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a b s t r a c t
Photo-electro-Fenton oxidation of a saline petrochemical wastewater was investigated. Effect of 
operational parameters including pH, voltage, initial COD concentration, and reaction time were 
investigated using response surface methodology in a central composite design. A quadratic 
polynomial model was generated by performing the minimum number of tests and consuming 
the minimum amount of material to determine the effect of dependent variable on COD removal 
efficiency in the design space. The results showed that the maximum COD removal was determined 
to be 65.953%, which was acquired in operational conditions of pH 3, voltage 3 V cm–1, reaction time 
of 144.8 min, and influent COD of 849.5 mg L–1. Kinetics study showed that the pseudo-first-order was 
best fitted with experimental results (R2 = 0.9958).

Keywords:  Petrochemical wastewater; Advanced oxidation technology; Photo-electro-Fenton; Response 
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1. Introduction

The petrochemical wastewater contains toxic and recalci-
trant compounds which are harmful to the environment and 
human [1]. Contamination of water resources by these toxic 
compounds has led to the investigation of more efficient 
technologies for treatment of such wastewaters [2].

Physical treatment methods are only capable of remov-
ing solids and emulsified oils due to their mechanical mecha-
nisms [3]. Although biological methods are environmentally 
friendly and efficient, their applications are associated with 
some limitations such as sensitiveness to toxics, need for a 
large area, time intensive reactions, low biodegradability of 
organics, and selective nature [4].

Advanced oxidizing processes (AOPs) are applied in 
nearly ambient temperature condition, producing highly 

reactive radicals such as hydroxyl (HO•) [5–7]. The hydroxyl 
radical (HO•) is very effective in removal of organic com-
pounds because of the fact that they are electrophilic 
reagents [6,8]. These radicals opt to react with the nearest 
organic compounds, which are rich in electrons, very fast and 
non-selectively and oxidize them [9]. Among different AOPs, 
Fenton reagent is of great importance. The main advantages 
of this method are the non-toxicity of the reagents, owning 
no residuals, and simplicity [10]. The mechanisms of Fenton 
reaction are presented in Eqs. (1)–(4) [11]:

H O Fe Fe HO OH2 2
2 3+ → + ++ + • −  (1)

HO RH H O R• •+ → +2  (2)
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where ‘RH’ denotes organic pollutants,

R Fe R Fe• + + ++ → +3 2  (3)

Fe HO Fe OH2 3+ • + −+ → +  (4)

As it is implied by Eq. (1), the ferrous ion acts as the cat-
alyst and convert the hydrogen peroxide, which is a strong 
oxidizer, to the hydroxyl radical. The hydroxyl radical 
with an electronegativity of 2.8 eV has the second highest 
oxidizing potential after fluorine [12]. Based on Eq. (2), the 
hydroxyl radical oxidizes the organic compounds, which are 
rich in electrons. The electrochemical advanced oxidizing 
processes (EAOPs) act based on the Fenton reaction and 
are considered as the environmentally friendly processes. 
This method has gained lots of interest for treating waste-
water [13]. One of the popular and considerable methods 
of EAOPs is electro-Fenton process. In this process, using a 
cathode, a sacrificing anode, and also an electricity source, 
an electro-chemical cell is developed, which acts based on 
the Fenton reaction. Electricity is a clean source of energy, 
which is utilized in this process. Thus, the process does not 
produce secondary pollutants [14]. As the electro-Fenton 
process does not produce any harmful reagent, it has been 
considered as an environmentally friendly method to treat 
wastewater.

In case of performing the E-Fenton reaction in a dark 
place, the reaction ceased after conversion of Fe2+ to Fe3+. 
Utilization of ultraviolet favorably affects the rate of pollut-
ants decomposition and leads to more efficient removal of 
pollutants. The ultraviolet leads to the formation of hydroxyl 
radical (HO•) through the reductive reaction of Fe2+ to Fe3+ 
conversion Eq. (5). In addition, the ultraviolet directly 
converts the hydrogen peroxide to hydroxyl radical (Eq. (6)) 
[15–17]:

Fe H O hv Fe HO H3
2

2+ + • ++ + → + +  (5)

H O hv HO2 2 2+ → •  (6)

The current study focused on application of photo- 
electro-Fenton process for treatment of a real saline 
petrochemical wastewater as a first report dealing with real 
samples with the above-mentioned method. The influence 
of pH, initial COD concentration, reaction time, and applied 
voltage as input variable on the COD removal efficiency 
under UVA irradiation was studied through response surface 
methodology (RSM).

