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p-Nitrotoluene (PNT) is a hazardous material suspected of causing hormone
disruption. Its degradation in aqueous solutions was studied using photochemical
ozonation with ZnO as a catalyst and UV radiation. Various factors, including
PNT concentration, ZnO concentration, pH, ozone flow rate, and UV exposure
time, were varied in laboratory experiments. Response surface methodology
(SRM) and central composite rotatable design (CCRD) were used to optimize the
process. The PNT removal efficiency ranged from 47% to 99.5%, with a high
correlation (R2 = 0.9558). Significant factors included UV exposure time, pH,
ozone flow rate, ZnO concentration, and initial PNT concentration. The maximum
removal efficiency was achieved with 76.701 ppm of initial PNT, 0.16 g/l ZnO,
pH 8.235, 3.516 ozone flow rate, and 99.548 minutes of UV exposure.

Keywords: ANOVA, CCRD, Ozonation, P-Nitrotoluene, Photocatalytic, RSM.
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1. Introduction

There are many industrial factories that use nitroaromatic compounds such as explosives,
textiles, paper industries, preparation of pesticides, etc. They will pollute water when discharged
with factory wastewater without suitable treatment and cause hazards to human health and water
resources [1]. In general, these compounds are complex and difficult to deplete by using
conventional wastewater treatments via stability and refectory, which are considered difficult to
remove from wastewater [2]. P-nitrotoluene (PNT) is a compound from the nitroaromatic family
that was intermediate formed during trinitrotoluene TNT production, purification of toluene
diisocyanates TDI, etc., and it's reported at high toxicity, which may represent common
pollutants that harm human health [3]. For all mentioned previously, PNT must be removed from
wastewater; there are many techniques that are used for TNP degradation, such as UV catalytic
Fenton oxidation [4], photo catalytic degradation [5], bio transformation [6], and ozonation
under sonolysis conditions US/O3 [7]. The most important technique used for PNT degradation
is using ozone with the presence of a catalyst, in which ozone produces free radicals (*OH ) that
may attack the C-N bond, followed by fast opening of phenol ring, to produce acetic acid and
finally oxidized rapidly for water and carbon dioxide [8].

Ultra violet UV radiation is used for the enhancement of ozone decomposition to produce free
radicals, leading to an increased ozonation reaction rate [9]. When paired with UV radiation,
ozonation free radicals may hasten the breakdown of less reactive contaminants [10]. Ozone was
reactive in acidic media, but as the solution became more basic, the ozone rate decomposition
increased [11]. This may have come from two factors: in a high pH solution, more free radicals
were created, and second, the rate of (*\OH ) was slow at a pH range of 2.8- 4.5 [12]. The
presence of ozone at a high value provided a high gas-liquid interface, which increased free
radical formation as well as increased PNT degradation [13].

In this study, was performed PNT degradation by UV/ozonation in the presence of ZnO as a
catalyst under varied conditions, including initial PNT concentration, ZnO concentration, pH,
Ozone flow rate, and UV exposure time, which was arranged by using RSM combined with
CCRD to determine the optimum conditions lead to high PNT removal efficiency and explain

mathematical relation between PNT removal efficiency with studied (controllable) variables.
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Response Surface Methodology (RSM) is a statistical and mathematical tool that models and
optimizes processes where multiple variables influence a response [14]. It helps in the
identification of the ideal operating conditions by analyzing interactions between factors and
reducing the number of experimental trials needed. RSM is widely utilized in chemical and
environmental engineering to enhance efficiency and lower operational costs by providing
predictive models for process optimization [15].

In recent studies, RSM has been effectively applied to optimize photocatalytic degradation
processes. For instance, Li et al. [16] used RSM to enhance the removal of pharmaceutical
contaminants from wastewater using TiO:-based photocatalysts, achieving over 90%

degradation efficiency under optimized conditions.

1.1. Aim of the study

1. Optimize the photocatalytic degradation of PNT using ZnO as a catalyst under ozonation
and UV irradiation.

2. Apply Response Surface Methodology (RSM) to evaluate the impact of key operational
parameters on removal efficiency.

3. Analyze the effects of pH, ZnO concentration, ozone flow rate, UV exposure time, and
initial PNT concentration.

4. Determine optimal conditions to achieve maximum pollutant degradation.

5. Minimize energy consumption and operational costs for a more efficient and sustainable

wastewater treatment process.

