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Offshore produced water (OPW), a type of wastewater rich in hazardous compounds
such as polycyclic aromatic hydrocarbons (PAHs), requires effective treatment. This
study presents a novel methodology utilizing TiO2 nanoparticles, ultraviolet (UV) lamps,
and ozonation for the degradation of phenanthrene (PHE) from OPW. Various factors
including UV lamp power (10W-50W), ozone dose (0.1 mg/L-0.5 mg/L), TiO2
concentration (0.5 g/m?-2.1 g/m?), ethanol fraction (25%-85%), pH (4.5-10.5), PHE
initial concentration (5 mg/L-25 mg/L), and treatment time (15 min-45 min) were
systematically investigated to understand their impact on PAH degradation in the OPW.
The study employs Response Surface Methodology (RSM) for modeling and optimizing
PHE removal efficiency. The results contribute to the development of a mathematical
model, and through optimization, optimal conditions are proposed to maximize PHE
removal efficiency. Experimental implementation of the optimized conditions in a
physical model resulted in an impressive 98% PHE removal efficiency. The identified
optimal conditions include UV lamp power of 40 W, ozone dose of 0.5 mg/L, TiO2
concentration of 2 g/m?, ethanol fraction of 25%, pH of 5.2, initial PHE concentration of
15 mg/L, and a treatment time of 40 min. This optimized approach provides valuable
insights for efficient and environmentally friendly treatment of PAHs in OPW,
emphasizing on the potential for practical application in soil washing effluent treatment.

1. Introduction

Persistent organic chemicals, recognized as
pervasive pollutants in the majority of ecosystems
[1], pose significant environmental concerns.
Polycyclic aromatic hydrocarbons (PAHs), a sub-
group of persistent organic pollutants, are
particularly noteworthy due to their classification
as hazardous substances. These compounds have
been globally identified in various environmental
compartments such as soil, sludge, and water,
stemming from diverse sources including industrial
and municipal activities, as well as natural
processes. The mutagenic and carcinogenic effects
of PAHs contribute to their designation as
hazardous pollutants [2].

The sources of PAH pollution in surface waters
encompass a range of activities including fossil
fuel combustion, coke ovens, metal processing
facilities, and  hydrocarbon production.

E Corresponding author: F.Qaderi@nit.ac.ir (F. Qaderi)

Phenanthrene, a representative PAH compound
and a priority pollutant according to the United
States Environmental Protection Agency, poses a
significant challenge as one of the most widely
detected PAHs in contaminated sites [3, 4].

Recent research highlights advanced oxidation
processes (AOPs) as effective methods for
degrading aromatic compounds like PAHs [5]. The
use of the highly reactive hydroxyl radical (*OH)
in AOP processes facilitates the oxidation of PAHs
into less toxic byproducts, ultimately leading to the
formation of H,O and CO; [6].

Ozone, with its high oxidant capacity and
disinfection potential, emerges as a viable option
for removing compounds like phenanthrene. Ozone
treatment can proceed through direct molecular
reactions and/or an indirect pathway involving
ozone decomposition and the generation of
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hydroxyl radicals (*OH). Laboratory experiments
such as those conducted by Do-Yun et al. on
remediation of contaminated soil by ozone,
demonstrate its effectiveness in achieving
substantial pollutant removal . Factors such as soil
pH and moisture content impact the efficiency of
PAH oxidation in unsaturated soil during in-situ
ozonation, highlighting the need for effective in
situ treatment technologies employing ozone [7].

For high molecular weight or complex structure
PAHs, photocatalytic degradation
(photodegradation) emerges as a highly effective
technique, aligning with the criteria of being
economical, efficient, and environmentally
friendly. Recent studies emphasize the
applicability of photocatalysis using TiO, semi-
conductor photocatalysts for achieving complete
mineralization of organic substrates. TiO,, widely
employed as a photocatalyst, has demonstrated
efficient degradation of various PAHs [8, 9].
However, challenges such as the need for solid-
liquid separation post-treatment and susceptibility
of suspended catalysts to water matrices have
prompted research into immobilization techniques
[9].

Co-solvents,  particularly  alcohols, are
frequently used to enhance the desorption of
hydrophobic organic compounds including PAHs
from soil particles during soil washing. The
advantages of using co-solvents include increased
pollutant solubility in water, environmental
friendliness, simplicity of application, and the
ability to be conducted at ambient temperature [1,
6].

In conventional AOP methods, variations in
parameters are often tested individually, leading to
an increase in the number of experiments. To
address this, experimental design methodologies
such as Response Surface Methodology (RSM) are
employed to optimize effective parameters with a
minimal number of experiments. RSM facilitates
the quantification of relationships between
independent and dependent variables, allowing for
the evaluation of variable effects, interactions, and
simultaneous impacts. Two primary experimental
design methods, Box-Behnken design and central
composite design (CCD), are commonly utilized.
CCD, with experiments designed at 5 levels,
provides more comprehensive information than
Box-Behnken design. This study employs the CCD
method to optimize the factors influencing the
photocatalytic ozonation degradation behavior of
phenanthrene in co-solvent, providing a robust
approach to the design and formulation of new
processes [9].
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As a consequence of these considerations,
phenanthrene has been selected as a model
compound for the investigation of its advanced
oxidation through the synergistic combination of
ozone and ultraviolet (C type) radiation, along with
a semi-conductor TiO,, in a process termed
photocatalytic ozonation (TiO,/UVC/QO3), in the
presence of co-solvent ethanol. This study seeks to
elucidate the factors influencing the photocatalytic
ozonation degradation of phenanthrene in co-
solvent, employing the CCD method for modeling
and optimization within the framework of
Response Surface Methodology (RSM).

2. Materials and methods
2.1. Chemicals

All chemical used in the experiments were
analytic grade reagents. Phenanthrene (PHE) was
selected as a representative PAH due to its low
volatilization, and it was purchased from Aldrich
(WL, USA) with purity greater than 99%. A
commercial TiO, Degussa P25 (70% anatase and
30% rutile) was used as the catalyst with an average
particle size of 30 nm and BET surface area of 50
m’g”, according to the manufacturer. Absolute
ethyl alcohol (Sigma-Aldrich, 99.5%) was used as
co- solvent. Dichloromethane (supplied by Sigma-
Aldrich, USA) was used for aqueous sample
extraction. Furthermore 0.5M H,SO; and 1M
NaOH (Merck) were used to adjust the initial
solution pH.