2. Materials and methods

2.1. Materials

Hydrochloric acid (37 wt%, MW = 36.5 g mol–1) and 
sodium hydroxide (MW = 40 g mol–1) were utilized to 
prepare acids and bases in different concentrations with 
distilled water to adjust the pH of the samples. All chemi-
cals were of analytical grade and purchased from Merck, 
Germany. Iron and graphite electrodes with dimensions of 

5 mm × 30 mm ×140 mm, respectively, as sacrificial anode 
and the cathode were purchased from a local area company.

2.2. Experimental set up and procedure

All experiments were performed in an electrochemical 
cell, including a 400 mL quartz chamber equipped with two 
iron and graphite electrode. They were located in 4 cm apart 
from each other. The electrodes were connected to a DC lab-
oratory power supply with wire were purchased from local 
area company (MEGATEK, MP-3005, 30 V, 5 A, China). The 
voltage could be set using the tuning screw. Two UV-A lamps 
and two UV-C lamps (8 W) were set around the electrochem-
ical cell. The electrochemical cell and the lamps were put in 
an MDF box (40 cm × 40 cm × 40 cm) to prevent exposure of 
the operators to the UV light (Fig. 1).

A magnetic stirrer (IKA-RH Basic 2) was utilized to com-
pletely mix; thus providing a uniform environment in the 
400 mL reaction volume. The speed of the stirrer was set on 
300 rpm and it was constant during all the experiments. A 
desired amount of sample was treated based on designed 
condition by the software in a distinct pH, initial COD 
concentration, voltage, and reaction time. COD removal 
efficiency was measured through determining the COD 
of the wastewater before and after treatment using a spec-
trophotometer (Hach, DR-5000, USA). The accuracy check 
of the apparatus was checked using KHP solution, which 
was prepared based on the standard method and its COD 
was equal to 1,000 mg L–1. Due to effect of suspended solids 
on COD test, sample was put in the SETA centrifuge with 
speed of 3,000 rpm; for 10 min to remove suspended solids. 
The pH of the samples was adjusted using HCl 0.5 N and 
NaOH 0.5 N solutions and was monitored using pH meter 
Metrohm-827 (Germany). The wastewater samples used in 
this work were taken from a petrochemical plant located at 
Mahshahr city, Iran. Characteristics of the raw saline petro-
chemical wastewater are given in Table 1.

Fig. 1. Schematic diagram of photo-electro-Fenton batch reactor. 
(1) Electromagnetic mixer, (2) 400 mL quartz chamber, (3) iron 
anode, (4) graphite cathode, (5) UV-A lamp, (6) UV-C lamp, and 
(7) power supply.
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2.3. Experimental design and modeling

RSM can be used in multiple systems in which effect of 
several independent variables on the response is investigated 
[18,19]. In addition, this method also can be used for optimi-
zation and finding the best level of variable for operational 
condition [20]. Central composite design (CCD) has been 
used widely in optimizing the photoelectro-Fenton process 
in literature, and was utilized in this study [21].

A four-factorial, three-level CCD consisting of 30 exper-
imental runs was performed in the present work (Table 2), 
including six replications at the center point. The pH, voltage, 
initial COD concentration, and reaction time were considered 
as the independent variables while COD removal efficiency 
was considered as dependent variable (response; (Eq. (7)). 
This study aimed to investigate the effect of the different 
ranges of the mentioned independent parameters on the 
response (COD removal efficiency):

COD removal efficiency =
COD COD

COD
e i

i

−
×100  (7)

where CODe and CODi stand for final and initial COD, 
respectively. The values of the independent variables and 
their variation limits were determined considering the cor-
responding scientific literature, their results and the fact that 
reaching the highest possible efficiency with the minimum 
energy consumption.