2. Material and Methods
2.1. Chemicals and equipment
The instruments used in this research work were:
A. UV-VIS Spectrophotometer model Agilent 8453.
B. pH meter device model Metrohm 823.
C. Magnetic stirrer model MS-HP.
D. Laboratory built-in photoreactor.

E. Ozone generator, as shown in Figure (1).
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This device is an ozone generator used for sterilization and purification of water or air by
producing ozone gas (Os), which has a strong ability to kill bacteria, viruses, and fungi and
eliminate laboratories and clinics to ensure a clean and safe environment.

The chemicals used in this study include p-nitrotoluene (PNT) (>99%, Sigma-Aldrich), zinc
oxide nanoparticles (ZnO, 10-30 nm) (>99.9%, Merck), hydrochloric acid (HCI) (37%, Sigma-
Aldrich), sodium hydroxide (NaOH) (>98%, Sigma-Aldrich), and distilled water (DW)
(laboratory-grade, ultrapure). The laboratory equipment used is a pH meter type Metrohm model
823, ultrasonic homogenizer, and ozone generation type Ozo+.

A Continuous Stirred Tank Reactor (CSTR) was used in the experiments, ensuring stable
operation through continuous reactant inflow and product discharge. The CSTR is widely used
in industries such as chemical manufacturing, biotechnology, and pharmaceuticals. It operates
with continuous reactant input and product output, ensuring a steady-state condition with
uniform mixing [17]. CSTRs offer precise temperature and pressure control but may suffer from

efficiency losses due to long residence times and dilution effects [18].

2.2. Method
The ozonation of the PNT photocatalytic reaction was investigated by applying five different
factors (initial PNT concentration, ZnO concentration, pH solution, ozone flow rate, and UV
time). Simulated wastewater was prepared by dissolving the required weight of PNT in 100 ml
DW with an ultrasonic homogenizer. The pH solution was adjusted according to the desired
value of hydrochloric acid and sodium hydroxide. The required amount of catalyst zinc oxide
was added to the PNT solution. Ozone generation was operated, and UV lamps were used to
start up the run. The PNT concentrations before and after the reaction were measured using the

UV spectrum to calculate the PNT removal efficiency for each run.
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2.3. Design of Experiments DOE

The classical experimentation approach is done by studying the effect of one variable while
holding other variables over certain values and repeating that with other studied variables. These
methods determine quantitative relations between responses and studied variables, but these are
incapable of detecting the interaction of variables [19]. Generally, the use of DOE is to obtain a
mathematical expression between studied (controllable) variables and absorbed (actual) results
for response with interaction effects between each variable; on the other hand, the use of
experimental design will reduce the total number of iterations needed to account for all levels of
the variables under study. The using of DOE here is to determine the mathematical relationship
between studied variables (initial PNT concentration, ZnO concentration, pH, Ozone flow rate,
and UV time) on PNT removal efficiency Y based on RSM in conjunction with CCRD and by
the aim of design expert software version 11 (Stat-Ease, In Silicon Valley, CA, USA). As
mentioned above, the study included five factors: initial PNT concentration (X1), ZnO
concentration (X2), pH (X3), Ozone flow rate (X4), and UV time (X5), which are shown with
their levels in Table (1).

According to RSM, DOE is required to determine the number of runs, which requires covering
the studied variables range as well as giving reliable measurements for response (dependent
variable) [20]. Accordingly, the number of experiments was 50 runs, as shown in Table (2). The
following is the procedure for fitting the experimental results to a polynomial of second order:

Initial PNT Conc.—Final PNT Conc.

PNT removal(%) = Tnitial PNT Come x 100 (D

Where Y is the response variable (PNT removal efficiency); X; and X; are independent (studied)

variables; b0 coefficient of intercept; bi and bii are 1st and 2nd order quadratic equation
coefficients, respectively, while bij is the coefficient of the model resulting from the interaction

between variables i and j and ¢ is standard error.

