA confirmed that the catalyst dosage has the most
significant effect on RE% with a contribution of 57.66% followed by pH is 22.03%, and H202 dosage is 11.91%. The
comparison between the classical Fenton processes with heterogeneous Fenton process (Fenton- Like) showed that higher
removal efficiency could be achieved using the heterogeneous Fenton process conferring the importance of application
this processes as an alternative, sustainable, and cost-effective processes in the treatment of petroleum wastewaters.
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1. Introduction

Water is vital for life on the planet, acting as a basic need for all
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living beings. The rapid growth in population can be attributed to quick
automation and economic development. The petroleum industries and
refineries play a crucial role in the contribution of economic growth [,

The problem of waste/wastewater disposal is an important
challenge encountered by petroleum refineries and petrochemical
plants. The wastewater discharged by petroleum industries is known to
contain a combination of organic, inorganic pollutants, heavy metals,
phenol, hydrocarbons, and sulfides. The petroleum industry emits
considerable quantities of hazardous pollutants from different sectors,
involving oil production, transportation, refining, petrochemical
manufacturing, storage, and distribution which have negative effects
on the environment as well as human health 4],

The treatment of petroleum refinery wastewater (PRW) includes
many traditional techniques, such as physical, chemical, and biological
processes. However, these traditional processes are considered non-
efficient and cannot completely degrade all pollutants ).
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Recently, Electrochemical processes and advanced oxidation processes (AOPs) have been considered an
alternative to conventional treatment processes. Fenton-based processes is an example of AOPs that have
shown great efficacy in breaking down many pollutants that are otherwise hard to eliminate through traditional
processes ¥, The Fenton reaction produces hydroxyl free radicals OH*, which results from the interaction
between ferrous ions (Fe2+) and hydrogen peroxide (H»O»). According to Hassan et al. (2018), OH* is a
powerful oxidizing agent that efficiently decomposes all organic pollutants, forming CO», H>O, and inorganic
salts [7=9].

Although the potential of the classical Fenton process for wastewater treatment, it has several limitations
that limit its practical application. The disadvantages include the substantial volumes of sludge iron, elevated
costs of operation, and challenges associated with the regeneration of catalysts [,

Heterogeneous Fenton procedures have been effectively used to treat wastewater from the petrochemical,
textile, pharmaceutical, and refinery industries, where traditional techniques frequently fall short of removing
enough pollutants. The immobilized catalysts improve process scalability and efficiency by facilitating
incorporation into fixed-bed or fluidized-bed reactors in addition to enhancing stability. Heterogeneous Fenton
wastewater treatment, which combines the tremendous oxidative effect of hydroxyl radicals with useful
enhancements in catalyst handling and process sustainability, is a noteworthy development in environmental

engineering. It is therefore a viable way to deal with the problems caused by refractory industrial effluents!'®-
11]

With an emphasis on catalyst design, reaction efficiency, and pollutant degradation pathways, the current
study explores the use of heterogeneous Fenton-based treatment for effluent from petroleum refineries. By
immobilizing iron on solid supports, heterogeneous catalysts reduce secondary pollution and sludge formation.
In contrast to homogeneous systems that use iron salts, solid catalysts in heterogeneous systems can be

recovered and reused several times, increasing sustainability and cost-effectiveness >3],

The study illustrates the possibilities for industrial-scale application of heterogeneous catalysts by
investigating their performance under actual operating conditions. In line with international initiatives to lessen
environmental impacts and encourage cleaner production in the petroleum sector, the study adds to the
expanding corpus of information on sustainable wastewater treatment.

The aim of this work is to examine the feasibility of heterogeneous Fenton process using Fe>O3; @ CeO»;
1:2 ratio /AC as nanocatalyst in system operated at batch mode with a suspension configuration of catalytic
reactor. Impact of operating variables such as catalyst dosage (C.D), dosage of H,O; dosage and, pH, on
removal of COD from wastewater generating from Al-Diwaniyah petroleum refinery plant was investigated
by adopting response surface methodology (RSM). Adopting batch- mode in the present work is based on its
successful application in treatment of various wastewaters. Using experimental design in this work was
preferred since the conventional procedure (one-factor-at-a-time) has no ability to find effects of interaction
among the variables which could be effective on the efficiency of process. Besides, reducing a number of runs,
lowering the cost and short time of performing the experiments can be obtained via RSM.

2. Materials and techniques

2.1. Features of wastewater from petroleum refineries

Al-Diwaniyah refinery in south of Iraq was functioned as the case study for the present research. For the
purpose of the pilot program, 40 liters of the wastewater were removed from the feed tank prior to the biological
treating unit and stored at 4°C. A filtration stage was carried out using a Puchner filter with Whatman filter
paper (grade 1) with a pore size of 11 & m in order to decrease the suspended particles present in the effluent.



The characteristics of the biological unit's treated effluent and the untreated wastewater supplied by the plant
administration are shown in Table 1.