2.2. Preparation of samples

The model solutions were prepared in different
PHE initial concentration and with different
ethanol  fraction, according to  designed
experiments by the Design Expert software
(version 10.0.7). Different PHE concentrations
were prepared in mixture of distillate ethanol/water
(in different ratio). The solution completely stirred
at a dark cage for 24 h and room temperature. The
initial pH was adjusted by 0.5 M H,SO4 or IM
NaOH, and it was uncontrolled during the process.

2.3. Photocatalytic ozonation of phenanthrene

Figure 1 shows the experimental setup of
photocatalytic ozonation reactor. Five coated plates
with TiO, nanoparticles were placed at bottom and
four sides of reactor. Five 10 W UV lamp (253.7
nm, light intensity about 6 x 107 L™'s™) were used
for photocatalytic process, and at the bottom of
reactor, there was a porous for ozone injection.
Amount of nanoparticles, time of photocatalytic
ozonation process, power of lamps, ozonation
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dose, and PHE initial concentration were set due to
designed experiments, as independent variables. A
water bath was used to keep the system at ambient
temperature to prevent thermal catalytic effect.

2.4. Immobilization of catalysts

The immobilization of catalysts on glass slides
was conducted using a heat-attached method. Due
to designed experiments, an amount of TiO, was
dispersed into ethanol. The glass plate was pre-
treated with dilute hydrofluoric acid (0.1 mol. L™)
and 0.01 mol. L sodium hydroxide solution. After
these processes, the number of OH group increased
and the TiO, immobilization efficiency enhanced.
The solution of TiO, was sonicated (by vVCLEAN1
— L2 Ultrasonic Cleaner) with 100% amplitude for
30 min and at a frequency of 30 kHz. after washing
glass with distilled water, both sides of the glass
were dipped into TiO, solution, and then dried at
30 "C. After drying, the glass plate was fired at 450
°C. After 60 min, plates were washed with distilled
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water for removal of weakly attached TiO, P-25
nanoparticles.

2.5. PAHs extraction processes

Phenanthrene in solution was extracted using
hexane with a liquid-liquid extraction method,
concentrated with a rotary evaporator, and cleaned
up with a silica solid phase extraction column. All
samples were quantified by a GC-FID system [6].

2.6. GC analysis of PAHs

The concentration of PHE was carried out using
TG 2552 GC system, equipped with a flame
ionization detector (FID) was operated in splitless
mode and manual injection. The injection volume
was 1 pL, and the detector temperature was 300 C.
The injector temperature was set at 290 ‘C. The
oven temperature was set initially at 50 C (held for
1 min), increased to 205 "C at 10 ‘C/min, finally at
25 °C/min increased to 300 "C, and held for 5 min
at this temperature [6].

il %
A ‘{ ‘

¥ ‘\'J‘Jd‘/ \
Samples rotary evaporator

Figure 1. Schematic representation of the photocatalytic ozonation process setup.

2.7. Experimental design

For designing experiments and statistical
analyzing of results, the Design Expert software

! Response Surface Methodology
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(version 10.0.7) has been used. RSM' was
performed using the CCD? method to investigate
the effects of seven independent variables on
dependent variable. Finally, it has been achieved a

2 Central Composite Design
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mathematical model for PHE removal efficiency,
for optimization of independent variables in order
to achieve maximum removal of phenanthrene.
Among the linear, quadratic, and special models, a
quadratic model has been considered for results of
this study.

Journal of Mining & Environment, Vol. 15, No. 1, 2024

The independent variables of this study were
PHE initial concentration, solution pH, ethanol
fraction, UV power, ozone dose, TiO;
concentration, and treatment time, and the
dependent variable was phenanthrene removal
efficiency. The design conditions are presented in
Table 1.

Table 1. Independent variables and their levels for central composite design.

Design points Unit Level 1 (min) Level 2 Level 3 (mid) Level4 Level 5 (max)
Ethanol ratio % 10 25 55 85 100
initial concentration mg/l 0 5 15 25 30
pH 3 4.5 7.5 10.5 12
UV power w 0 10 30 50 60
Os dosage mg/L 0 0.1 0.3 0.5 0.6
TiO, concentration g/m’ 0.1 0.5 1.3 2.1 2.5
Treatment time min 0 15 45 75 90

Table 2. CCD for the study of seven experimental variables and results.

Run UV 0, TioO, t pH EW C RE Run UV O, TiO, t pH EW C RE
1 10 0.5 2.1 75 10.5 25 15.65 82.85 53 50 0.5 2.1 15 4.5 25 15.65 80.12
2 10 0.5 0.5 75 10.5 25 0.85 45.97 54 30 0.3 0.1 45 7.5 55 13.94 61.3
3 50 0.1 0.5 75 4.5 25 0.85 45.65 55 10 0.5 0.5 15 4.5 25 15.65 57.45
4 50 0.1 0.5 75 10.5 85 24.64 41.39 56 30 0.3 2.5 45 7.5 55 13.94 78.48
5 50 0.1 2.1 15 10.5 85 2.25 27.17 57 10 0.1 2.1 15 10.5 85 2.25 13.13
6 10 0.1 0.5 15 10.5 25 0.85 9.23 58 50 0.1 2.1 15 4.5 85 2.25 30.7
7 50 0.1 2.1 75 4.5 25 15.65 76.14 59 10 0.1 0.5 75 10.5 25 15.65 40.73
8 50 0.5 2.1 75 10.5 85 24.64 73.35 60 10 0.5 0.5 15 10.5 25 0.85 34.55
9 50 0.1 2.1 15 10.5 25 0.85 47.09 61 50 0.1 0.5 75 10.5 25 0.85 38.23
10 30 0.3 1.3 90 7.5 55 13.94 60.42 62 30 0.3 1.3 45 7.5 55 13.94 61.22
11 50 0.1 2.1 15 10.5 25 15.65 63.95 63 30 0.3 1.3 45 7.5 10 8.55 59.64
12 10 0.1 0.5 75 10.5 85 2.25 22.36 64 10 0.1 0.5 75 4.5 25 0.85 27.21
13 10 0.1 0.5 75 10.5 25 0.85 18.51 65 50 0.5 0.5 15 4.5 85 24.64 50.47
14 10 0.5 0.5 75 4.5 85 24.64 58.47 66 50 0.1 0.5 15 4.5 85 24.64 36.53
15 50 0.1 2.1 75 4.5 85 24.64 52.49 67 10 0.1 2.1 75 10.5 25 15.65 51.81
16 50 0.5 2.1 15 10.5 25 15.65 95.84 68 50 0.5 0.5 15 10.5 85 2.25 43 .84
17 10 0.5 2.1 75 10.5 85 2.25 46.02 69 10 0.5 0.5 75 10.5 85 2.25 40.76
18 50 0.1 0.5 15 10.5 25 15.65 43.39 70 50 0.5 0.5 15 4.5 25 15.65 77.05
19 10 0.1 2.1 75 4.5 85 24.64 47.81 71 10 0.1 0.5 75 4.5 85 2.25 30.81