Table (1): Studied variables range and levels

Variable Symbols Levels
-0=2.378 -1 0 1 a=2.378
Initial PNT concentration (ppm) X1 25 46.73 625 78.26 100
ZnO concentration (g/L) X2 0.1 0.128 0.15 0.171 0.2
pH (-) X3 4 5.73 7 8.26 10
Ozone flow rate (g/hr.) X4 0 1.44 25 3.55 5
UV time (min) X5 30 56.07 75 93.92 120
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Table (2): Experimental design and actual value for removal efficiency Y (response)

Variables in coded levels

Run Initial PNT concentration ZnO concentration pH Ozone flow UV time Y
(X1) (X2) (X3) rate (X4) (X5)
1 0 0 0 0 0 86
2 1 1 1 -1 1 80
3 1 1 -1 1 1 97.5
4 0 0 0 0 -2.38 64.5
5 1 1 -1 -1 -1 47
6 1 1 -1 -1 1 58.18
7 0 0 0 0 0 81.17
8 -1 1 -1 1 -1 73
9 0 0 0 0 2.38 90
10 -1 -1 1 1 1 75.65
11 -1 -1 -1 1 1 81.87
12 1 1 1 1 1 99.5
13 0 -2.38 0 0 0 90
14 0 0 0 0 0 80.5
15 0 0 -2.38 0 0 80.20
16 -1 -1 1 -1 1 85
17 -1 -1 -1 1 -1 70.71
18 1 1 1 -1 -1 70
19 -1 1 1 1 -1 80.5
20 -1 -1 -1 -1 -1 86
21 -1 1 -1 1 1 88.27
22 -1 -1 1 -1 -1 83.38
23 -1 1 -1 -1 -1 64
24 -1 1 -1 -1 1 87.05
25 0 0 0 0 0 84.46
26 1 1 -1 1 -1 76.59
27 1 -1 1 -1 1 88.89
28 0 0 0 0 0 84.39
29 1 -1 1 1 -1 92
30 1 -1 1 -1 -1 82.55
31 -1 1 1 -1 -1 76
32 1 1 1 1 -1 90.83
33 0 0 2.38 0 0 96.65
34 0 0 0 -2.38 0 0.0005
35 1 -1 -1 -1 -1 76.07
36 1 -1 -1 -1 1 82.98
37 1 -1 -1 1 -1 83.54
38 0 0 0 0 0 80
39 0 2.38 0 0 0 85
40 1 -1 1 1 1 97.9
41 2.38 0 0 0 0 94.04
42 0 0 0 0 0 80
43 -2.38 0 0 0 0 91.08
44 -1 1 1 -1 1 95.83
45 0 0 0 0 0 82
46 0 0 0 2.38 0 85.3
47 -1 -1 -1 -1 1 92.89
48 -1 1 1 1 1 88
49 1 -1 -1 1 1 95.5
50 -1 -1 1 1 -1 65
R? 0.9558
Adjusted R2 0.9231
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Steps for Measuring PNT Using an Analytical Balance:
1. Calibrate the Balance — Use the Mettler Toledo XS205 (or similar analytical balance) with standard
weights and place it on a stable surface.
2. Prepare the Weighing Container — Place a clean dish or weighing paper on the balance and press
Tare to reset to zero.
3. Add PNT Carefully — Use a clean spoon or tweezers to transfer PNT, avoiding direct contact.
4. Record the Weight — Wait for the reading to stabilize, then adjust as needed for precision.
Notes: Work in a dry environment, store PNT in a sealed container, and use a fume hood if necessary.

3. Result and Discussion
3.1. Coded empirical model
The experimental observations are shown in Table (2), in which the PNT removal efficiency
values range between 47- 99.5 %, according to each experiment condition except the result for
run number 34; it is 0.0005% and this is a logical value due to the absence of ozone in other
words no reaction was taking place, and it was neglected for analysis of variance ANOVA
analysis. The summary of the ANOVA is shown in Table (3), which shows the correlation
coefficient (R2) was 0.9558, which means that 95.58% of the total variance can be said to depend
on the independent variables studied.
The results were analyzed through RSM combined with CCRD to get the empirical model for
response (PNT removal efficiency) as a function of the studied variables (PNT initial
concentration, ZnO concentration, pH Ozone flow rate, and UV exposure time), which are

below:

Y = 82.32 + 0.7598X; — 1,84X, + 2.98X; + 3.14X, + 5.51X5 — 2.87X, X, + 2.46X, X5 + 6.09X, X,
— 0.4403X, X5 + 2.76X, X5 + 4.12X,X, + 1.72X,Xs — 1.41X3X, — 1.15X3 X
+0.1933X,Xs + 1.81X7 + 0.9166XZ + 1.08X% — 3.06X7
— 0.8954X2 (5)