Table 1. Characterization of wastewater discharged from Al-Diwaniyah refinery plant

L. Temperature BOD COD TDS Phenol Oil Turbidity PO4* CI
Characteristic pH
°C Ppm ppm ppm ppm content NTU ppm ppm
Value 7.1 12 180 776 5560 18.5 74.8 117 0.12 900

2.2. Chemicals

Various chemicals were used in the present work obtained from different resources. Fe>O3; nanoparticles
with sizes between 10 and 30 nm were used as a nanocatalyst. It was purchased from (SkySpring
Nanomaterilas Inc., Houston, USA). CeO, nanoparticles with a size range of 10 - 30 nm were used as an
imported nanocatalyst from the United Kingdom. Activated carbon used in the tests as adsorption media were
produced from FINE CHEM LIMITED, India. The source of hydrogen peroxide (H20,) is from UK and used
a source of OH". Ethanol, and phenol were used for experimental runs. These materials originated from
MilliporeSigma US. To control the pH level and base action, sodium hydroxide was used (NaOH) (97.5 %
Thomas Baker, India). To change the pH to an acidic effect, hydrochloric acid (37 - 38 %, TEDIA
COMPANY, INC, US) was utilized. Distilled water was purchased from local source.

2.3. Preparation of Fe203- CeO2; 1:2 ratio /AC nanocatalyst

In this study, Fe,O3- CeO,; 1:2 ratio /AC nanocatalyst was prepared according to the method in work of
Ahmadreza Yazdanbakhash, et al.,2018 ], The first stage includes activation process for activated carbon.
The activated carbon was initially screened using a 0.5 - 0.8 mm sieve. A 5% hydrochloric acid (HCI) solution
was prepared utilizing the normality law. Subsequently, 100 g of the screened activated carbon was soaked in
the HCl solution for a period of 24 hours. Following this treatment, the sample was washed with distilled water
until the pH value reached 6. Finally, the activated carbon was dried in an oven at 100° C for 6 hours. The
second stage include take 1 g of activated carbon (AC) was placed into a 250 ml beaker, followed by the
addition of 250 ml of distilled water. Subsequently, 0.2 g of Fe;O3 and 0.26 g of CeO, nanomaterials were
introduced into the mixture. The suspension was then agitated using a magnetic stirrer for 30 minutes to ensure
thorough mixing. After the stirring process, the contents were washed three times with ethanol and filtered
using a Buchner funnel equipped with a vacuum pump. The resulting solid was dried in an oven at 100° C for
6 hours. Finally, the prepared sample was stored in a closed vessel for preservation. Figure 1. illustrates the

preparation procedure [1+15],
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Figure 1. General steps of Fe203@ CeO2/AC preparation

2.4. The heterogeneous Fenton system

The heterogeneous Fenton system is depicted in Figure 2, where a batch Fenton oxidation mode process
includes a glass beaker having dimensions (130 mm X 90 mm) with a capacity of 0.5 liter located on magnetic
hotplate stirrer to treat the petroleum refinery wastewater with Fe,O3@CeQO, nanoparticles loaded on activated

carbon at ratio 1:2.
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Figure 2. Heterogeneous Fenton system

2.5. Characterizations and analytical Methods

X-ray thin film diffractometer (XRD 6000 /Shimadzu/ Japan) with CuK a radiation of 1.5405 A was
functioned to identify the phase structure of Fe,O3@CeO, /AC with testing 2 0 at range 20-80° . With a step
size of 0.2 degrees, the scan step time was 1.2 seconds. The XRD was run at 30 mA and 40 kV. The
morphology and microstructure of TiO, nanoparticles and SnO, anode were analyzed using SEM (Model:
TESCAN-VEGA/USA).



COD is a precise technique used in wastewater treatment to identify the organic and inorganic chemicals
that make up wastewater. This test can determine the concentration of these chemicals based on the total
amount of oxygen required to oxidize them and turn them into CO, and H>O. In order to validate the hybrid
process and its ability to incinerate organic contaminants in effluent from petroleum refineries, COD removal
was used in the current work. The test involves placing 2 milliliters of wastewater in a thermal reactor (RD125,
Lovibond, Germany) for 120 minutes at 150 degrees Celsius, then digesting it with an oxidizing agent
(K2Cr207). The COD value was determined using a spectrophotometer (MD200, Lovibond, Germany) after
the sample had cooled to room temperature. The solution conductivity was measured using a conductivity
tester (HANNA Instrument Inc., Romania), and a digital pH meter (HANNA Instrument Inc. Romania) was
utilized to gauge the solution's pH.

2.6. Performance evaluation

Chemical oxygen demand (COD) efficiency was determined using Eq. 1 to determine the combined
process's performance [1°I:

COD;—CODy

RE% = x 100 (1)

i

In this equation, RE% indicates COD removal effectiveness, COD; and CODy stand for the initial and
final COD values, respectively (mg/L).

2.7. Experimental design

Response surface methodology (RSM) is a set of statistical and mathematical techniques for optimizing
the response's operational circumstances, which are impacted by different process operating variables. One of
the best designs utilized in RSM to validate and test the process parameters that affected the removal of COD
was the Box-Behnken design (BBD), which has three components and three levels.

In the BBD, four process variables were considered as process factors namely catalyst dosage C.D (X),
H,0, dosage (X5), and pH (X3) with their coded levels as -1 (low level), 0 (middle point), and +1 (high level)
while RE% was considered as a response !'7). Table 2 displays the process variables with their chosen levels.