20 30 0.3 1.3 45 7.5 55 13.94 58.95 72 10 0.5 0.5 15 4.5 25 0.85 41.32
21 50 0.5 0.5 75 10.5 85 2.25 57.8 73 50 0.1 2.1 75 10.5 85 2.25 36.42
22 10 0.5 2.1 75 4.5 25 15.65 83.03 74 50 0.5 0.5 75 4.5 85 24.64 64.87
23 30 0.6 1.3 45 7.5 55 13.94 79.9 75 30 0.3 1.3 45 7.5 55 13.94 55.64
24 10 0.5 0.5 15 4.5 85 24.64 45.35 76 10 0.1 0.5 75 4.5 25 15.65 49.59
25 50 0.5 0.5 15 10.5 25 15.65 71.41 77 50 0.5 0.5 75 4.5 25 0.85 79.74
26 10 0.1 2.1 15 10.5 25 0.85 21.74 78 10 0.5 2.1 15 4.5 85 24.64 51.23
27 10 0.5 0.5 75 10.5 85 24.64 51.76 79 50 0.1 2.1 75 10.5 85 24.64 48.77
28 10 0.1 2.1 15 4.5 85 24.64 39.41 80 10 0.5 2.1 75 10.5 85 24.64 58.76
29 50 0.1 2.1 15 10.5 85 24.64 39.04 81 10 0.1 2.1 75 4.5 25 0.85 33.46
30 50 0.1 0.5 75 10.5 25 15.65 54.27 82 50 0.1 2.1 75 4.5 85 2.25 399
31 10 0.1 2.1 75 10.5 25 0.85 28.44 83 10 0.5 2.1 15 10.5 85 24.64 48.17
32 30 0.3 1.3 45 3 55 13.94 58.66 84 50 0.1 2.1 15 4.5 85 24.64 42 .81
33 10 0.5 0.5 75 4.5 25 0.85 52.68 85 50 0.1 0.5 75 4.5 25 15.65 61.84
34 10 0.5 0.5 75 4.5 85 2.25 47.22 86 50 0.1 0.5 75 4.5 85 24.64 48.79
35 50 0.1 0.5 15 10.5 25 0.85 27.67 87 50 0.5 2.1 75 10.5 25 0.85 93.24
36 50 0.1 0.5 15 10.5 85 2.25 18.94 88 10 0.5 0.5 15 4.5 85 2.25 34.59
37 10 0.1 2.1 15 4.5 85 2.25 17.94 89 10 0.1 2.1 75 4.5 85 2.25 25.86
38 50 0.1 2.1 75 4.5 25 0.85 58.8 90 10 0.5 2.1 15 4.5 25 0.85 56.65
39 50 0.5 2.1 15 4.5 25 0.85 89.34 91 50 0.1 0.5 15 4.5 85 2.25 26.16
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Table 2. Continued.

Run UV 0; Tio, t pH EW C RE Run UV 0; TioO, t pH EW C RE
40 10 0.1 2.1 75 45 25 15.65  56.98 92 50 0.5 0.5 75 45 25 15.65  90.01
41 10 0.1 0.5 75 105 85 24.64  42.33 93 50 0.1 0.5 75 45 85 2.25 37.94
42 10 0.1 0.5 15 45 25 15.65  40.04 94 30 03 1.3 45 75 55 13.94  59.23
43 10 05 2.1 15 45 25 15.65  73.93 95 10 05 0.5 15 105 25 15.65 50.53
44 30 03 1.3 45 12 55 13.94  50.78 96 10 05 2.1 75 105 25 0.85 62.41
45 50 05 0.5 15 45 85 2.25 49.07 97 10 05 2.1 15 105 85 2.25 35.91
46 50 0.1 2.1 15 45 25 0.85 50.87 98 10 0.1 0.5 15 105 85 2.25 11.8
47 30 03 1.3 0 7.5 55 13.94  44.56 99 30 0 1.3 45 75 55 13.94  44.68
48 50 0.1 0.5 75 105 85 2.25 30.77 100 0 0.3 1.3 45 75 55 13.94  51.36
49 10 0.1 2.1 15 45 25 0.85 26.81 101 10 0.1 0.5 15 45 85 24.64  40.03
50 10 0.1 0.5 15 105 25 15.65 31.13 102 10 05 2.1 75 45 85 24.64  61.77
51 30 03 1.3 45 75 100 15.33 42.4 103 50 0.5 0.5 75 105 25 0.85 74.32
52 60 03 1.3 45 175 55 13.94 7442 104 30 03 1.3 45 75 55 13.94  60.14
105 10 0.1 2.1 75 105 85 24.64  42.81 129 10 05 0.5 75 45 25 15.65 69.13
106 50 0.1 2.1 75 105 25 0.85 55.07 130 50 0.5 2.1 75 105 85 2.25 69.97
107 10 0.1 0.5 15 45 85 2.25 20.31 131 50 0.1 2.1 15 45 25 15.65  67.89
108 30 03 1.3 45 175 55 25.82  53.92 132 10 05 2.1 15 105 25 0.85 53.58
109 50 05 0.5 15 105 25 0.85 61.62 133 50 0.5 2.1 75 45 85 2.25 71.45
110 10 05 0.5 15 105 85 24.64 38.6 134 10 0.1 0.5 15 45 25 0.85 17.98
111 50 0.1 2.1 75 105 25 15.65  72.25 135 50 0.5 2.1 75 45 85 24.64  75.08
112 50 05 2.1 75 45 25 0.85 90.74 136 30 03 1.3 45 75 55 0.17 40.45
113 50 0.1 0.5 15 105 85 24.64  29.07 137 10 05 2.1 75 45 25 0.85 65.43
114 50 05 2.1 15 105 85 24.64  61.48 138 30 03 1.3 45 75 55 13.94  58.36
115 50 05 2.1 75 105 25 15.65  97.55 139 10 0.1 2.1 15 105 85 24.64  34.36
116 10 05 2.1 15 45 85 2.25 38.73 140 30 03 1.3 45 75 55 13.94  57.69
117 50 0.1 0.5 15 45 25 15.65  51.02 141 10 05 0.5 75 105 25 15.65  62.26
118 50 0.1 0.5 15 45 25 0.85 35.14 142 50 0.5 0.5 75 105 25 15.65 84.42
119 50 05 0.5 15 105 85 24.64  45.01 143 50 0.5 2.1 15 45 85 2.25 60.12
120 10 0.1 0.5 15 105 85 24.64  31.29 144 50 0.5 2.1 15 105 25 0.85 87.55
121 10 05 0.5 15 105 85 2.25 28.07 145 30 03 1.3 45 75 55 13.94 59.83
122 50 05 2.1 15 45 85 24.64  63.26 146 30 03 1.3 45 75 55 13.94  61.48
123 10 05 2.1 15 105 25 0.85 53.58 147 50 0.5 2.1 75 45 25 15.65 100
124 50 05 0.5 15 45 25 0.85 67.1 148 30 03 1.3 45 75 55 13.94  56.99
125 50 05 2.1 15 105 85 2.25 58.58 149 10 0.1 0.5 75 45 85 24.64  51.02
126 10 0.1 2.1 75 105 85 2.25 21.1 150 50 0.5 0.5 75 45 85 2.25 62.98
127 10 0.1 2.1 15 45 25 15.65  50.01 151 10 05 2.1 75 45 85 2.25 48.79
128 10 0.1 2.1 15 105 25 15.65 44.79 152 50 0.5 0.5 75 105 85 24.64  59.45