Trail version of Design-Expert v.10.0.3 was utilized to 
analyze the curve fitting of the quadratic polynomial. RSM 
models are generally a full quadratic equation or the dimin-
ished form of this equation. The second-order model can be 
written as follows:

Y x x x xi i i i
i

n

i i ij
i j

n

i

n

= + + + +
= ≠ ==
∑ ∑∑β β β β ε0

2

1

2

11
 (8)

where β0 is the value of the fixed response at the center point 
of the design, βi, βii, and βij are the linear, quadratic, and 
interaction effect regression terms, respectively; x denotes the 
level of the independent variable; n is the number of indepen-
dent variables; and ε is random error, while a second-order 
polynomial equation was derived as Eq. (9) [22]:

Y x x x x x x x
x x x x

= + + + + + +

+ + +

β β β β β β

β β β
0 1 1 2 2 3 3 12 1 2 13 1 3

23 2 3 11 1
2

22 2
2 ββ ε33 3

2x +  (9)

Analysis of variance (ANOVA) including lack of fit and 
F-test was performed to assess the accuracy and significance 
of the fitted model. In addition, the quality of the fitted poly-
nomial model will be investigated using R2, adjusted R2, and 
predicted R2. Close values of the mentioned parameters to 
unity indicated higher accuracy of the model [23].

3. Results and discussion

3.1. CCD modeling and statistical analysis

The values of the CODe for each experimental run are 
presented in Table 3. As it is shown, the COD removal effi-
ciency spans between 41.2% and 71.1%, when no criteria 
was applied for optimization. The RSM model predicted a 
correlation, which is a second-order polynomial. The rela-
tion between the independent and dependent (response) 
variables is depicted in Eq. (10):

Efficiency A B D AB
AC

= + + × + × − × + × − ×
+

57 81 3 7 5 38 2 83 0 24 1 32
0 66

. . . . . .
. ×× + × − × − × −

× − × + × + ×

AD BC BD CD
A B C

0 56 1 15 0 26
5 52 3 10 3 11 4 252 2 2

. . .
. . . . DD2

  
 (10)

Analyzing the accuracy of the developed model has 
a key role in validating the developed correlations [24]. 
Table 4 shows the ANOVA results for the developed model 
in prediction of the COD removal efficiency.

F-value is obtained through dividing the model mean 
square by residual mean square. Values of less than 0.05 for 
the prob > F indicate that the model is significant, whereas, 
the value greater than 0.1 usually imply that the model is 
insignificant. This value for the current study was deter-
mined to be less than 0.0001, which shows that the proposed 
model is significant. This means that the proposed model is 
correctly fitted and exhibits sufficient accuracy for modeling 
the aimed process. The parameter of “lack of fit” is “not sig-
nificant”. This means that the data with high errors do not 
follow a logical trend.

The values of correlation coefficient R2, adjusted R2, and 
predicted R2 were determined to be 0.9599, 0.9225, and 0.8277, 
respectively. Closer values to the unity indicate higher accu-
racy of the proposed model. Thus, the developed method is 
accurate in predicting the response.

The value of the “adequate precision” indicates the signal 
dividing by noise [25]. Values greater than 4 are favorable 
for this parameter. In this study, this value was determined 

Table 1
Characteristics of raw wastewater

Parameter Value Average

COD (mg L–1) 500–1,000 750 ± 298
BOD5 (mg L–1) 90–138 109 ± 65
BOD5/COD 0.18–0.138 0.125
TSS (mg L–1) 150–400 280 ± 27
TDS (mg L–1) 17,800–45,360 25,790 ± 4,300
EC 37,400–68,600 53,000 ± 10,900
pH 7.1–8.9 7.9 ± 0.7
Turbidity (NTU) 30–45 37 ± 5

Table 2
Experimental ranges and levels of independent process variables

Variable Unit Level

Low (−1) Center (0) High (+1)

CODi mg L–1 500 750 1,000
pH _ 3 5 7
Voltage V cm–1 3 4 5
Time min 30 135 240
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to be 22.429, which shows acceptable signal for the response 
variable.

