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a b s t r a c t
The current study uses a batch electro-chemical reactor with porous graphite as an anode and a 
stainless steel as a cathode for wastewater treatment taken from the Al-Najaf petroleum refinery 
plant, Iraq. On removal efficiency regarding chemical oxygen demand (COD), the impacts of oper-
ating conditions like pH (2–10), current density (5–25 mA/cm2), time (30–70 min), and NaCl addi-
tion (0–4 g/L) were explored. The findings demonstrated that both NaCl and pH have an important 
effect on the removal efficiency of the COD, indicating the fact that the system is regulated through 
the reaction situations in the bulk of the solution rather than electrooxidation regarding the chlo-
ride ions on an electrode surface. For maximizing COD removal, response surface methodology 
was integrated with a Box–Behnken design in parametric optimization. COD’s removal percentage 
was determined to be 99.6% under optimized operating parameters of a current density = 25 A/cm2, 
initial pH: 2, time = 65 min, and NaCl concentration = 3.39 g/L, with 9.85 kWh/kg·COD energy 
consumption, which is lower when compared to similar works.

Keywords:  Petroleum refinery; Wastewater; Porous graphite; Indirect oxidation; Response surface 
methodology; Chemical oxygen demand removal

1. Introduction

Crude oil is converted into its main components using 
thermal, physical and chemical separation processes, and 
after that such fractions are then processed by a set of steps 
of separation and conversion in order to produce the final 
products like gasoline, liquefied petroleum gas, kerosene, 
diesel-fuel, lubricating oil, and other products. In refin-
ing processes, fresh water is used in several stages such as, 
mostly for hydrotreating, distillation, cooling and desalting 
systems [1]. Approximately 80%–90% of water that is uti-
lized in the refinery processes are converted to wastewater. 

Aljuboury et al. [2] had found that the amount (as volume) 
regarding the effluents created during the processing of the 
crude oil has been 0.40–0.60 times as much as the quantity 
(i.e., volume) of processed crude-oil.

The manufacturing method, kind of oil, and process 
configuration all influence the composition of created 
wastewaters. Chemical oxygen demand (COD) concentra-
tions of almost 350–650 mg/L, benzene concentrations of 
1–100 mg/L, phenol concentrations of 10–250 mg/L, heavy 
metal concentrations of lead (0.20–10 mg/L), chromium 
(0.10–100 mg/L), besides other pollutants are found in the 
polluted wastewater created via refineries [3]. Because of 
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high presence of polycyclic aromatic compounds, which 
have particularly harmful impacts on environment and can 
exist for long periods in the environment, direct disposal of 
such wastewaters can cause significant pollution problems 
for the environment. As a result, such effluents must be 
treated before being discharged [4].

The most prevalent approach for treating wastewater 
created by refinery plants is to use physicochemical and 
mechanical approaches, followed by the biological treat-
ments in a unit of integrated activated-sludge treatment. 
Wet oxidation [5], photo-catalytic oxidation [6], catalytic 
vacuum distillation [7], photodegradation [8], Fenton-
oxidation [9], coagulation–flocculation [10], membrane 
[11–13], adsorption [14], chemical precipitation [15], and 
membrane bioreactor [16] are some of the other treatment 
approaches investigated by the researchers. Generally, the 
key concepts regarding the majority of such approaches 
are the low-efficiency conversion of the pollutants from a 
medium to a different one.

Electrochemical oxidation (EO) treatment was utilized 
for treating a variety of the industrial wastewater, which 
include those from pulp and paper plants, tanneries, dis-
tilleries, and the textile sector. Also, the literature mentions 
EO destruction regarding the wastewaters that contain the 
phenolic compounds like the poly-aromatic organic com-
plexes, dyes, arsenic, and sulfidic wasted caustic [17]. The EO 
approach is a safe and effective way to mineralize organic 
contaminants in water. Since the principal reagent utilized is 
the electron, this approach has gained a lot of interest due 
to its safety, versatility, energy efficiency, selectivity, auto-
mation ability, cost effectiveness, and environmental com-
patibility. EO, unlike photochemical or chemical oxidation, 
does not require using or storing hazardous substances, and 
it is easier to scale up [18].