Where Y is PNT removal efficiency, X, is initial PNT concentration, X, is ZnO concentration,

X5 is solution pH, X, is ozone flow rate and X is UV exposure time.
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Table (3): Results of ANOVA for Y (response)

Source Sum of df Mean F-value p-value
Squares Square
Model 5224.27 20 261.21 29.19 <0.0001  significant
Xi-PNT initial 25.01 1 2501 2.79 0.1061
Conc.
Xe-Zho 146.14 1 146.14 16.33 0.0004
Concentration
Xs-PH 384.22 1 384.22 42.94 <0.0001
X,-Flow Os 315.89 1 31589 35.3 <0.0001
Xs-Time (UV 1313.18 1 131318 146.76 <0.0001
exposure)
X1Xo 264.37 1 26437 29.55 <0.0001
X1Xa 193.73 1 19373 21.65 <0.0001
X1Xa 1186.44 1 1186.44 132.6 <0.0001
X1Xa 6.2 1 6.2 0.6933 0.4124
X>X3 243.38 1 24338 27.2 <0.0001
XoXa 542.13 1 54213 60.59 <0.0001
X2Xs 94.47 1 9447 10.56 0.0031
XaXa 63.5 1 63.5 71 0.0129
XaXs 42.37 1 4237 4.74 0.0385
XaXs 1.2 1 1.2 0.1336 0.7176
X2 167.85 1 16785 18.76 0.0002
X2 43.01 1 4301 481 0.0371
X2 59.75 1 5975 6.68 0.0155
X2 123.82 1 12382 13.84 0.0009
Xs2 41.05 1 4105 459 0.0414

It was noted from Table (3) that the F-value for regression was 29.19, and this is greater than
that tabulated (F20, 5, 0,05 = 4.56), which indicated that the assumed second-order polynomial
is highly significant. The significance for each term was determined by examined P-values,
which are listed in Table (3); the terms X5, X,, X5, X1X,, X1 X3, X1 X4, X, X5 and X, X, were
highly significant through a very small P-value. The final empirical model, according to
ANOVA analysis, will be in the following form:

A comparison between predicted and experimental data points for the response was shown in
Figure (1), as seen in the distribution of points around 45° lines, which indicates an accurate
depiction of scientific findings by a good fit for the assumed model. Removal efficiency as a
function of the factors under investigation was ordered according to importance as follows: UV
time exposure, pH, ozone flow rate, ZnO concentration, and initial PNT concentration via their
F-values 146.76, 42.94, 35.3, 16.33, and 2.79, respectively.
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Fig. (2): Comparison between the actual and predicted response values for PNT removal efficiency

3.2. Effect of studied variables

The impact of each investigated variable on the effectiveness of PNT elimination is explained
in Figure (2), in which PNT removal efficiency increases with pH, and this agrees with S. Song's
report [7]. The initial PNT concentration with a higher value triggered a decrease in efficiency
in removing PNTSs, while the presence of ZnO concentration inversely affected efficiency in
removing PNTSs, and this may be due to the ZnO particle tendency to agglomerate at its
concentration increase. Effect of ozone flow rate, as seen with increasing ozone flow rate which
leads to the increasing area of gas-liquid interface and this will cause increasing ozone
concentration resulting more and more free radicals required for PNT degradation reaction, and
this agrees with S. Song report [7] until reached the maximum value for PNT removal efficiency
at about 2.56 g/L, and via elevation of the ozone flow more than this value the response started
decreasing. The increase in time will be caused by PNT removal efficiency due to increasing
contact time between reactants.
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Fig. (2): Effect of more significant individual variables (pH solution, ozone flow rate, and UV time

exposure) on PNT removal efficiency

3.3. Interactions effect of studied variables
The interaction between terms in the model via their significance was illustrated by plotting at
the same time two variables on a contour chart (two dimensions) and the response surface. The
final empirical model shows the reduced model for response (PNT removal efficiency), as it was
noted that the response depends on three individual variables (X5, X, and X<) and five interaction

factors (X, X,, X, X5, X,X,, X, X5 and X, X,) through their significance.