3. Result and Discussion

PHE removal efficiency from solution was
considered as the dependent variable. In this study,
response surface methodology was employed for
association modeling between dependent and
independent variables. Thus, statistical analysis of
RSM and mathematical model, and also the
distinctive effect of each variable on the dependent
variable; interaction between the independent

Table 1 the p-value of the model is less than
0.0001. If the p-value of the model is less than 0.05,
it means that the model terms are significant,
otherwise; if the p-value of the model is greater
than 0.1, this indicates the terms that are not
significant. Thus the model that was developed in
this study is significant [10, 11]. The quality of the
developed model can be expressed by the
correlation coefficient, which was represented by
the R* value. This parameter indicates data
variation that is accounted by the model [4, 12].
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variable and simultaneous effect of them have been
represented, respectively.

3.1. Statistical analysis of RSM

The analysis of variance table (ANOVA)

evaluated the RSM model at 95% confidence level

(p-value < 0.05). ANOVA results have been shown
in Table 5; according to the

The R? value of this study was 99.05%, which
means 99.05% of data variations of PHE removal
efficiency are explained by the independent
variable of the model; in other words, only 0.95%
of variations are not explained by this developed
model. The adjusted R* modified the R? value by
taking into account the number of insignificant
terms that are added to the model, and the predicted
R* will decrease when there are too many
insignificant terms in the model. The difference
between adjusted and predicted R? should not be
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greater than 0.2, according to a rule of thumb [9,
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13].

Table 1. ANOVA results for response surface quadratic model.

Source Sum of squares Mean square F- value p-value
Model 5.39 0.20 477.71 <0.0001 Significant
A-UV 0.53 0.53 1269.44 <0.0001
B-Ozone dose 1.34 1.34 3213.50 < 0.0001
C-TiO, 0.36 0.36 852.84 <0.0001
D- Time 0.36 0.36 854.37 < 0.0001
E- pH 0.078 0.078 187.76 < 0.0001
F- ETW 0.50 0.50 1201.83 < 0.0001
G-C 0.054 0.054 130.16 <0.0001
AB 0.036 0.036 87.00 <0.0001
AC 0.020 0.020 48.24 <0.0001
AE 2.843E-003 2.843E-003 6.81 0.0102
AF 0.055 0.055 131.58 < 0.0001
AG 0.061 0.061 145.33 < 0.0001
BC 0.018 0.018 43.29 <0.0001
BD 2.798E-003 2.798E-003 6.70 0.0108
BE 5.927E-003 5.927E-003 14.19 0.0003
BF 0.032 0.032 75.53 <0.0001
BG 0.056 0.056 133.46 <0.0001
CD 6.458E-003 6.458E-003 15.46 0.0001
CE 0.016 0.016 37.43 <0.0001
CF 0.067 0.067 159.81 <0.0001
A? 2.595E-003 2.595E-003 6.21 0.0140
B? 1.747E-003 1.747E-003 4.18 0.0430
C? 0.025 0.025 59.56 <0.0001
D? 0.012 0.012 27.77 <0.0001
E? 5.429E-003 5.429E-003 13.00 0.0005
F? 0.011 0.011 25.38 < 0.0001
G? 0.10 0.10 248.62 <0.0001
Residual 0.052 4.177E-004
Lack of fit 0.049 4.275E-004 1.40 0.2909 . NOt

significant
Pure Error 3.056E-003 3.056E-004

The adjusted R* and the predicted R* are
98.84% and 98.62%, respectively, in this study. As
shown, adjusted R? is close to predicted R?, which
shows a high significance of the model [5].
Moreover, the adequate precision indicates the
signal to noise ratio. A ratio greater than 4 is
generally desirable [10, 14, 15]. In this study, ratio
of 109.212 indicates an adequate signal. Thus, this
model can be used to navigate the design space.
The evaluated mode adequacy is an important part
of data analysis procedure, as it will give poor or
misleading result if it is an inadequate fit. The
residual model was examined by the approximating
model [16].

The other criteria for model validation is lack of
fit. The lack of fit F-test describes the deviation of
actual points from the fitted surface, relative to
pure error. A large value of Prob > F for lack of fit
is preferred [17]. The lack of fit was insignificantly
relevant to the pure error because its p-value was

higher than 0.05, revealing that the model was
adequate for the prediction of PHE removal from
soil and solution [18, 19].

According to Table 5, UV lamp power, ozone
dose, TiO, concentration, ethanol fraction, pH,
PHE initial concentration, and treatment time were
found to be highly significant for PHE removal
efficiency. Some developed model parameters
were found to be insignificant, such as interaction
between time and other independent variables, so
these terms have been removed from the model, for
increasing the model performance.