In accordance to the ANOVA results, the developed model 
is adequately capable to model the process and can be used to 
predict the COD removal efficiency in the design space.

3.2. Diagnostics and interaction between operational variables

3.2.1. Normal plot of residual

It is possible to investigate the correlation of experi-
mental and predicted values using the graph in which the 
normal probability is plotted vs. the internally studen-
tized residuals [25]. In Fig. 2, there is a straight line which 
indicates that the residuals have a normal distribution.

3.2.2. Effect of reaction time and initial COD concentration

In Fig. 3, the influence of initial COD (500–1,000 mg L–1) 
and time (30–240) variations on the COD removal efficiency 

is shown. Figs. 3(a) and (b) show a two dimensional (2D) 
contour plot and a three-dimensional (3D) response surface 
of the model-predicted responses, respectively. The pH and 
voltage were kept constant on the center point values of 5 and 
4 V cm–1, respectively, to investigate the effect of the other two 
parameters.

It was observed that along with initial COD up to 
750 mg L–1, a raising trend of COD removal has been observed 
and no significant effect was appeared in higher concen-
trations and even some decrease in the COD removal was 
observed. On the other hand, as the time goes on, a progres-
sive increase in the COD removal efficiency can be observed. 
According to these observations, the maximum COD removal 
efficiency was occurred at t = 230 min and CODi = 849.

3.2.3. Effect of voltage and initial COD

The applied current is a driving force to reduce the 
oxygen reduction, which results in generation of hydroxyl 

Table 3
Experimental design matrix and responses based on experimental runs proposed by CCD design

Run No Independent variable Response (removal efficiency)

X1 X2 X3 X4 Actual Predicted Residual 

CODi Time Voltage pH

1 1,000 135 4 5 48 45.83 2.17
2 500 30 3 7 54 54.08 −0.08
3 750 135 4 5 55.5 57.29 −1.79
4 1,000 30 3 3 67 66.49 0.51
5 1,000 240 5 3 53 54.26 −1.26
6 1,000 30 5 7 58 57.21 0.79
7 750 135 4 5 70 67.97 2.03
8 500 30 5 3 71.1 71.87 −0.77
9 1,000 30 5 3 41.2 41.67 −0.47
10 750 135 4 5 52 52.577 −0.577
11 500 30 3 3 49.2 48.537 0.663
12 1,000 240 3 3 60.4 60.38 0.02
13 1,000 240 3 7 50 49.05 0.95
14 500 135 4 5 55.2 54.65 0.55
15 750 135 3 5 57 58.16 −1.16
16 750 135 4 5 64 64.71 −0.71
17 1,000 240 5 7 47.5 48.593 −1.593
18 750 135 5 5 56.3 55.99 0.31
19 500 240 5 7 47.3 49.33 −2.03
20 750 135 4 5 61.33 60.08 1.25
21 750 135 4 7 57.33 57.73 −0.4
22 750 135 4 3 63.73 64.11 −0.38
23 1,000 30 3 7 63.33 64.88 −1.55
24 500 240 3 3 60 59.23 0.77
25 750 240 4 5 62 57.81 4.19
26 500 30 5 7 59.06 57.81 1.25
27 500 240 3 7 57.33 57.81 −0.48
28 750 30 4 5 55.5 57.81 −2.31
29 500 240 5 3 57.33 57.81 −0.48
30 750 135 4 5 58 57.81 0.19
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radical in cathode. Greater applied current, which results 
from applying greater voltage on the system, increases 
the rate of hydrogen peroxide generation [26], thus, it will 
increase the hydroxyl generation in the medium [27]. The 
increase in the applied voltage and consequent generation 

of ferrous ion, which is an electro-generation from ferric ion, 
(Eq. (11)) increases the efficiency of photo-electro-Fenton 
process through increasing the applied current.