Contaminants could be degraded through indirect or 
direct oxidation [19] mechanisms throughout EO process 
as illustrated. Organic pollutants are adsorbed on anode’s 
surface and subsequently demolished via direct electron 
transfer in a direct route. The indirect technique involves 
electrochemically producing strong oxidants like the hydro-
gen peroxide, ozone, and hypochlorite/chlorine, reacting 
with organic pollutants in bulk solution [20]. Because dyes 
are commonly present in wastewaters, chloride is especially 
appealing for the utilization in the indirect oxidation [21]. 
Researchers have thoroughly researched the active chlo-
rine role in breakdown of the dyes as well as other organic 
compounds in the literature. Due to improvements in cur-
rent efficiency and oxidation kinetics, along with a decrease 
in cell potential, adding chloride ions to the effluent will 
reduce energy consumption [22].

The anodic reactions are as follows:

2 22Cl Cl e� �� �  (1)

2 4 42H O O H e2 � � �� �  (2)

The bulk reactions are as follows:

Cl H O HOCl H Cl22 � � � �� �  (3)

Cl OH HOCl Cl2 � � �� �  (4)

HOCl H OCl� �� �  (5)

R OCl CO Cl H O2� � � �� �2 2  (6)

The cathodic reactions are as follows:

2H O e OH H22 2 2� � �� �  (7)

OCl H O e Cl OH2
� � � �� � � �2 2  (8)

In the case where an appropriate chloride ions amount 
is present in wastewater, Cl2 is produced anodically as in 
Eq. (1) and forming OCl– as in Eq. (5), respectively which 
may be utilized for the destruction and elimination of 
the oxidizable organic pollutants.

Complex interaction of numerous parameters which 
can be tuned to produce an affordable and successful pro-
cess is identified via the performance of EO methods in the 
removing of pollutants. Electrode potential; regime of mass 
transport; current density; pH; current distribution; elec-
trode materials; conductivity; design of the cell; and types 
of contaminants are the primary parameters that impact the 
efficacy of an EO process [23]. As a result, the EO process 
is seen as a complex process that necessitates statistically 
designed experiments in order to decrease the number of 
experimentations and improve combination of input compo-
nents. Statistical design reduces the variability of the process 
and the time needed for trial-and-error experimentations 
[24]. Response surface methodology (RSM) has been consid-
ered as a substantial topic in designing the statistical experi-
ments. It has been successfully used in chlorine disinfection 
[25], adsorption [26], Fenton-related processes [27], and 
electrocoagulation [28] for wastewater treatment. It is made 
up of a combination of statistical and mathematical meth-
ods which may be utilized in order to analyze and model 
various problems where multiple characteristics impact 
a desired result. RSM’s goal is to assess relative influence 
of various influencing parameters and then optimize this 
response to attain the ideal operating conditions [29].