The normal probability plot indicates whether
the residuals follow a normal distribution, in which
case the points will follow a straight line. If there
was a definite pattern like an "S-shaped" curve, it
means that there is a problem with normality and
need for transformation of response [11, 20].
According to Figure 2, the "S- shape" curve was
not formed, so there is no need for transformation
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of response. The low value of the coefficient of
variation (C.V) demonstrates dependability and
reproducibility of model; the acceptable of this
parameter is in the range of 0.5%_13.5% [21, 22].

The coefficient variation of the developed
model in this study was 3.96%, which was in the
acceptable range.

Figure 3 illustrates a diagnostic plot between the
predicted and actual values. The result confirms
that the predicted values are in agreement with the
observed omes. It indicates that there was
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Figure 2. The studentized residual and normal%
probability plot of PHE removal efficiency.
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Figure 4. Perturbation plots comparing the effect of
all independent variables.
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insignificant violation of the model, and the
response surface methodology model is accurate.

According to ANOVA table (Table 5),
following was the order of significance for PHE
removal efficiency with regard to the F-value:
ozone dose (3213.50) > UV power lamp (1269.44)
> ethanol fraction (1201.83) > Time (854.37) >
TiO: concentration (852.84) > pH (187.76) > PHE
initial concentration (130.16). These results are
also verified by the perturbation plot given in
Figure 4.

1.2+

14

0.8+

0.6+

Predicted

0.4+

0.2+

| 1 | | |
0O 02 04 06 08 1

Actual

1.2

Figure 3. Predicted versus actual data obtained by
experimental design by RSM.

The RSM model equations in terms of actual
(uncoded) variables were given in Equation (1); the
parameters of this equation are as follow:

UV: UV lamp power (W)
0O3: Ozone dose (mg/L)

TiO»: TiO> concentration (g/m?)

time: Treatment time (min)

pH: pH

ET/W: Ethanol fraction (%)

Crrue: PHE initial concentration (mg/L)
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Removal (%) = —0.037042 + 2.06092 x 10~3 x UV + 0.33989 x 05 — 0.13655 x Ti0,
+5.01944 x 1073 x time + 0.015918 x pH + 4.38324 x 1073 x (ET/W)
+0.026816 X Cpyg +4.21383 x 1073 x UV X 03
+7.84415 x 10~* x UV x Ti0, + 7.85784 x 10~° x UV X pH
—3.59285 x 1075 x UV x (ET/W) — 1.14704 X 104 X UV X Cpyg

+0.074312 X 03 X TiO, + 7.79534 x 107* x 03 X time
+0.011345 X 03 X pH — 2.72208 x 1073 x 05 x (ET/W)

(0]

—0.010992 X 03 X Cpyz — 2.96067 X 10™* x Ti0, X time

+ 460650 x 1073 x Ti0, X pH—9.51861 x 10~* x Ti0, x (ET/W)
+3.71080 x 1075 x UV2 + 0.30441 X 03 + 0.071804 X Ti0,>

— 348656 x 1075 x time? — 2.38532 x 1073 X pH?

—3.34176 x 1075 x (ET/W)? — 5.58874 X 10™* X Cpyp>

3.2. Response surface plots

In this section, the distinctive effect of
independent variables on PHE removal efficiency,
the simultaneous effect of variables, and the
interaction between independent variables have
been represented.

As described later, UV lamp power, ozone dose,
TiO; concentration, pH, ethanol fraction, and PHE
initial concentration are independent effective
variables, and PHE removal efficiency is the
dependent variable.

. Distinctive effect of each variable on
removal efficiency

Figure 5 and Figure 6 show the distinctive effect
of independent variables affecting the PHE
removal efficiency.

Figure 5(i) shows the positive effect of UV lamp
power. According to the figure, by increasing the
UV lamp power (from 10 w to 50 w) PHE removal
efficiency has been increased (from 53.93% to
67.79%). UV light intensity is increased by
increasing the lamp power. According to Equation
(2), by increasing the light intensity, electron hole
formation predominates, and the rate of hydroxyl
radical production is increased, which plays a key
role in photocatalytic ozonation processes.
Similarly, these results have been proved in other
studies, and also according to Equation (3),
electron holes can be affective in pollutant
mineralization directly.

Photocatalyst + hv —» Photocatalyst + e~ + h* )
multistep
Pollutant + h* - [Pollutant]t ——— S0y, NO,, COyetc, 3)

The effect of ozone dose has been illustrated in
Figure 5(ii). According to the figure, by increasing
the ozone dose (from 0.1 mg/L to 0.5 mg/L), PHE
removal efficiency increased from 49.57% to
71.62%, according to Equations (4)-(6) [23]; water
pollutants are presumed to act with ozone, for
ozone decomposition to ozonide radical anions and
then hydroxyl radical production, which plays a
key role for degradation of pollutants in water [24,
25].

Figure 5(iii) shows that by increasing the TiO»
concentration (from 0.5 g/m* to 2.1 g/m*), PHE
removal efficiency increased from 58.79% to
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69.16%. Good adsorption and interaction between
pollutant molecule are required in photocatalytic
processes. According to other studies, TiO, can
adsorb soluble PHE, so by increasing the TiO;
concentration, the rate of PHE adsorption increased
[26]. Also, electron hole generation was increased
by increasing the TiO, concentration, so according
to Equation (3), the pollutant mineralization ability
was increased.

Figure 5(iv) shows that by increasing the time,
PHE removal efficiency is increased. The higher
contacts between the produced radicals and the
contaminant particles have led to this situation.
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Figure 5. Direct effect of independent variables on PHE removal efficiency. (i) UV lamp power (w) (ozone dose = 0.35 mg/L,
TiO; concentration = 1.3 g/m?, time = 45 min, pH = 7.5, ethanol fraction = 55%, PHE concentration = 15mg/L), (ii) ozone dose
(mg/L) (UV lamp power = 30 w, TiO; concentration = 1.3 g/m?, time = 45 min, pH = 7.5, ethanol fraction = 55%, PHE
concentration = 15mg/L), (iii) TiO concentration (g/m?) (UV lamp power = 30 w, ozone dose = 0.35 mg/L, time = 45 min, pH
=7.5, ethanol fraction = 55%, PHE concentration = 15mg/L),(iv) time (min) (UV lamp power = 30 w, ozone dose = 0.35 mg/L,
TiO; concentration = 1.3 g/m?, pH = 7.5, ethanol fraction= 55%, PHE concentration= 15mg/l),(v) pH (UV lamp power= 30w,
Ozone dose=0.35 mg/l, TiO; concentration = 1.3 g/m?, time = 45 min, ethanol fraction = 55%, PHE concentration =
15mg/L),(vi) ethanol fraction (%) (UV lamp power = 30 w, ozone dose = 0.35 mg/L, TiO: concentration =1.3 g/m?, time = 45
min, PHE concentration = 15mg/L).
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Figure 6. Direct effect of PHE concentration on
removal efficiency (mg/L), (UV lamp power = 30
(w), ozone dose = 0.35 mg/L, TiO: concentration =
1.3 g/m?%, time = 45 min, pH = 7.5, ethanol fraction =
55%).