Fe Fe3 2+ − ++ →e  (11)

Fig. 4 shows the influence of initial COD (500–1,000 mg L–1) 
and voltage (3–5 V cm–1) variation on the COD removal 
efficiency. The pH and reaction time were kept fixed on the 
center points of 5 and 135, respectively. Increasing the voltage 
led to an increase in the COD removal. Increasing the ini-
tial COD concentration up to 849 mg L–1 enhanced the COD 
removal efficiency and higher values adversely affected the 
removal efficiency.

Considering the effects of voltage variation and initial 
COD concentration in the pre-determined ranges, it was con-
cluded that the maximum value for the COD removal has 
occurred at CODi = 849 mg L–1 and V = 5 v cm–1. Results are in 
accordance with literature [26].

3.2.4. Effect of pH and initial COD

The pH value has a key role in the photo-electro-Fenton 
process. Generally, Fenton process is performed in an acidic 
medium. The optimum pH value for the Fenton process is 
reported to be around 3 [28]. In the traditional Fenton pro-
cess, the iron species starts to deposit as the ferric hydrox-
ides in high pH values. On the other hand, the iron species 
develop stable complex with H2O2 in low pH, which deacti-
vates the catalysts [29]. As it is shown in Eq. (12), the acidic 
medium is a suitable condition for H2O2 generation.

Table 4
ANOVA results of the quadratic polynomial model for photo-electro-Fenton treatment of raw petrochemical wastewater

Source Sum of squares Degree of freedom Mean square F-value p-value

Model 1,301.78 14 92.98 25.65 <0.0001 Significant
A 246.42 1 246.42 67.98 <0.0001 Significant
B 520.93 1 520.93 143.71 <0.0001 Significant
C 183.04 1 183.04 50.49 <0.0001 Significant
D 144.12 1 144.12 39.76 <0.0001 Significant
AB 0.90 1 0.90 0.25 0.6250 Not significant
AC 28.09 1 28.09 7.75 0.0139 Significant
AD 7.02 1 7.02 1.94 0.1843 Not significant
BC 5.06 1 5.06 1.40 0.2557 Not significant
BD 21.16 1 21.16 5.84 0.0289 Significant
CD 1.10 1 1.10 0.30 0.5894 Not significant
A2 78.93 1 78.93 21.78 0.0003 Significant
B2 24.95 1 24.95 6.88 0.0192 Significant
C2 25.12 1 25.12 6.93 0.0188 Significant
D2 46.73 1 46.73 12.89 0.0027 Significant
Residual 54.37 15 3.62
Lack of Fit 30.35 10 3.04 0.63 0.7494 Not significant
Pure Error 24.02 5 4.80

R2 = 0.9599, R2
Adjusted = 0.9225, adequate precision = 22.42, coefficient variation = 3.34(%), standard deviation = 1.90.

A = CODi, B = pH, C = volt, D = time.
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(optimal conditions: pH = 3, voltage = 3 V cm–1, reaction 
time = 144.8 min, COD = 849.5 mg L–1).
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O H H O2 2 22 2+ + →+ −e  (12)

In pH values lower than 3, because of generation of 
some species such as oxinium ions (e.g., H3O2

+), the hydro-
gen peroxide will remain stable and no hydroxyl radical will 
be generated. In high pH values, the photo-electro-Fenton 
efficiency will quickly reduce, too. This is because of the fact 
that H2O2 is unstable in basic solution. In neutral to basic pH 
values, the H2O2 will be decomposed to oxygen and water 
with rate constants of 2.3 × 10–3 min–1 and 7.4 × 10–2 min–1, 
respectively [30].

Fig. 5 shows the influence of initial COD concentration 
(500–1,000) and pH (3–7) variations on the COD removal 

efficiency. COD removal efficiency increased in pH values 
around 3. According to Fig. 3, up to CODi = 849 mg L–1, the 
COD removal efficiency increased and after this point no 
significant improvement was observed. Considering the vari-
ations of the pH and initial COD in the investigated range, 
the maximum removal efficiency of 65% was achieved in 
CODi = 849 mg L–1 and pH = 3.