Despite the fact that EO techniques have a wide-rang-
ing of applications for treating many categories of wastewa-
ters, literature on their usage for treating wastewater that 
is generated by petroleum refineries is limited. In previ-
ous studies, the electrode material was found to be a criti-
cal component in determining efficiency of EO process for 
treating petroleum refinery effluents since the electrode 
material might alter the oxidation and anodic reactions 
mechanisms. For instance, Treviño-Reséndez et al. [30] exam-
ined the treatment of wastewaters arising from petroleum 
refinery by utilizing indirect and direct EO via 2 types of the 
anode, which are: ruthenium mixed metal oxide (Ru-MMO) 
and boron-doped diamond (BDD) [31]. In their study, 
Martínez-Huitle and Brillas [32] employed BDD, whereas, 
Ajab et al. [33] utilized Ru-MMO electrodes for treating 
effluents in an oil refinery. Recently, Ghanim and Hamza [34] 
looked into using a PbO2 anode to treat wastewater from a 
petroleum refinery. According to the kind of oxidation and 
the contaminants’ composition, all of the above electrodes 
offer numerous benefits and drawbacks.
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The current study represents process of the direct anodic 
oxidation for treatments of wastewater of petroleum refin-
ery that is generated at the Al-Najaf refinery facility, which 
uses the design of experiments as an optimization approach 
and uses porous graphite with a high level of the specific 
surface area as anode solid. Process parameters have been 
optimized with the use of the Box–Behnken design (BBD). 
A quadratic model was established based on experiments 
using RSM’s design matrix for input elements like the current 
density, initial pH, time and NaCl content. The ideal para-
metric values for COD elimination were determined using 
such quadratic model. Porous graphite has been selected 
as an anode because of its have a big specific area, avail-
ability, and inexpensive costs, besides its role as an anode 
material in indirect anodic oxidations [35]. Also, because the 
study is applied to real wastewater, it is possible and easy 
to scale up the system, and this means that there is great 
potential for the study to be applied industrially. Graphite 
has low over-potential values for the reaction of the oxygen 
evolution. Porous graphite electrodes are widely used to 
decompose the organic matter in the NaCl’s presence due to 
their low process. Porous graphite has a wide surface area, 
a characteristic which can enhance the organic pollutants 
elimination rate via adsorbing and electro-chemical oxida-
tions. None-the-less rather short graphite electrode life as a 
result to the corrosion of the surface is a disadvantage, par-
ticularly in the case where electro-oxidation takes place at  
high densities of the current.

2. Experimental work

The Al-Najaf petroleum refinery plant delivered sam-
ples of refinery effluent. The sample (40 L) has been taken 
from feeding tank to unit of biological treatment and kept 
inside covered containers at a temperature of 4°C till it 
was used. Table 1 summarizes the sample’s characteristics. 
Aside from the characteristics of the effluent that has been 
taken from settling tank regarding final biological treat-
ment stage which were evaluated via the administration of 
the petroleum refinery plant with an acceptable limit, the 
table included a comparison of the characteristics of the 
effluent that has been obtained from settling tank of final 
biological treatment stage. Raw water conductivity has been 
1.92 mS/cm, and that value has been considered low and 
it causes cell potential to rise. To boost the conductivity of 

the solution, a supporting electrolyte must be added. As a 
supporting electrolyte, sodium sulfate (Na2SO4) was used at 
a 0.05 M concentration, which results in final conductivity 
of 12.90 mS/cm, and that value has been considered within 
the needed range for obtaining low cell potential [36].

Anodic oxidation treatment studies were carried out in 
circular jacketed Perspex glass lab-scale batch electro-chem-
ical cell with a Perspex cover. It has an inside diameter of 
10 cm, a thickness of 0.5 cm, and a length of 20 cm, as well 
as a capacity of active electrolyte of 1 L. The cover has exter-
nal dimensions of 13 cm external diameter and 1cm thick-
ness, with two slits for electrode fixation and holes for the 
insertion of conductivity and pH meters probes, in addition 
to sample taking out. For electro-chemical reactor, stain-
less steel plate cathode (18 cm × 5 cm × 0.4 cm) and porous 
graphite anode (18 cm × 5 cm × 0.5 cm) were utilized in a 
parallel plate configuration. The anode and cathode dis-
tances were set to 2 cm. Throughout each experiment, dig-
ital power-supply of the direct current (0V–30V, 0A–5A) 
(Type 9 UNI-T, UTP3315PF) has been employed for provid-
ing constant current. In every run, 1.0 L of solution has been 
stirred with a magnetic stirrer at 500 rpm so that to produce 
proper conditions of mixing, after that requisite amount 
of supporting electrolyte and NaCl (whenever required) 
have been added, and mixing has been maintained at an 
identical speed of rotation throughout experiments. All of 
those experiments have been conducted in a water bath at 
a constant temperature of 28°C ± 2°C (Memmert, WNB-22,  
Germany).