Table 2. Variables in the refinery wastewater treatment process and their values

Procedure parameters Box-Behnkon Design Range
Levels of coding Low (-1) Middle (0) High (+1)
Xi1: H202 (g/) 0.4 0.7 1
Xa2: Catalyst Dosage (g/1) 0.5 1 1.5
Xs: pH 3 5 7

Using a fraction of the chosen runs for a three-level factorial, Box-Behnken provides the necessary
designs to create the proper quadratic model with the acceptable statistical requirements. The following

equation can be used to estimate the number of runs (N) required to complete a Box - Behnken design 717
N =2k(k—-1) + cp 2)
Where variables number is represented by (k) and number of repeating the central point by (cp).
Based on Eq. (4), 27 runs should be performed to identify the interactions among variables and their

impacts on the removal efficiency. Table 3 displays the BBD array proposed for this study.

A second order polynomial model could be formulated based on BBD as shown in Eq.3 [1-1°]

Y=ay+ Yajx+ Ya;x?+ 2 XX 3



according to Eq.5, the COD removal could be represented as a response (Y) and x; , X, ... X; represent
the process factors. a is intercept term, (i) and (j) denotes the index numbers for patterns. The first order main
effect is represented by a;, the second order main effect by aii, and the influence of interactions by aj;. To assess
the model's fit, a regression coefficient (R?) is calculated.

3. Results and Discussion

3.1. Characterizations of (Fe203@CeO2; 1:2 ratio)/AC
3.1.1. (Fe203@Ce02; 1:2 ratio)/AC XRD Test

Iron oxide and Cerium dioxide supported on activated carbon Fe,O3@CeO»; 1:2 ratio)/AC is an important
type catalyst material that has drawn a lot of attention due to its excellent structural, optical, electrical, and
thermal properties. Figure 3 shows The XRD pattern of the (Fe,O3@CeO»;1:2 ratio)/AC Nano catalyst
confirms the presence of cubic CeO, and rhombohedral Fe,O3 phases. The characteristic diffraction peaks of
CeOyat 20 = 28.5° ,33.1° , and 47.5° are dominant due to its higher loading ratio, while Fe,Os peaks
appear with lower intensity. A broad diffraction band around 23 - 26° corresponds to amorphous activated
carbon. The absence of impurity peaks indicates successful immobilization of metal oxides on the AC support.

Similar observation was observed by Huizhi Bao et al. [2°-23],

Position (28] (Copper (Cu))

Figure 3. XRD pattern for nanoparticle of (Fe203@CeOz; 1:2 ratio)/AC

3.1.2 (Fe203@Ce02; 1:2 ratio) /AC FESEM & EDS Test

Figure 4 shows FESEM images of (Fe,O3@CeO,; 1:2 ratio)/AC nanoparticle at two magnification 120kX
and 30kX. Images showed that (Fe.O3@CeO-; 1:2 ratio)/AC nanoparticles reveal a highly porous and rough
surface structure characteristic of activated carbon, providing abundant anchoring sites for metal oxide
nanoparticles. The range of particle sizes in figure (4-a) was found to be between 23.2 and 41.28 nm, proving
their nanoscale. The BET Surface Area of CeO2/AC was determined to be 600 m*/g and the BET Surface
Area of (Fe,O;@CeOy; 1:2 ratio) /AC was 571 m?/g. The average pore diameter and volume for (Fe2O3;@CeOo;
1:2 ratio) /AC was determined to be 6 nm and 0.61 cm3/g (p/p0=0.990), respectively. The reduction in surface
area after loading the metals is a typical phenomenon observed by Naife et al. ?*! due to pore-filling.
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Figure 4. SEM images of (Fe203- CeOz; 1:2 ratio)/AC  nanoparticles. a)  magnification 12kX, b) magnification

Table 3 and Figure 5 summarize the energy-dispersive X-ray spectroscopy (EDS) for Fe,O3;@CeO»; 1:2
ratio)/AC. After analysing the obtained results, it can be seen that Fe, Ce, O, and C elements in the prepared
catalyst have the oxidation ability for organic pollutants in wastewater.

Table 3. DES elemental analysis of (Fe203- CeO2; 1:2 ratio)/AC

Element Atomic % Atomic % Error Weight % Weight % Error
C 82.2 1.2 70.9 1.0
(¢} 16.0 1.1 18.4 1.3
Fe 1.1 0.1 43 0.6
Ce 0.6 0.1 6.4 0.8

I Site 2 (53 112 counts)

Figure 5. EDS of (Fe203- CeOz; 1:2 ratio)/AC

3.1.3 (Fe203@Ce0O2; 1:2)/AC FTIR Test

Figure 6 demonstrates the FTIR results of (Fe,O3@CeO»; 1:2 ratio)/AC nanoparticles. Functional groups
present in the structure of the nano catalysts were determined by Fourier transform infrared spectroscopy. The
Fourier-transform infrared spectroscopy (FT-IR) analyses of the nano catalysts were run with Bomem MB-
Series FT-IR Spectrometer. The characteristic stretching band for activated carbon bands is O - H stretching:
Broad band around 3400 - 3600 cm™", due to hydroxyl groups or adsorbed water, C=C stretching (aromatic
rings): Around 1500 - 1600 cm™ , and C - O stretching: 1000 - 1300 cm™ , associated with alcohols, ethers,
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or phenols. While for Fe,Os Bands the results identified the Fe — O stretching vibrations are usually in the
400 - 600 cm™" region, at ~540 - 580 cm™" corresponds to Fe — O vibrations of hematite (@Fe,0s), and a
weaker band around 470 - 500 cm™" may appear for maghemite or other iron oxide phases. For CeO> band is
400 - 600 cm™ is Ce - O stretching vibrations (fluorite structure). The FTIR results agreed with the results
obtained by Mariana Riboli Navaa 2],
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Figure 6. FTIR image of (Fe203@CeO2; 1:2 ratio)/AC