Y = 82.32 + 2.98X5 + 3.14X, + 5.51Xs — 2.87X, X, + 2.46X, X5 + 6.09X, X, + 2.76X,X5
+4.12X,X, (6)

Figure (3) shows the interaction effect between initial PNT concentration and ZnO concentration
on the contour chart. The removal efficiency increases when the initial PNT concentration is
reduced from 100 to 62.5 ppm at any ZnO concentration at the range of 0.2 to 0.16 g/l, while
The interaction between initial PNT concentration and pH solution is presented in Figure (4),
the PNT removal efficiency was increased by initial PNT concentration from 100 to 62.5 ppm
at any constant value for pH within the range from 4 to 6.25, figures reveals that maximum

response more than 81 %.
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Fig. (3): Contour plot (left) and response surface (right) representing the combined effect of initial
PNT concentration and ZnO concentration on PNT removal efficiency
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Fig. (4): Contour plot (left) and response surface (right) representing the combined effect of initial
PNT concentration and pH solution on PNT removal efficiency

The interaction effect between initial PNT concentrations and ozone flow rate presented in
Figure (5), the efficiency of removing PNTSs rose for the ozone flow rate range from about 0.25
o/l until they reached value of 2.56 g/l for any value for initial PNT concentration, and suddenly
response started decreasing from a maximum value at ozone flow rate 2.56 to 3.78 g/l. It is clear
that effect of the ozone flow rate on the removal efficiency has overcome the effect of the initial
PNT concentration, and this may be because the rate of ozone flow is of greater importance
according to the value of F in the ANOVA analysis, the same situation that we will get when
examining the reaction outcome of both the ozone flow rate and concentration ZnQO, (see Figures

(6), (7)) where The pace of ozone flow is more critical than the ZnO concentration.
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Fig. (5): Contour plot (left) and response surface (right) representing the combined effect of initial
PNT concentration and ozone flow rate on PNT removal efficiency
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Fig. (6): Contour plot (left) and response surface (right) representing the combined effect of initial
PNT concentration and ozone flow rate on PNT removal efficiency
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Fig. (7): Contour plot (left) and response surface (right) representing the combined effect of pH
solution and ZnO concentration on PNT removal efficiency
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3.4. Process optimization
In order to discover values for all variables that meet specified requirements, Optimization is
one of the most significant capabilities offered by Design Expert program (version 11). The
desired response and the limitations of each variable are displayed in Table (4). The solution
that met all response criteria (PNT removal efficiency) is shown in Table (5). The suggested
statistical model is satisfactory for PNT removal efficiency by photocatalytic ozonation reaction;
therefore, as per the Design Expert software solution, the ideal circumstances are 100 solutions,

and one was chosen as an example, as shown in Table (5).

Table (4): Constraints each variable for numerical optimization of response

Type of variable Goal Lower limit Upper limit
Initial PNT concentration (ppm) is in range 46.7332 78.2668
ZnO Concentration (g/l) is in range 0.128978 0.171022
PH (-) is in range 5.73866 8.26134
Ozone flow rate (g /l) is in range 1.44888 3.55112
UV time exposure (min) is in range 56.0798 93.9202
PNT removal efficiency (%) maximize 47 99.5

Table (5): Constraints each variable for numerical optimization of response

Initial PNT Zno %Zé’v':/e UV time re'rjn'\gal
No.  concentration Concentration PH exposure . Desirability
(ppm) @ /) rate (g (min) efficiency
) (%)
1 76.701 0.160 8.235 3516 93.854 99.548 1.000

The experimental findings confirmed the effective degradation of PNT through ozonation in the
presence of ZnO as a catalyst. Optimum conditions were determined using RSM for selected
experimental runs, with removal efficiency ranging between 47-99.5%. ANOVA analysis
indicates that the studied variables significantly influenced the response in the following order:
UV time exposure, pH, ozone flow rate, ZnO concentration, and initial PNT concentration, with
F-values of 146.76, 42.94, 35.3, 16.33, and 2.79, respectively.