The diagram related to electrochemical oxidation exper-
imental setup has been depicted in Fig. 1, together with 
necessary data. pH value of the electrolyte has been moni-
tored with digital-meter of the pH (HANNA Instruments 
Inc., PH-211, RI, USA) and acidity of electrolyte has been 
adjusted with NaOH/HCl for best experimental condi-
tions. The materials used in the study like NaCl, Na2SO4, 
NaOH and HCl are purchased from commercial suppliers, 
specifically from Thomas Baker (Mumbai, India).

The total organic compound concentration in efflu-
ent has been given in terms of (COD). In COD thermo-re-
actor (RD-125, Lovibond, Germany), the number of COD 
in effluents of the petroleum refinery has been determined 
through taking a (2 mL) sample that has been digested 
with K2Cr2O7 as oxidizing agent for a period of 120 min at 
a temperature of 150°C. After cooling the digested sample 

Table 1
Effluent properties at Al-Najaf petroleum refinery plant

Tests Sample of the feed tank Settling tank* Acceptable limit*

Chemical oxygen demand (mg/L) 590–580 65 100
Total dissolved solids 920 1,700 –
pH 6.40 7.50 (6–9.5)
Cond. (mS/cm) 1.88 – –
Cl (mg/L) 530 121 100
SO4 (mg/L) 14.2 420 400
Turbidity 30.65 7.34 40.7
Phenol (mg/L) 0.165 (0.010–0.050) 0.060

*Presented by the administration of Al-Najaf petroleum refinery plant.
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to room temperature, it was examined in a spectrophotom-
eter (MD200, Lovibond, Germany). Approach 8047, which 
has been assigned by Hach Co./Hach Lange GmbH, US, 
was used for the measurement of the phenol. The concen-
trations of COD and phenol have been measured for 3 times, 
and mean values are used in the present study.

2.1. Anode

As anode, porous graphite was employed. Scanning 
electron microscopy (SEM) using file emission scanning 
electron microscopy was used to analyze the topography 
of graphite surfaces. Graphite’s total surface area has been 
measured with the use of Brunauer–Emmett–Teller (BET) 
technique and a device (BET Tavana, Iran) equipped with 
MicroActive for TriStar II Plus 2.03 software depending on 
Micrometrics.

The COD removal efficiency has been assessed accord-
ing to Eq. (1) [37]:

RE
COD COD

COD
% �

�
�i f

i

100  (9)

where RE% represents the removal percentage, CODi sig-
nifies the initial COD (mg/L), and CODf signifies final 
COD (mg/L).

In any anodic oxidation, the energy consumption (EC) 
denotes total of the energy that is spent during the proce-
dure for a kilogram of the COD that must be digested. 
Eq. (2) can be used to obtain EC in (kWh/kg) [38]:

EC
COD COD

�
� � �

�� �
�

E I t
Vi f

1000 100  (10)

where EC denotes the consumption of the energy (kWh/
kg·COD), I signifies current (A), E denotes applied cell volt-
age (Volt), CODf and CODi signifies final and initial COD 
(mg/L), t denotes time of electrolysis (h), and V denotes 
effluent volume (L).

2.2. Design of experimentations

RSM [39] could be used for determining the relation 
between process response and it is variables by combin-
ing statistical and mathematical data. The three level, four 
factor Box–Behnken experimental design has been used in 
the present work for verifying and checking components 
that impact COD removal. The effectiveness of the COD 
removal has been used as response, whereas time (X1), ini-
tial pH (X2), NaCl concentration (X3), and current density 
(X4) were used as process variables. 0 (central or middle 
point), –1 (low level), and 1 (high level) were used to code 
the scales of process variables [40]. Table 2 shows parame-
ters of the process and their respective levels. Box–Behnken 
creates and enhances designs that are required in order to 
obtain appropriate quadratic model with required statistical 
features while only using portion of runs that are needed 
for three-level factorial. Eq. (3) could be used for calculat-
ing the number of the runs (N) that are required in order to 
complete a Box–Behnken design [41]:

N k k� �� � �2 1 cp  (11)

where k represents number of the variables of the process 
and cp represent central point’s reiterated number. A total of 
27 runs have been conducted in the current study in order 
to assess effects of process variables upon the efficiency of 
COD removal. BBD that has been recommended for this 
work is depicted in Table 3.