3.2. Catalyst Activation by Simulated Wastewater

Activation of the prepared catalyst was carried out for five types of catalysts and these catalysts Fe,O3
/AC , CeO, /AC, FerO3@Ce0s; 2:1 ratio /AC, Fe,O3@ CeO»; 1:1ratio /AC, and Fe,O3@CeO»; 1:2 ratio /AC)
to evaluate their effectiveness in treating organic pollutants. A two-hour experiment was conducted to treat
simulated wastewater (distilled water contaminated with phenol concentration 100 ppm has initial COD =442
ppm) in which 250 ml of simulated wastewater was placed in a beaker under the conditions described below
and stirred using a magnetic stirrer under the conditions (catalyst dosage 0.25 g/ 250 ml, Temperature = 25 °
C, and pH = 3. Samples of the treated liquid were taken every 30 minutes, and the chemical oxygen demand
(COD) was determined. The catalyst that achieved the highest COD removal efficiency was selected, as shown
in Table 4 below.

Table 4. Activation processes using five types of prepared nanocatalyst

CODs (ppm)
No. Catalyst Type
30 min 60 min 90 min 120 min
1 AC alone 440 412 405 401
2 Fe203/AC 391 369 330 314
3 Ce02/AC 338 376 371 398
4 Fe:03@Ce02; 2:1 ratio /AC 330 301 288 255
5 Fe:03@CeOz; 1:1 ratio/AC 305 295 259 243
6 Fe203@CeO2; 1:2 ratio /AC 262 248 226 208

From these runs, the results illustrated that the catalyst (Fe,Os- CeQO,; 1:2 ratio /AC) has the highest
removal is 208 ppm at 120 min therefore; this catalyst was selected for use in the wastewater treatment in
petroleum refineries, which will be discussed in the following section.



The limited efficiency of CeO,/AC alone (COD = 398 ppm) can be explained by the weak catalytic role
of CeO; as an independent Fenton catalyst under the given conditions. Although CeO; contains a reversible
Ce® */Ce** redox system, it is not highly effective in directly activating H,O to generate hydroxyl radicals (*
OH), especially when compared with iron-based catalysts. In addition, CeO, may favor side reactions that lead
to the non-productive decomposition of H>O,, or primarily function as an oxygen storage material rather than
an active catalytic center, which results in minimal or even negative impact on COD removal.

On the other hand, Fe>O3/AC exhibits moderate catalytic performance (COD = 314 ppm) because of its
capability to produce *OH radicals through the Fe* */Fe’ * Fenton cycle. However, its activity is constrained

by the relatively slow reduction of Fe* * back to Fe? *, limiting the (continuous) generation of reactive radicals.

A marked improvement is observed with the CeO: - Fe;O3/AC (1:2) composite catalyst (COD = 208
ppm), which is attributed to a synergistic interaction between the two oxides rather than a simple physical
combination. This enhancement can be explained by several factors. First, the redox interaction between Ce?
*/Ce** and Fe® */Fe* * accelerates the regeneration of Fe?*, thereby promoting sustained *OH production.
Second, the presence of oxygen vacancies in CeO; enhances electron transfer at the interface with Fe,Os. Third,
coupling CeO, with iron sites improves the efficiency of H,O» activation and reduces undesired decomposition
pathways. Finally, the mixed oxide system likely achieves better dispersion on activated carbon, increasing
the availability and accessibility of active sites.

Overall, the superior catalytic performance of the combined system arises from a true synergistic
mechanism, where CeO, functions as a redox mediator that enhances the intrinsic Fenton activity of Fe,Os,
rather than acting as an independent catalyst.!?)

3.3. Removal of COD by (Fe203@CeQO2; 1:2 ratio)/AC nanocatalyst
3.3.1. RSM results

According to the parameters being effected (catalyst dosage, H.O» dosage , pH, and time), the design of
experiments would be more complicated and take long time, therefore, the parameters will be shortened to
only three ( catalyst dosage, H.O» dosage, and pH) in order to simplify the design of experiments. A two-hour
run has been done on petroleum refinery wastewater using the affected variables and the samples are chosen
for each 30 min and COD test are measured for the chosen samples. Time has been selected to be fixed at 90
min that gave higher COD removal and at this time the affected parameters will be studied accordingly. The
results of this run are illustrated in Table S below.

Table 5. BBD design for PRWW using (Fe203@CeOz; 1:2 ratio)/AC at middle conditions and fixed time

Middle Conditions
Time 30 60 90 120
Fe20s3- CeO2; 1:2 ratio /AC H20:> dosage = H=>5 (min)
dosage =1 g/l 0.7 g/l p
CODx (ppm) 562 408 384 494

To examine the shared effects of the process factors on COD removal, fifteen experiments were conducted
at different sets. Table 6 displays the experimental data for RE% as well as the values anticipated by the model
equation.