Using software to design a test, especially The reaction surface method's implementation to
examine the consequence of different factors on PNT degradation and their interactions
increases accuracy and efficiency while reducing costs, time, and energy consumption. This
method allows for the optimization of the process by considering effective factors, achieving the
highest degradation with the lowest cost.
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Considering the outcomes of the planned experiments, the reported numbers and outcomes align
well with the model provided by the software. By analyzing the influencing factors and reported
graphs, it was found that changes in pH significantly affect PNT degradation. The maximum
removal efficiency was achieved under the following conditions:

Initial PNT concentration: 76.7 ppm

Zn0O concentration: 0.16 g/L

pH: 8.235

Ozone flow rate: 3.516 g/L

UV exposure time: 93.854 minutes

Using ultraviolet radiation, which has the energy to break the PNT structure, along with nano-
catalysts, is an effective approach to eliminating or reducing hazardous detergents from textile
waste. This method, in addition to its high efficiency in reducing contamination from textile and

dyeing industries, is clean and poses minimal risk to the environment and living organisms.

4. Conclusion
The study shows that the removal (degradation) of PNT by ozonation reaction in the presence
of ZnO as a catalyst was successful. Optimum conditions were established by using RSM for
some experimental runs, with removal efficiency results of 47-99.5%. ANOVA analysis shows
that the studied variables have significance on response with order: UV time exposure, pH,
ozone flow rate, ZnO concentration, and initial PNT concentration via their F-values 146.76,
42.94, 35.3, 16.33, and 2.79, respectively.
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literature review. All authors have read and approved the final version of the manuscript.

178



Journal of Petroleum Research and Studies Vol. 15. No. 04, December 2025, pp. 165-180

References

[1]

(2]

(3]

[4]

5]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

F. J. Beltran, J. M. Encinar, and M. A. Alonso, "Nitroaromatic hydrocarbon ozonation in water. 1.
Single ozonation", Industrial & Engineering Chemistry Research, vol. 37, no. 1, pp. 25-31, 1998.
https://doi.org/10.1021/ie9704253.

G. E. Diwani, S. E. Rafie, and S. Hawash, "Degradation of 2, 4, 6-trinitotoluene in aqueous solution
by ozonation and multi-stage ozonation biological treatment”, International Journal of
Environmental Science & Technology, vol. 6, pp. 619-628, 2009.
https://doi.org/10.1007/BF03326102.

O. A. Sadik and D. M. Witt, "Peer reviewed: Monitoring endocrine-disrupting chemicals",
Environmental Science & Technology, wvol. 33, no. 17, pp. 368A-374A, 1999.
https://doi.org/10.1021/es992961n.

Z. Li, P. Shea, and S. Comfort, "Nitrotoluene destruction by UV-catalyzed Fenton oxidation",
Chemosphere, vol. 36, no. 8, pp. 1849-1865, 1998. https://doi.org/10.1016/S0045-6535(97)10073-
X.

J. Jing, W. Li, A. Boyd, Y. Zhang, V. L. Colvin, and W. Y. William, "Photocatalytic degradation of
quinoline in agueous TiO2 suspension”, Journal of Hazardous Materials, vol. 237-238, pp. 247-
255, 2012. https://doi.org/10.1016/j.jhazmat.2012.08.037.

S. K. Walia, S. Ali-Sadat, and G. R. Chaudhry, "Influence of nitro group on biotransformation of
nitrotoluenes in Pseudomonas putida strain OU83", Pesticide Biochemistry and Physiology, vol. 76,
no. 3, pp. 73-81, 2003. https://doi.org/10.1016/S0048-3575(03)00068-3.

S. Song, M. Xia, Z. He, H. Ying, B. Li, and J. Chen, "Degradation of p-nitrotoluene in aqueous
solution by ozonation combined with sonolysis", Journal of Hazardous Materials, vol. 144, no. 1-
2, pp. 532-537, 2007. https://doi.org/10.1016/j.jhazmat.2006.10.067.

S. Song, H. Ying, Z. He, and J. Chen, "Mechanism of decolorization and degradation of Cl Direct
Red 23 by ozonation combined with sonolysis”, Chemosphere, vol. 66, no. 9, pp. 1782-1788, 2007.
https://doi.org/10.1016/j.chemosphere.2006.07.090.

H. W. Prengle, "Experimental rate constants and reactor considerations for the destruction of
micropollutants and trihalomethane precursors by ozone with ultraviolet radiation”, Environmental
Science & Technology, vol. 17, no. 12, pp. 743-747, 1983. https://doi.org/10.1021/es00118a010.