Pollutant + 05 — [Pollutant]* + 03~ (4)
*0," + H* o HO; (5)

HOj - 0, + OH" (6)

The effect of pH has been investigated in Figure
5(v). According to this figure, by increasing the pH
from 4.5 to 5.6, the PHE removal efficiency
increased from 59% to 61%, and by increasing the
pH from 5.6 to 10.5, the PHE removal efficiency
decreased from 62% to 54%. According to
Equation Error! Reference source not found.,
UV radiation can provide the appropriate band gap
energy to generate photo-activated electron-hole
pairs, and as shown in equations (7) and (8), the
photo-generated electrons (e ™) react with adsorbed
oxygen and adsorbed ozone molecules as electron

Journal of Mining & Environment, Vol. 15, No. 1, 2024

acceptors [27, 28]. Ozonide radical anions and
superoxide ( ‘Oz and ‘03 ), which are reactive
intermediates in the photocatalytic ozonation
process, react with H', and then HO; and HO3 were
produced (Equation (9) and (10)) [23]. According
to Equation (11), for hydroxyl radical production,
the ozonide radicals should react with H', so by
increasing the amount of H', hydroxyl radical
production was increased. According to Equations
(12) and (13), H, 0, is an intermediate production
of Equation (11) reaction, which as shown, H" has
a key role for this production. According to
Equation (14), hydrogen peroxide molecules can
also react with ‘05, and produce the hydroxyl
radical. As shown, H is the initiator factor for
these processes.

Oz(aasy t e~ = "0y (7N
O3(aas) + €~ = 03 (3)
‘05 + H* - HO} 9)
‘05 + H* > HO; (10)
HO - 0, + OH" (11)
05 + OH* & HO; — 0, + HO; (12)
2HO3 - Hy0, + 0, (13)
Hy0, + 05 — OH" + OH™ + 0, (14)

Hydroxyl radicals produced in the
aforementioned processes (Equations Error!
Reference source not found.-(14)) attack target
pollutant molecules and decompose them to less
harmful substance (Equation (15)) [23].

multistep

Pollutant + OH® - [Pollutant]* + H,0 —— S0,,NO,, CO,, etc (15)

Other published studies indicated acidic pH
being preferred for photocatalytic ozonatopn
processes [29, 30]. Furthermore, according to other
studies at pH 7, accumulated bicarbonate ions can
scavenge the hydroxyl radical produced and
reduction of the oxidation efficiency [31]. In
addition, it was observed that in the presence of the
TiO; as the catalyst, the generation of the hydroxyl
radicals takes place at pH 5 [31]. Thus, as shown in
Figure 5(v), pH 5 is the best pH for photocatalytic
ozonation processes.

Figure 5(vi) shows the negative effect of
ethanol fraction on the PHE removal efficiency.
This removal efficiency decrease is due to ethanol
ability to consume of *OH. Thus by increasing the
ethanol fraction (from 25% to 85%) the removal
efficiency is decreased (from 62% to 52%), which
have been confirmed in other similar studies
(Lundstedt, Persson, & Oberg, 2006).

Figure 6 shows the effect of PHE initial
concentration. According to the figure, by
increasing the PHE initial concentration (from 5
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mg/L to 17.67 mg/L), the removal efficiency
increased from 50.48% to 59.87%. This
improvement is due to increased availability of
pollutant for oxidative reaction with active
oxidising species. This is also true in other similar
studies [32, 33].

] Simultaneous effect of variables on
removal efficiency

Three-dimensional surface was obtained to
demonstrate the different relationship between the
dependent and independent variables.

Figure 7(i) is plotted to study the simultaneous
effect of UV lamp power and ozone dose.
According to the figure, by increasing the UV lamp
power (from 10 w to 50 w) and ozone dose (from
0.1 mg/L to 0.5 mg/L), the PHE removal efficiency
increased from 45% to 80%. This significant
improvement is due to increased hydroxyl radical
production. As described in Figure 5(i) and (ii), by
increasing either UV lamp power or ozone dose,
hydroxyl radical production increased; thus, by
increasing both UV lamp power and ozone dose,
the rate of hydroxyl radical production increased,
and there is a significant PHE removal efficiency
improvement. Also, this figure shows that the
ozone dose is more effective than UV lamp power;
it is associated with ozone participation in several
reactions, which lead to hydroxyl radical
production [3, 34].

The simultaneous effect of TiO2 concentration
and UV lamp power has been investigated in
Figure 7(ii). According to this figure, the maximum
PHE removal efficiency has been occurred at
maximum UV lamp power and maximum TiO»
concentration. As clear at minimum value of UV
lamp power, there is a mild PHE removal
efficiency improvement, by TiO, concentration
increasing; in this condition, PHE adsorption by
TiO; is a predominant process, so by increasing the
TiO, concentration, just PHE adsorption rate is
increased, and there is not enough hydroxyl radical,
so a mild PHE removal efficiency improvement
has been observed.

Figure 7(iii) shows the simultaneous effect
between pH and UV lamp power. According to this
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figure, maximum PHE removal efficiency has been
achieved in the maximum UV lamp power and the
minimum pH; in this condition, there are enough
H" cation and electron-hole pairs for hydroxyl
radical production. As shown, PHE removal
efficiency improvement slope at a constant pH is
higher than it at a constant UV lamp power, which
shows that the UV lamp power is the predominated
variable.

The simultaneous effect of ethanol fraction and
UV lamp power is illustrated in Figure 7(iv).

According to the figure, at the maximum value
of ethanol fraction and minimum UV lamp power,
the minimum PHE removal efficiency is observed,
at this situation, electron-hole pairs, which have a
key role in hydroxyl radical production, there are at
the minimum value of whose, and in presence of
ethanol, this producted radical hydrocyl is
consumed by ethanol [35].

Thus, at the maximum level of UV lamp power
and minimum value of ethanol fraction, the rate of
hydroxyl radical production increased, and the rate
of consumption them decreased, so in this
situation, the maximum PHE removal efficiency is
occurred. This is true in other similar studies [1].