Table 6. Results of COD elimination utilizing a heterogeneous Fenton process with a nano catalyst of (FexO3@CeO2; 1:2 ratio)/AC

StdOrder Ogilfl:sof Pt Type Blocks H20:2 (g/l) I():(;S;lg;s?f(ggi p CODiC_;::f ppm RE% Pred.
15 1 0 1 0.7 1.0 5 388 50 51.6667
10 2 2 1 1.0 1.0 3 364 53 55.2500
12 3 2 1 1.0 1.0 7 504 35 34.2500
14 4 0 1 0.7 1.0 5 388 50 51.6667
5 5 2 1 0.7 0.5 3 372 52 50.7500
2 6 2 1 0.4 1.5 5 233 70 71.0000
11 7 2 1 0.4 1.0 7 364 53 50.7500
9 8 2 1 0.4 1.0 3 287 63 63.7500
1 9 2 1 0.4 0.5 5 427 47 47.5000
6 10 2 1 0.7 1.5 3 116 85 83.2500
13 11 0 1 0.7 1.0 5 372 52 51.6667
7 12 2 1 0.7 0.5 7 489 37 38.7500
4 13 2 1 1.0 1.5 5 287 63 62.5000
3 14 2 1 1.0 0.5 5 528 32 31.0000
8 15 2 1 0.7 1.5 7 310 60 61.2500

Equation 1 below shows how a quadratic model based on the actual values of the process elements was
created using Minitab-19 software:

RE% = 61.2- 4.7 X1+ 30.5 X- 5.46 X5 + 17.67 XiXi- 34.3 Xo*X; + 0.604 X5*Xs+
13.33 Xi*X, — 250 Xi*X;3 - 3.33 Xo*X; (1)

Where X, Xz, X3 act as process variables (Fe,O3;@CeOz; 1:2 ratio)/AC dosage, H.O, dosage, and pH
respectively while X;X,, Xi1X3 and X,X3 serve as these factors' interaction influence. A measure of the basic
impact of the process variables is represented by (Xi)% (X2)* and (X3)?. (+,-) signs in front of the system
variables' coefficients and their interaction terms indicate antagonistic and synergistic effects.

The response model's (ANOVA) data is explained in Table 7, where DF stands for degree of freedom,
Seq SS for sum of the square, Adj. SS for adjusted sum of the square, Adj. MS for adjusted mean of the square,
and Contr. % for contribution for each factor. Fishers (F-test) and P-test were used to assess the model's
capacity; a high Fisher value indicates that the regression equation may be utilized to fit the maximum
boundaries of diversity. The (P-value) is used to assess whether F has a high value that is appropriate for
differentiating the model's statistical significance. When the model's (P-value) is less than 5%, 95% of its
variables can be discussed. The results of Table 4-6 indicate that the quadratic model, with an F-value of 52.12
at a confidence level over 95% (P-value equal to 0.000), is crucial. The lack of fit test can be used to determine
whether the selected model adequately describes the data or whether a more comprehensive model is needed.
When compared to the pure error, the (P-value) for lack of fit in the current work is equal to 0.1, which is
greater than (0.05), indicating that it was not statistically significant. Consequently, the model is able to obtain
a realistic prediction that matches the response values. The study's R2 and adj. R2 values were evaluated to be
0.989 and 0.97, respectively, indicating the congruence of the model-predicted and experimental results [2°],
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Table 7. ANOVA results of COD removal by heterogeneous Fenton process using (Fe203@ CeOz; 1:2 ratio)/AC nano catalyst

Source DF Seq. SS Contr.% Adj. SS Adj. MS F-value P-value
Model 9 2595.67 98.95% 2595.67 288.41 52.12 0.000
Linear 3 2403.00 91.60% 2403.00 801.00 144.76 0.000
X1 1 1512.50 57.66% 1512.50 1512.50 273.34 0.000
X2 1 312.50 11.91% 312.50 312.50 56.48 0.001
X3 1 578.00 22.03% 578.00 578.00 104.46 0.000
Square 3 135.67 5.17% 135.67 45.22 8.17 0.023
X1*X1 1 74.40 2.84% 72.03 72.03 13.02 0.015
X2*¥X2 1 39.70 1.51% 35.10 35.10 6.34 0.053
X3*X3 1 21.56 0.82% 21.56 21.56 3.90 0.105
2-Way Inter. 3 57.00 2.17% 57.00 19.00 3.43 0.109
X1*¥X2 1 16.00 0.61% 16.00 16.00 2.89 0.150
X1*¥X3 1 25.00 0.95% 25.00 25.00 4.52 0.087
X2*¥X3 1 16.00 0.61% 16.00 16.00 2.89 0.150

Error 5 27.67 1.05% 27.67 5.53
Lack of fit 3 23.00 0.88% 23.00 7.67 3.29 0.242
Pure-Error 2 4.67 0.18% 4.67 2.33 0.000
Total 14 2623.33 100.00% 0.000
S R? R?(adj.) Press R?(pred.)