 
Fig. 1. Representation of experimental set-up: (1) body cell, (2) jacket, (3) porous graphite anode, (4) cathode, (5) magnetic stirrer, 
(6) power supply, (7) ammeter, (8) voltmeter, (9) pH-meter, (10) circulator of the water-bath.
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According to BBD, a second-order polynomial-model 
could be used, with the next Eq. (4) denoting how the 
interaction terms fit with experimental data:

Y a a x a x a x xi i ii i ij i j� � � ����0
2  (12)

where Y denotes the response (RE), i & j represent pattern 
index numbers, a0 represents intercept term, x1, x2, …, xk 

represent process variables in the coded forms. ai represents 
first-order (linear) key effect, aii represents second-order 
main effect and aij represents interaction effect. Variance 
analysis has been carried out and after that, coefficient of 
regression (R2) has been calculated for the purpose of con-
firming model fit goodness.

3. Results and discussions

3.1. Anode characterization

The porous graphite anode’s X-ray diffraction data 
are revealed in Fig. 2. It has the same reference code as the 
standard graphite structure (96-901-2231) (blue) [42]. The 
study of the structure of the graphite reveals sharp diffrac-
tion peak at 2θ = 26.6255°, with d-spacing of 3.34802 Ǻ for 
C(002). Fig. 3 illustrates a SEM image of the porous graph-
ite anode with magnification power (7500). The graphite 
was discovered to have a high porosity, with big pores that 
have been developed between the inter-connected struc-
tures, as opposed to the conventional rigid graphite, which 
has a smooth nonporous structure. Porous graphite’s BET 
surface area was discovered equal to 22.7509 ± 0.5307 m2/g, 

Table 2
Level of the process variables for the treatments of the refinery 
wastewater

Parameters of the process Range in the design of 
Box–Behnken

Coded level Low 
[–1]

Middle 
[0]

High 
[+1]

X1 - Time (min) 30 50 70
X2 - pH 2 6 10
X3 - NaCl (g/L) 0 2 4
X4 - Current density (mA/cm2) 5 15 25

Table 3
Experimental results of the Box–Behnken design for chemical oxygen demand removal

Run 
order

Block pH Current density 
(mA/cm2)

NaCl 
(g/L)

Time 
(min)

RE% E (V) EC (kWh/
kg·COD)Actual Predict

1 1 2 15 2 30 73 72.67 5.35 2.78
2 1 2 15 2 70 90 89.50 4.88 3.02
3 1 10 15 2 30 60 59.50 5.15 4.12
4 1 10 15 2 70 81 79.33 4 0.60
5 1 6 5 0 50 68 68.33 7.5 9.10
6 1 6 5 4 50 80 79.67 5.44 3.28
7 1 6 25 0 50 83 82.33 6.8 7.62
8 1 6 25 4 50 90 90.67 7.0 11.82
9 1 6 5 2 30 61 61.96 5.05 2.23
10 1 6 5 2 70 84 83.29 5.7 4.94
11 1 6 25 2 30 76 77.46 6.77 6.88
12 1 6 25 2 70 94 92.79 5.28 2.84
13 1 2 15 0 50 75 74.79 5.77 6.40
14 1 10 15 0 50 67 68.63 3.6 1.22
15 1 2 15 4 50 89 90.13 3.4 0.78
16 1 10 15 4 50 71 72.96 3.88 1.5
17 1 6 15 0 30 57 59.04 6.18 6.24
18 1 6 15 0 70 74 76.88 5.4 2.33
19 1 6 15 4 30 67 68.38 5.3 4.01
20 1 6 15 4 70 85 87.21 6.6 3.89
21 1 2 5 2 50 80 83.21 3.45 0.85
22 1 10 5 2 50 69 69.54 5.20 5.61
23 1 2 25 2 50 94 93.71 5.5 4.90
24 1 10 25 2 50 83 84.04 3.65 1.33
25 1 6 15 2 50 81 82.00 5.0 4.14
26 1 6 15 2 50 80 82.00 7.0 7.22
27 1 6 15 2 50 83 82.00 5.3 3.88
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that is greater than the BET of the commercially available 
graphite felt (SGL carbon, GFA-6 EA) (2.730 m2/g) [43].