Y.-H. Chen, C. Y. Chang, S. F. Huang, N. C. Shang, C. Y. Chiu, Y. H. Yu, P. C. Chiang, J. L. Shie,
and C. S. Chiou, "Decomposition of 2-naphthalenesulfonate in electroplating solution by ozonation
with UV radiation", Journal of Hazardous Materials, vol. 118, no. 1-3, pp. 177-183, 2005.
https://doi.org/10.1016/j.jhazmat.2004.10.018.

B. Kasprzyk-Hordern, M. Ziotek, and J. Nawrocki, "Catalytic ozonation and methods of enhancing
molecular ozone reactions in water treatment”, Applied Catalysis B: Environmental, vol. 46, no. 4,
pp. 639-669, 2003. https://doi.org/10.1016/S0926-3373(03)00326-6.

Y. Jiang, C. Pétrier, and T. D. Waite, "Effect of pH on the ultrasonic degradation of ionic aromatic
compounds in aqueous solution”, Ultrasonics Sonochemistry, vol. 9, no. 3, pp. 163-168, 2002.
https://doi.org/10.1016/S1350-4177(01)00114-6.

J. Wu, M. A. Eiteman, and S. E. Law, "Evaluation of membrane filtration and ozonation processes
for treatment of reactive-dye wastewater", Journal of Environmental Engineering, vol. 124, no. 3,
pp. 272-277, 1998. https://doi.org/10.1061/(ASCE)0733-9372(1998)124:3(272).

D. C. Montgomery, E. A. Peck, and G. G. Vining, “Design and Analysis of Experiments”, 11th ed.,
John Wiley & Sons, Hoboken, NJ, USA, 2021.

R. H. Myers, D. C. Montgomery, and C. M. Anderson-Cook, “Response Surface Methodology:
Process and Product Optimization Using Designed Experiments”, 5th ed., John Wiley & Sons,

179



https://doi.org/10.1021/ie9704253
https://doi.org/10.1007/BF03326102
https://doi.org/10.1021/es992961n
https://doi.org/10.1016/S0045-6535(97)10073-X
https://doi.org/10.1016/S0045-6535(97)10073-X
https://doi.org/10.1016/j.jhazmat.2012.08.037
https://doi.org/10.1016/S0048-3575(03)00068-3
https://doi.org/10.1016/j.jhazmat.2006.10.067
https://doi.org/10.1016/j.chemosphere.2006.07.090
https://doi.org/10.1021/es00118a010
https://doi.org/10.1016/j.jhazmat.2004.10.018
https://doi.org/10.1016/S0926-3373(03)00326-6
https://doi.org/10.1016/S1350-4177(01)00114-6
https://doi.org/10.1061/(ASCE)0733-9372(1998)124:3(272)

Journal of Petroleum Research and Studies Vol. 15. No. 04, December 2025, pp. 165-180

Hoboken, NJ, USA, 2022.

[16] X. Li, Y. Zhang, and L. Wang, "Optimization of photocatalytic degradation of pharmaceutical
pollutants using RSM," Journal of Environmental Science and Technology, vol. 57, no. 3, pp. 2456—
2468, 2023.

[17] H. S. Fogler, “Elements of Chemical Reaction Engineering”, Pearson Educacion, 2016.

[18] E. B. Nauman, “Chemical Reactor Design, Optimization, and Scaleup”, John Wiley & Sons,
Hoboken, NJ, USA, 2008.

[19] A. H. Sulaymon, and H. H. Alwan, "Performance of Mixing Granules Solid Materials by
Fluidization", Iragi Journal of Chemical and Petroleum Engineering, vol. 5, no. 4, pp. 35-40, 2004.
https://doi.org/10.31699/1JCPE.2004.4.6.

[20] H. Mazaheri, K. T. Lee, S. Bhatia, and A. R. Mohamed, "Subcritical water liquefaction of oil palm
fruit press fiber in the presence of sodium hydroxide: an optimisation study using response surface
methodology”, Bioresource Technology, wvol. 101, no. 23, pp. 9335-9341, 2010.
https://doi.org/10.1016/j.biortech.2010.07.004.

180


https://doi.org/10.31699/IJCPE.2004.4.6
https://doi.org/10.1016/j.biortech.2010.07.004