Model Summary
2.35230 98.95% 97.05% 378.5 85.57%

According to Table 7, it is noticed that catalyst dosage (Fe2O3;@CeO»; 1:2 ratio/AC) (X;) was shown to
be the most significant parameter influencing the RE% with a percentage contribution of 57.66%,
demonstrating the catalyst's participation in the breakdown of organic pollutants. With a percentage
contribution of 22.03%, the influence of H,O, dose (X3) was at the second level, but pH (X>) had a smaller
impact on the RE% with a percentage contribution of 11.91%. Furthermore, all 2-way interactions are non-
significant since their contribution to the RE% was so negligible—0.109%—that it could be disregarded 1*°..

Figure 7 (Pareto chart) reveals that the quadratic term of the catalyst dosage (A) exerts the greatest
influence on COD removal, followed in descending order by the quadratic term of the pH(C), the linear effect
of hydrogen peroxide (H,0O;) dosage (B), and the significant two-factor interactions catalyst dosage X pH (A
X C).By contrast, the weakest effects on the response are associated with catalyst dosage X (H20,) dosage
(A X B) and (H,0O») dosage X pH (B X C), the linear catalyst percentage (C), the linear reaction time (A),
and the interaction time X catalyst percentage (A X C), all of which fall below the statistical significance
threshold (a = 0.05).

Figure 8 depicts the optimal values of catalyst dosage (Fe.O3@CeO»; 1:2/AC), H»O, dosage and pH
proposed by the BBD method, where y: represents the highest proposed RE% and the optimum value
are:catalyst dosage (Fe:O3@CeO»; 1:2 ratio/AC) = 1.5 g/l, H»0O, dosage = 0.5897 g/1, and pH = 3 where D-
parameter is 1. Where, d represents the working accuracy when it is equal to 1.
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Pareto Chart of the Standardized Effects
(response is RE, a = 0.05)

Factor  Name
A

B
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Figure 7. Pareto diagram for the standardized effects
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Figure 8. Response optimization plot

Figure 9 compares the COD percent figures for actual and expected elimination efficiency. With R? = 0.

9895, which provides a strong indicator that the expected values are extremely near to the actual ones, the
figure demonstrates that the predicted and real values are in good agreement.

Actual%

60

Predicted%

Figure 9. Plot of the experimental versus the predicted values of the removal efficiency
3.3.2. Operating parameters' impact

To determine the impact of process factors and their combinations on the RE%, a graphical representation
of the quadratic model based on RSM was used. Figure (10-a,b) illustrates the combined impacts of catalyst
dosage (Fe,O3@ CeO»; 1:2 ratio/AC) and hydrogen peroxide (H,O») dosage on the RE% at the middle value
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of pH (5). The response surface plot is displayed in figure (10-a), and the corresponding contour sketch is
shown in figure (10-b). From Figure (10- a), it can be seen that RE% increase with increase catalyst

dosage((Fe.O3@Ce0O»;1:2/AC) because and decrease with increasing hydrogen peroxide (H,O,) dosage.
Increasing catalyst dosage due to increasing the surface area available for pollutant adsorption and the number
of reaction sites and due to increase RE%. When H-0O: is increases, it consumes hydroxyl radicals instead of
producing them therfore; RE% decreases *”). Consistent with findings in heterogeneous Fenton systems, COD
removal efficiency often reaches a maximum at an optimal H-O: dosage and then decreases at higher dosages,
due to *OH scavenging by excess H>0: and unproductive decomposition pathways -2, Figure (10-b), It is
clear that within a region in which catalyst dosage ((Fe.O3@CeO»; 1:2/AC) is (1.4-1.5) g/l and (H,O») dosage
from (0.4-0.7) g/1., R.E% >70% could potentially be attained. As revealed by previous works, the heterogenous
fenton degradation rate rises with an increase in the dosage of the catalyst and H>O» dosages up to the optimal
value.

Surface Plot of RE vs CD, H202

Contour Plot of RE vs CD, H202

Figure 10. shows the interaction between catalyst dosage and (H202) dosage in three dimensions (a) and the contour plot between

catalyst dosage and (H20) dosage (b)

Figure (11-a) demonstrates that an increase in catalyst dosage leads to a rise in RE% ,while esclation in
pH is attributed to decrease in RE% at hold value of (H>O) dosage at 0.7 g/l. With respect to and figure(11-b)
it is clear that R.E% >80 % might be obtained within a region in which catalyst dosage from (1.4-1.5) g/l and
pH value from (3-3.5). Same results were obtained by (Xiaobin Hua et al., 2011)!28], where degradation of
methyltestosterone (MT) was studied using ferroferric oxide nanoparticles decorated multiwalled carbon
nanotubes (Fes0./MWCNTS), at catalyst dosage (0.2 gL™', 1.0 gL' and 2.0 g L™") as a heterogenous fenton
process. With an increase in catalyst dosage from 0.2 g L™! to 2 g L™!, it was found that MT degradation rose
from 62.8% to 85.9%. This was caused by an increase in the number of active sites for MT adsorption and,
possibly, for the production of *OH.
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Figure 11. shows the relationship between catalyst dosage and pH in three dimensions (a) and as a contour plot (b)