3.2. Statistical analyses

A total of 27 statistically designed batch runs for 
numerous process parameter combinations were done for 
the optimization and evaluation of collected impacts of 

independent factors on efficiency of the removal of COD. 
Table 3 summarizes experimental findings, which include 
the percentage of the COD removal (RE%) and specific 
EC during a 70-min electrolysis time.

The removal efficiency of COD is between 57% and 
94%. The energy consumption between 0.62 and 11.82 kWh/
kg·COD. The findings of COD removal percentage were 
analyzed with the use of the Minitab_17 software, and an 

 
Fig. 3. Porous graphite’s scanning electron microscopy picture.
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Fig. 2. Graphite’s X-ray diffraction pattern.



377M.A. Hussein et al. / Desalination and Water Treatment 316 (2023) 371–382

experimental link between process parameters and COD 
removal efficiency was discovered and defined using the 
quadratic model of the efficiency of the COD removal (RE) 
in terms of the coded process parameter units:

Re% . . . . .
. .

� � � � �

� �

12 39 1 742 0 490 9 46 0 350
0 01260 0 0807

1 2 3 4

1
2

X X X X
X XX X X
X X X X X X

2
2

3
2

4
2

1 2 1 3 1

1 135 0 02458
0 01250 0 0062 0 00625

� �
� � �

. .
. . . 44

2 3 2 4 3 40 3125 0 0000 0 0625� � �. . .X X X X X X  (13)

where RE% represents response, in other words, per-
centage of COD removal, and X1, X2, X3 and X4 represent 
time, pH, concentration of the NaCl, and the current den-
sity, respectively. While X1X2, X1X3, X1X4, X2X3, X2X4, X3X4 
variables represent effect of the interaction of all model 
parameters. X1

2, X2
2, X3

2 and X4
2 represent measurements 

of main effects of the variables time, pH, concentration of 
the NaCl, and the current density, respectively.

Individual variables (linear as well as quadratic) or 
double interactions impact removal efficiency of COD, as 
revealed in Eq. (5). Positive coefficient values indicated 
that there is an increase in removal efficiency of COD 
when the associated factors regarding such coefficients 
increased within the established range, whereas negative 
coefficient values indicated the opposite effect. NaCl con-
centration, current density, and time all have positive effects 
on removal efficiency of COD, whereas pH has a negative 
effect. Table 3 also includes predicted values of the per-
centage of COD removal that have been calculated with 
the use of Eq. (5). ANOVA was used for the determination 
of acceptability of BBD. ANOVA divides total variation in 
the dataset to individual parts that are accompanied by cer-
tain variation sources for examining hypotheses on model 
factors [44]. The P-test and Fisher F-test are used for deter-
mining the model’s appropriateness in ANOVA analysis. In 
the case when Fisher’s value is high, the regression equa-
tion can clarify the majority of the variations in response. 
P-value has been utilized for determining whether F is 
sufficiently great for recognizing statistical significance in 
the model. When the P-value is <(0.05), 90% of model’s vari-
ability can be explained [45]. ANOVA for model of response 
surface is shown in Table 4. The summation of square (Seq. 
SS), degree of freedom (DF), percentage of contribution (Cr. 
%), F-value, and P-value for each parameter have been cal-
culated in this table. The regression model had a P-value 
of 0.0001 and F-value of 74.64, indicating high significance. 
Model’s multiple correlation coefficient has been 98.86%, 
indicating that regression has statistical significance and 
that the model only confirms 1.14% of the total variations. 
In this model, the adjusted multiple correlation coefficient 
(adj. R2 = 97.54%) has been in agreement with projected 
multiple correlation coefficient (predicted R2 = 94.07%).