Figure 7(v) shows the simultaneous effect of
UV lamp power and PHE initial concentration.
According to the figure, the maximum PHE
removal efficiency has been occurred at UV lamp
power of 50 w and 17.67 mg/L PHE initial
concentration. As described at Figure 6, by
increasing the PHE initial concentration (from 5
mg/L to 17.67 mg/L), the availability of pollutant
for oxidative reactions is increased [32, 33]. Also,
the rate of hydroxyl radical production is increased
by increasing the UV lamp power. According to
Figure 7(vi), at the maximum level of TiO,
concentration and ozone dose (at UV lamp power
= 30 w, ethanol fraction = 55%, time = 45 min, pH
= 7.5, PHE concentration = 15 mg/L), the
maximum PHE removal efficiency has been
achieved. Increasing the ozone dose leads to
produce more hydroxyl radicals [24, 25]. Also
increasing the TiO, concentration leads to increase
PHE adsorption [26]. Thus, by simultaneous
increasing of ozone dose and TiO, concentration,
the PHE removal efficiency is improved.
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Figure 7. Three-dimensional surface for PHE removal efficiency. (i) UV lamp power (w) and ozone dose (mg/l)
(TiO2 concentration = 1.3 g/m’, time = 45 min, pH = 7.5, ethanol fraction = 55%, PHE concentration = 15 mg/L),
(ii) UV lamp power (w) and TiO: concentration (g/m?)(ozone dose = 0.35 mg/L, time= 45 min, pH = 7.5, ethanol
fraction = 55%, PHE concentration = 15 mg/L), (iii) UV lamp power (w) and pH (ozone dose = 0.35 mg/L, TiO2
concentration = 1.3 g/m’?, time = 45 min, ethanol fraction = 55%, PHE concentration = 15mg/L),(iv) UV lamp
power (w) and ethanol fraction (%) (ozone dose = 0.35 mg/L, TiO: concentration =1.3 g/m’, pH = 7.5, PHE

concentration = 15 mg/L), (v) UV lamp power (w) and PHE initial concentration (mg/L) (Ozone dose = 0.35
mg/L, TiO: concentration = 1.3 g/m%, time = 45 min, ethanol fraction = 55%, pH = 7.5), (vi) ozone dose (mg/L)
and TiO: concentration (g/m?) (UV lamp power = 30 w, ethanol fraction = 55%, time =45 min, pH = 7.5, PHE

concentration = 15mg/L).
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= Interaction between variables affecting
PHE removal efficiency

The interaction between independent variables
has been plotted in ten modes in Figure 8 and
Figure 9. Removal efficiency changes are plotted
against continual changes of a variable and at the
high level and low level of the other one. If the
removal efficiency changes slope changed, there is
a significant interaction between tow parameters
(synergetic or antagonistic); otherwise, each two
have neutral effect on each other [36].

Figure 8(i) shows the interaction between UV
lamp power and ozone dose. According to the

O3 + Photocatalyst (active surface side) —

0+ 0,

Journal of Mining & Environment, Vol. 15, No. 1, 2024

figure, PHE removal efficiency is increased by
increasing UV lamp power, and the slope of this
increasing at ozone dose of 0.5 mg/L is more than
ozone dose of 0.1 mg/L; in other words, increasing
the ozone dose level, increased the slope of PHE
removal efficiency enhancement. Thus there is a
synergetic interaction between UV lamp power and
ozone dose. According to Equations (16)-(18) [23],
photocatalyst improved the ozone ability for
hydroxyl radical production. The synergetic
interaction between ozone dose and UV lamp
power has been proved in similar studies [37, 38].

(16)

03+hv g .0+02 (17)

(18)

The interaction between UV lamp power and
TiO; concentration has been investigated in Figure
8(il). According to this figure, at TiO;
concentration of 0.5 g/m’, by increasing the UV
lamp power (from 10 w to 50 w), the PHE removal
efficiency increased from 54.60% to 65.94%, and
at TiO» concentration of 2.1 g/m?, by increasing the
UV lamp power (from 10 w to 50 w), the PHE
removal efficiency increased from 62.46% to
78.83%. As clear, by increasing the TiO;
concentration (from 0.5 g/m” to 2.1 g/m?), the slope
of PHE removal efficiency improvement increased.
Thus, there is a synergetic effect between UV lamp
power and TiO, concentration. According to
Equation (3) and other similar studies [8], this
result is proved.

Figure 8(iii) has illustrated the interaction
between UV lamp power and pH; according to this
figure, there is a synergetic effect between this
independent variable. As shown in Equation (19),
OH~ reacts with h™ (positive electron hole) and
produces the hydroxyl radical. Thus, alkalinity pH
can improve the UV lamp performance [39, 40],
but because of ozone presence, acidic pH is better
for photocatalytic ozonation processes.

OH™ + h* - OH"

"0 + H,0 - 20H"

(19)

Figure 8(iv) shows the interaction between UV
lamp power and ethanol fraction. According to the
figure, ethanol fraction increase decreased the
slope of PHE removal efficiency enhancement.