Regarding Figure (12 - a), it is clear that an escalation in the pH value leads to decreasing in RE%, while
regarding (H,Oz) dosage it can be observed that RE% inceases up to 0.5 g/l and then begans to deacresing for
end of (H,0O») dosage. The contour plot results in Figure 12-b indicate that RE% >60 is achievable within a
region in which (H20;) dosage is (0.9 - 1) g/l and pH is (5.5 - 7) at hold value for catalyst dosage is 1 g/l.
Numerous researchers have documented that pH can also affect heterogeneous Fenton reactions. The impact
of pH on the photodegradation of azo dye MY 10 in the H,O,/ a -FeOOH system was documented by (He et
al., 2002) %1, In 120 minutes, the efficiency dropped from roughly 100% to 65% as the pH rose from 5 to 9.
A lower pH (<8) results in a positively charged surface because the point of zero charge (PZC) of a -FeOOH
is around 8.0. This enhances the anionic dye MY 10's adsorption. According to Zhao et al. (2008), the pH
change clearly affected both the selectivity of the reaction on the catalyst surface and the mechanism of
substrate adsorption on the catalyst from the perspective of pHzpc of iron oxides .
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Surface Plot of RE vs H202, pH
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Figure 12. shows the relationship between (H202) dose and pH in three dimensions (a) and as a contour plot (b)

(Xiaobin Hua et al.) investigated the breakdown of methyltestosterone (MT) utilizing multiwalled carbon
nanotubes coated with ferroferric oxide nanoparticles (Fe;O4/MWCNTSs), at pH values , 2.5, 3.5, 5.0 and 8.0.
It was noticed over 90% within 30 min at pH 2.5 and 3.5 28], The findings demonstrated that the heterogeneous
Fenton process's reaction efficiency tended to peak at about pH 3 and declined with rising pH.

3.3.3. Optimization

The goal of any optimization process is to maximize the response's value. As a result, RE% with a desire
function (DF) of 1.0 was proposed as the maximum. Minitab-19 software's response optimizer was used to
determine optimization. Table 8 provides an explanation of the optimization outcomes. The optimum
theoretical elimination of RE% was found to be 83.66%, which could be achieved at catalyst dosage
(Fe203@Ce0s; 1:2 ratio /AC) = 1.5 g/1, H,O, dosage = 0.5897 g/1, and pH = 3.

Table 8. Optimization of Response depending on RE%

U
Response Aimed Lower Target [:pe Weight Importance
RE (%) Max. 32 85 - 1 1
Results Parameters
Fe203-CeOz; H:0: RE%
H D SE Fit 95% CI 95% PI
1:2)/AC (g/1) () P Fit ) ! % %
1.5 0.5878 3 83.66 1 2.11 (78.23, 89.09) (75.53,91.79)
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3.3.4. Results validation

Table 9 shows that in order to validate the optimization results, two tests were conducted using the
optimized parameters. The average COD removal effectiveness of 85% was reached at 90 minutes of the
heterogeneous fenton process, which is consistent with the range of the optimal value derived from optimal
results (Table 8). Therefore, utilizing Fe,O3@CeO; in a 1:2 ratio and AC as a catalyst, Box-Behnken design
with DF can serve as an efficient approach feature for maximizing RE% by heterogeneous fenton process.

Table 9. Confirmative runs for optimum of RE%

H
Run Fe203-CeO2; 1:2)/AC (g/l) (gz/?)z pH COD; (ppm) RE%
1 1.5 0.5878 3 116 85
2 1.5 0.5878 3 110.2 80.7

A comparison of the photocatalysis-treated and untreated effluent is presented in Table 10. Table 10
shows that the treated pollutants have improved characteristics with a final COD value of 116 ppm, a RE% of
85%, and a turbidity removal of more than 96%.

Table 10. Comparison of untreated and treated wastewater using heterogeneous Fenton method.

Test Untreated Treated by (Fe203@CeO2; 1:2)/AC Unit
pH 72 8.6 -
Temperature °C 14 28 °C
TDS 1669 701 Ppm
COD 776 116 Ppm
Turbidity 117 43 NTU

3.3.5. Fe203@ CeO2; 1:2 ratio /AC nanomaterials recycling

The activity of Fe203@ Ce0O2; 1:2 ratio /AC nanomaterials in degradation petroleum refinery wastewater
was implemented using a number of working cycles. In each cycle the catalyst was separated from the solution
then washed thoroughly with deionized water and calcined at 600 ° C for 4 h ', The calcination process was
performed to regenerate the catalyst due to blocking of active sites by organic materials during the treatment.
Figure 13 displays the impact of cycles number on the removal efficiency of COD where loss of performance
the catalyst is low through the successive treatment confirming the good activity of the catalyst 2],
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Activity evaluation of Fe,0,@ CeO,; 1:2 ratio /AC
nanomaterials

1 2 3 4 5

Figure 13. Activity evaluation of Fe2O3@ CeO2; 1:2 ratio /AC nanomaterials

3.3.6. Kinetic Study

To get the proper reactor design, it is essential to ascertain the kinetic coefficients involved in a process.
In terms of several intermediates and ultimate products, the reactions in the heterogeneous Fenton process for
breaking down petroleum refinery effluents are incredibly complicated 33!,

In heterogeneous Fenton processes, the breakdown of organic contaminants is often approximated using
a pseudo-first-order kinetic model, particularly when both the oxidant (H>O.) and the available catalytic active
sites are present in excess compared to the pollutant. Under these circumstances, the concentration of hydroxyl
radicals (*OH) remains nearly constant, resulting in an apparent first-order dependence on the pollutant

concentration.