3.3. Determination of intermediates

GC-MS analysis of real petrochemical wastewater before 
and after photo-electro-Fenton oxidation is shown in Figs. 6(a) 
and (b) to determine the main intermediate byproducts. 
According to Table 5, many complex organic compounds 
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available in the raw samples such as 13H-dibenzo[a,i]
carbazole and tetradecamethyl were converted to simple and 
less harmful compound after treatment (Table 6). The major-
ity of peaks observed in the GC-MS analysis corresponded 
to benzene and decane derivatives in different run times 
(Figs. 6(a) and (b)).

3.4. Optimization of photo-electro-Fenton oxidation

It is essential to determine the optimum values of all the 
independent parameters before utilizing a technology for 
application from laboratory to industrial scale. For this, the 

desired objective for every independent variables as well as 
the response should be determined. As it is shown in Table 7, 
the favorable condition for this study was maximum COD 
removal efficiency, pH being in the predefined range, min-
imum voltage, maximum initial COD concentration, and 
minimum reaction time. Determining the condition in which 
the minimum energy and time are consumed is of great 
importance and optimization process.

Based on the desired objective for each parameter and its 
importance, the software generated some responses as they 
are listed in Table 8, of them are discussed here. Desirability 
of the responses is shown in the last column. Closer values to 
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the unity indicate that it is more likely to reach the predicted 
removal efficiency in the determined condition.

In the optimum condition of pH = 3, V = 3 V, t = 144 min, 
and CODi = 849 mg L–1, the sample underwent treatment 
again to evaluate the response provided by the software. 

Finally, the output COD was determined to be 310 mg L–1. 
The efficiency was calculated to be 63.4% based on Eq. (1), 
which was in close agreement with the predicted efficiency 
by the software, which was 65.953%. ANOVA of the proposed 
model and also agreement of the software response with the 

Table 5
Main compounds of petrochemical real wastewater

No CAS# Chemical formula Structure RT (min) Substance

1 124-19-6 C9H18O 12.923 Nonanal

2 239-64-5 C20H13N 13.295 13H-Dibenzo[a,i]carbazole

3 37148-65-5 C20H40O5Si4 27.514 Benzeneacetic acid

4 111-01-3 C30H62 28.246 Squalene

5 6938-51-8 C15H22O2 28.395 Octan-2-yl benzoate

6 40710-42-7 C69H138O2 29.225 Nonahexacontanoic acid

7 40710-32-5 C41H84O 30.673 Hentetracontan-1-ol
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Table 6
Main intermediate byproducts of photo-electro-Fenton of petrochemical wastewater

No CAS# Chemical formula Structure RT (min) Substance

1 2941-78-8 C8H9NO2 7.109 2-Amino-5-methylbenzoic acid

2 2216-51-5 C10H20O 14.937 L-menthol

3 629-50-5 C13H28 18.445 Tridecane

4 544-76-3 C16H34 25.889 Hexadecane

5 4537-15-9 C17H28 26.719  Benzene, (1-butylheptyl)

6 37148-65-5 C8H8O3 27.514 Benzenacetic acid

7 629-78-7 C17H36 28.115 Heptadecane

8 593-45-3 C18H38 30.238 Octadecane
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performed experiment indicate that the proposed model is 
capable of precisely predicting the removal efficiency in the 
design space.

In order to investigate the effect of light intensity on 
photo-electro-Fenton process in optimum conditions, two 
UV-C lamps was used. CODe = 275 mg L–1 and COD removal 
efficiency = 67.6% was calculated. Results show that reducing 
the input light wavelength will increase the COD removal 
efficiency.

3.5. Kinetic study

Chemical kinetics represent the rate at which a reaction 
take place as well as the effective values on this rate. Rate 
of a reaction denotes the rate at which concentrations of the 
reactants and products change [31]. Decaying of the organic 
pollutants through the photo-electro-Fenton is represented 
in Eq. (2). As the HO• is highly active and cannot concen-
trate in the solution, its concentration will have a steady state 
through the treatment [32].