251

Thus, there is an antagonistic interaction between
this independent variable. Ethanol covered the
surface of TiO,, so the UV lamp performance
decreased; it is true according to similar studies [1].
According to Figure 8(v), there is an
antagonistic interaction between UV lamp power
and PHE initial concentration. As shown, the slope
of PHE removal efficiency improvement is
decreased by increasing the PHE initial
concentration. Similar studies have proved this
result [26]. According to Equation (3), by
increasing the pollutant concentration, the rate of
h* consumption is increased. But in the presence
of ozone, increasing of PHE initial concentration
lead to removal efficiency improvement [32, 33].
The interaction between ozone dose and TiO»
concentration has been investigated in Figure 8(vi).
According to this figure, at TiO, concentration of
0.5 g/m?, by increasing the ozone dose (from 0.1
mg/L to 0.5 mg/L), the PHE removal efficiency
increased from 50.17% to 67.84%, and at TiO,
concentration of 2.1 g/m?, by increasing the ozone
dose, the PHE removal efficiency increased from
58.17% to 82.59%. On the other hand, in the range
of ozone changes, at TiO, concentration of 0.5 g/m*
and 2.1 g/m’, PHE removal efficiency increased
17.67% and 24.32%, respectively. Thus there is a
synergetic interaction between ozone dose and
TiO; concentration. According Equation (16), it is
true, because by increasing the TiO, concentration,
the photocatalyst active surface sites, which react
with ozone increased, so the rate of oxygen atom
radical and hydroxyl radical production increased.
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Figure 8. Interaction plot for: (i) UV lamp power (w) and ozone dose (mg/L) (TiO: concentration =1.3 g/m?, time
= 45 min, pH =7.5, ethanol fraction = 55%, PHE concentration = 15 mg/L), (ii) UV lamp power (w) and TiO:
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concentration = 15 mg/L), (iii) UV lamp power (w) and pH (ozone dose = 0.35 mg/l, TiO: concentration = 1.3
g/m?, time = 45 min, ethanol fraction = 55%, PHE concentration = 15 mg/L), (iv) UV lamp power (w) and
ethanol fraction (%) (ozone dose = 0.35 mg/L, TiO2 concentration = 1.3 g/m?, pH = 7.5, PHE concentration = 15
mg/L), (v) UV lamp power (w) and PHE initial concentration (mg/L) (ozone dose = 0.35 mg/L, TiO:
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concentration (g/m”) (UV lamp power = 30 w, ethanol fraction = 55%, time = 45 min, pH = 7.5, PHE
concentration = 15mg/L).
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The synergetic interaction between ozone dose
and pH has been illustrated in Figure 9(i).
According to this figure, by increasing the pH, the
PHE removal efficiency slope, increased, so there
is a synergetic interaction between these
independent variables. As shown in Equation (20),
ozone molecules react with OH™ and produce "0,
and HO; which are as initiators for hydroxyl
radical production. This is also true in other similar
studies [7].

05+ O0H™ > "05 + HO; (20)

Figure 9(ii) shows the interaction between
ozone dose and ethanol fraction. According to this
figure, there is an antagonistic interaction between
ozone dose and ethanol fraction. By increasing the
amount of ethanol, TiO, active surface sites
covered by ethanol, and the rate of oxygen atom
radical production decreases, which is an initiator
for hydroxyl radical production, so the ozone
performance is decreased by increasing the ethanol
fraction; these results are concluded in similar
studies [1].

The antagonistic interaction between ozone
dose and PHE initial concentration has been
illustrated in Figure 9(iii). According to Equation
(21) [23], ozone is consumed by increasing the
PHE initial concentration, so ozone molecules
cannot participate in other reactions that lead to
hydroxyl radical production. This is also true in
other similar studies [23].

03 + Pollutant — [Pollutant]™ + 05~

2
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The interaction between ethanol fraction and
TiO; concentration has been investigated in Figure
9(iv). As clear, there is an antagonistic interaction
between ethanol fraction and TiO, concentration.
Ethanol covered the TiO, surface, and decrease the
TiO, ability for PHE adsorption and the potential
of hydroxyl radical production; Thus the TiO»
performance is decreased by increasing the ethanol
fraction. Similarly, these results have been proved
in other studies [2].

3.3. Optimization

The main of RSM is to establish an empirical
formula, and also optimizing the objective function
according to its variables and its boundary
conditions. In this study, Equation (1) is the
objective UV lamp power, ozone dose, TiO;
concentration, ethanol fraction, treatment time, pH,
and initial PHE concentration are the optimization
variables; the purpose of optimization is to achieve
to maximum PHE removal efficiency. The
boundary condition of each variable is represented
in Table 6.

Figure 10 and Figure 11 show the optimization
results of PHE removal efficiency objective
function. According to these figures, at 47.242 w
UV lamp power, ozone dose of 0.499 mg/L, 2.092
g/m* TiO, concentration, in 41.664 min, pH =
5.282, ethanol fraction of 25% and 14.64 mg/L
initial PHE concentration, the maximum PHE
removal efficiency is achieved that is equal to
100%, theoretically.

Table 2. Variable boundary conditions for optimization.

Parameters Lower limit  Upper limit
UV lamp power (w) 10 50
Ozone dose (mg/L) 0.1 0.5
TiO, concentration (g/m?) 0.5 2.1
Ethanol fraction (%) 25 85
pH 4.5 10.5
Initial PHE concentration (mg/L) 5 25
Treatment time (min) 15 45

For wvalidation of optimization results, the
physical model was run at UV lamp power of 40 w,
ethanol fraction of 25%, and 15 mg/L PHE
concentration; the ozone dose was 0.5 mg/L in the
pH of 5.2, TiO» concentration of 2 g/m*; and during
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40 min treatment, the experimental result shows
that the PHE removal efficiency at this condition is
about 98%. This difference is due to operator and
equipment errors. Other studies were achieved to
80%-90% PAHs removal efficiency [1, 41, 42, 43].
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Figure 11. Optimum value of each independent variable: (i) UV lamp power (w) (ozone dose = 0.499 mg/L, TiO:
concentration =2.092 g/m’, time = 41.664 min, pH = 5.282, ethanol fraction = 25%, PHE concentration = 14.64
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dose=0.499 mg/l, TiO: concentration = 2.099 g/m’, time = 41.664 min, PHE concentration = 14.64 mg/L).
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4. Conclusions

In conclusion, this study demonstrates a novel
and effective approach for the removal of
polycyclic aromatic hydrocarbons (PAHs) from
soil washing solutions. By harnessing the
simultaneous application of ozone and the
photocatalytic activity of TiO, nanoparticles under
UV irradiation, we have achieved a favorable
performance in the degradation of PAHs. The
significance of this research work lies in its unique
contribution to the field, offering a practical and
efficient solution to the persistent challenge of
PAH contamination. The synergistic effects of
ozone and TiO; photocatalysis provide a promising
avenue for environmental remediation, showcasing
the potential for a sustainable and advanced
treatment method. Moreover, the application of
response surface methodology (RSM) in modeling
this intricate process enhances our understanding
of the complex interplay between various
parameters. Through systematic optimization, we
have identified key operational conditions that
maximize the efficiency of PAH removal. The
optimized values including UV lamp power, ozone
dose, TiO, concentration, ethanol fraction, pH,
initial PAH concentration, and treatment time (40
W, 0.5 mg/L, 2 g/m? 25%, 5.2, 15 mg/L, 40 min,
respectively), serve as practical guidelines for the
implementation of this innovative approach. The
overarching novelty of our research work lies not
only in the efficacy of the combined ozone and
TiO, photocatalysis but also in the systematic
optimization facilitated by RSM. This study
advances our understanding of pollutant removal
processes, and offers a blueprint for the application
of this environmentally friendly and economically
viable method.
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