Nevertheless, in this study, the obtained correlation coefficients (R?) do not consistently reach sufficiently
high values to firmly validate a strict pseudo-first-order kinetic description. Accordingly, the manuscript has
been revised to address this point more carefully. First, the justification for applying the pseudo-first-order
model has been expanded to clarify its underlying assumptions and inherent limitations in heterogeneous
Fenton systems. Second, the description of the model has been refined, emphasizing that it serves as an
approximate representation of the kinetics rather than a conclusive mechanistic interpretation. Finally, the
discussion now explicitly acknowledges the moderate R, values and highlights the associated limitations in

fitting the experimental data to this model.!>*’

In the advanced oxidation process, it was discovered that the attack of hydroxyl radicals on organic
molecules and their byproducts was first-order with respect to the decay of COD, where the concentration of
hydroxyl radicals is constant while processing Equ.(4) and Equation (5)

dcoD .
r === k[HO"]“COD = kgp, COD 4)
COD = COD, exp(—kgppt) (5)

The plot of In (CODo/COD) over time can be used to compute kapp, a pseudo-first-order kinetic constant
in this equation, which is referred to as a pseudo-first-order kinetic.

Numerous heterogeneous Fenton reactions of aquatic organics have been satisfactorily described by
pseudo-first-order kinetics ?!]. The kinetics were examined at three catalyst dosage values (0.5, 1, and 1.5) g/l
at 0.5879 g/L H,O, dosage and pH of 3 because catalyst dosage is the primary determinant in this process,
according to ANOVA data (Table 7). The COD decay over time for heterogeneous Fenton at various catalyst
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dosages is shown in Figure 13. It is evident that for various catalyst dosage values, the degradation tends to
be roughly exponential.

Effect of Initial COD on Degradation Over Time
Experimental conditions: pH = 3, H;O, = 0.58

B
=
=
=
3
=
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' s s
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=O—COD 1.5 === COD 1 === COD 0.5

Figure 13. COD degradation over time with heterogeneous Fenton at varying catalyst dosages

The relationship between In(COD/CODo) and time at various catalyst dosage values is depicted in Figure
14. With an R? 0£ 0.984 0.989, it was evident that the results were close-fitting. The application of pseudo first-
order kinetics to explain the COD degradation in the Fe,O3@CeO»; 1:2 ratio/AC system is confirmed by the
high values of R% These findings also demonstrated that heterogeneous Fenton is a potential method for
eliminating different chemical components from PRWW.

PH=3, H;0,=0.58

y = -0.0058x + -0.0025 & R-sq=0.997

R - SR

y = -0.0076x + 0.0070 & R-sq=0.9987

n(COD,CODy

—&— Ln CODI/COD1.5
5= = Linear Fit1.5
~—&—Ln CODi/COD1

y =-0.0157x + -0.0050 & R-sq=0.9998

— = Linear Fit 1
"|—=—Ln CODI/COD 0.5
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Figure 14. Heterogeneous Fenton pseudo-first order model for COD degradation at varying catalyst dosages

4. Mechanism of CeO: promoting Fe>O3 Fenton activity

CeO, has a key function in the system owing to its reversible Ce* */Ce** redox pair and its ability to store
and release oxygen, both of which assist in converting Fe* * back to Fe* * and thus intensify the Fenton cycle.
In particular, Ce’ * acts as a reducing agent for Fe’ *, enabling the sustained formation of hydroxyl radicals (®
OH) through the conventional Fenton pathway. Moreover, the presence of oxygen vacancies in CeO; enhances
interfacial electron transfer and improves the activation efficiency of H.O.. The overall synergistic mechanism
may be represented by the following reactions:

* Fe** + H:0, — Fe** + *OH + OH™
* Ce*" + Fe** — Ce** + Fe?*
* Ce*" + e — Ce*" (regenerated through surface processes)
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With respect to hydroxyl radical identification, we acknowledge that direct detection would provide
stronger support for the proposed mechanism. However, due to experimental constraints, radical scavenging

or trapping tests were not performed in the initial version of the work.[3433]

5. Conclusion

The feasibility of heterogeneous Fenton process using Fe,O3 @ CeO»; 1:2 ratio /AC as nanocatalyst was
examined successfully in treating the effluents of of AL-Diwaniyah petroleum refinery. The impacts of four
variables (catalyst dosage, H»O, dosage, and pH) on the RE% were studied and optimized via RSM-BBD.
Results of ANOVA confirmed that catalyst dosage and pH are the most essential factors that controlled on the
mechanism of the heterogeneous Fenton process. While the other factor (H,O» dosage) have the second degree
in their impacting on COD removal. The preferred conditions were fixed as: catalyst dosage = 1.5 g/l, H,O»
dosage = 0.5878 g/l pH=3 that resulted in optimum RE% of 85%. The model has R? value of 96.33%
confirming the successful adopting of RSM in presenting the relation between the variables of process and the
response. Using heterogeneous Fenton process results in improving the removal processes in term of the
efficiency and cost in comparison with classical Fenton processes. Consequently, adopting the heterogeneous
Fenton process could be adopted as a sustainable , alternative, and cost-effective process for treating different
sources of wastewaters.
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