The rate of organic pollutants decomposition can be 
shown as follows:

d
dt

k
RH

RH OH
  =    

•  (13)

As the [HO•] value is fixed and will not change through 
the process, it is omitted from the kinetic equation and the 
COD concentration will be replaced as the representing 
factor of the organic pollutants [RH].

Several different kinetic models can be incorporated to 
evaluate the degree of a reaction [33]. However, the kinetic 
models of pseudo-first-order and pseudo-second-order are 

more commonly used. Eqs. (14) and (15) show the kinetic 
equations models for the COD as the response [34].

Ln
COD
COD

e Kt
0









 =  (14)

1 1

0COD CODe

Kt= +  (15)

Table 7
Conditions for the maximum COD removal efficiency for 
independent parameters consuming the minimum energy 
and time

Importance Upper limit Lower limit Goal Name

CODi Maximize 500 1,000 +++
Time Minimize 30 240 +++
Volt Minimize 3 5 +++
pH In range 3 7 +++
Efficiency Maximize 41.2 71.1 +++++

Table 8
Response for the maximum COD removal efficiency for the 
independent variables consuming the minimum energy and time

Number CODi Time Volt pH Efficiency Desirability

1 849.525 144.812 3 3 65.953 0.780
2 848.197 143.985 3 3 65.909 0.780
3 851.534 145.263 3 3 65.976 0.780
4 845.877 144.234 3 3 65.922 0.780
5 850.588 143.909 3 3 65.893 0.780

 
Fig. 7. Effect of reaction time on COD removal using 
photo-electro/Fenton process in optimum conditions (pH = 3, 
V = 3 V, COD(i) = 849 mg L–1).

 

(a) 

Fig. 8. Kinetics modeling of photo-electro-Fenton process in 
optimized conditions (pH = 3, V = 3 v, COD(i) = 849 mg L–1) 
for treatment of a saline petrochemical wastewater 
(a) pseudo-first-order model, (b) pseudo-second-order model.
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In order to determine the reaction kinetic in the optimum 
condition (pH = 3, V = 3 V, COD(i) = 849 mg L–1), the treatment 
process was continued in the batch reactor and the COD 
was measured every 1 h. Fig. 7 showed the value of chemi-
cal oxygen demand of petrochemical real wastewater under 
photo-electro-Fenton system at optimum condition.

The modeling of the reaction kinetics based on 
pseudo-first-order and pseudo-second-order equations is 
depicted in Figs. 8(a) and (b).

The applicability of the kinetics models is determined 
using coefficient of determination R2. Closer values to unity 
indicate better applicability of the proposed model for the 
desired data [35].

R2 values for the three models of zero order, 
pseudo-first-order, and pseudo-second-order were 0.907, 
0.9958, and 0.9659, respectively, thus the pseudo-first-order 
model exhibited the highest value.

4. Conclusions

Results showed the effectiveness of photo-electro- Fenton 
process for COD removal from a saline petrochemical waste-
water. A quadratic polynomial model was developed to 
assess the influence of four independent variables including 
pH, voltage, reaction time, and initial COD concentration 
on the response. R2 value of 0.9599 demonstrated sufficient 
accuracy to predict the response on the design space. All of 
the studied variables were significant. The optimum opera-
tional conditions were determined to be CODi = 849 mg L–1, 
pH = 3, V = 3 V, t = 144 min under UVA irradiation. Results 
of kinetic modeling proved that experimental data were best 
fitted with pseudo-first-order model. The influence of differ-
ent types of anode and cathode, electrode distance could also 
be considered for future researches. Considering the saline 
and recalcitrant nature of studied petrochemical wastewa-
ter along with acceptable COD removal efficiency using 
photo-electro-Fenton process in optimized conditions in 
lab-scale level, it can be concluded that photo-electro-Fenton 
process is a reliable and efficient technology for treatment 
of such wastewaters and further studies are proposed in 
pilot-scale for obtaining sufficient data in term scaleup.
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