The percent contribution regarding the NaCl concen-
tration equals 10.43% that is lower when compared to the 
other parameters, according to ANOVA results. The current 
density and pH have roughly the same important impact 
on process, contributing 18.87% and 15.2%, respectively. 
With a 40.31% contribution, time has the greatest impact. 
In the current study, it is clear that both NaCl and pH con-
centration play a major role in COD removal, implying 

that system is regulated via reaction conditions in solu-
tion bulk rather than electrooxidation of the ions of the 
chloride on electrode surface, in other words, the system 
is under the control of the bulk reaction (chlorine’s reac-
tion with water). Linear term contributes the most to this 
model, accounting for 84.82%, succeeded by square term, 
which contributes 12.49%, and the 2-way interaction, which  
contributes 1.55%.

3.3. Effects of the process variables upon efficiency of COD 
removal

A graphical representation regarding the statistical 
optimization with the use of RSM was used to analyze the 
interactive effects of selected parameters and their effect 
on response. Fig. 4a and b illustrate the effect of initial pH 
upon percentage of COD removal for varied current den-
sities 5–25 mA/cm2 and time 50 min at constant NaCl con-
centration 2 g/L. The plot of the response surface has been 
depicted in Fig. 4b, whereas e the contour plot is presented 
in Fig. 4a. The surface plot clearly demonstrates that as the 
initial pH increases from 2 to 10, COD removal efficiency 
drops rapidly at current density 5 mA/cm2. Scialdone et al. 
[46] has found that pH has an impact on the efficiency of 
removal. This way of behaving could be described by the 
fact that at high values of the pH, active chlorine exist as 
hypochlorite, that is weaker oxidant toward the organic 
species when compared to the hypochlorous-acid, which 

Table 4
Variance analysis for the removal of chemical oxygen demand

P-valueF-valueCr. (%)Seq. SSDOFSource

0.000174.6498.862,565.0214Model
0.0001224.1384.822,278.674Linear
0.0001426.140.311,0831(X1)
0.0001160.6615.2408.331(X2)
0.0001110.3010.43280.331(X3)
0.0001199.4818.875071(X4)
0.000133.0112.49335.64Square
0.000153.344.73127.271X1X1

0.0863.50.143.81X2X2

0.000143.286.42172.451X3X3

0.00412.681.2032.231X4X4

0.0652.741.5541.7562-Way Inter.
0.2341.570.1541X1X2

0.7590.100.010.251X1X3

0.1432.460.236.251X1X4

0.0099.840.93251X2X3

1.0000.00.001X2X4

0.1432.460.236.251X3X4

1.1430.512Error
0.5641.110.9625.8310Lack-of-fit

0.174.672Pure error
1002,686.2526Total

R2 (pred.)PRESSR2 (adj.)R2SModel 
summary 94.07%159.397.54%98.86%1.59
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is a powerful oxidant and dominant species at pH levels 
that are near the value of 2 [46]. The outcomes indicated 
that the rise of the value of current density from 5 toward 
15 mA/cm2 had dramatically boosted the efficiency of COD 
removal at pH 2. In the case when the pH is 10, the same 
thing happens. The influence of the current density upon 
COD removal is the same as prior research. This might 
be indicated by greater formation of hypochlorite in alka-
line solution and the hypochlorous acid in acidic solution 
as current density rises, promoting organic compound 
breakdown by indirect oxidation [40]. Subsequent con-
tour plot reveals that efficiency of COD removal of 90% is 

found in limited area where current density was between 
20 and 25 mA/cm2 and the pH was in a range between 2  
and 5.8.

Fig. 5a shows the influence of the concentration of the 
NaCl (adding NaCl) on the percentage of the COD removal 
for various current densities 5–25 mA/cm2 at time 50 min 
and constant pH of 6. At a current density of 5 mA/cm2, 
response surface Fig. 5b reveals that the percentage of the 
COD removal increases in a linear manner with the rise in 
NaCl content. At a value of the current density of 25 mA/
cm2, a comparable pattern emerges. Those findings are 
consistent with those seen in literature [42]. The matching 

 

a b 

Fig. 4. Contour plot (a) and response surface plot (b) for pH and current density impact upon chemical oxygen demand removal 
efficiency (RE%) (hold values: NaCl = 2 g/L and time = 50 min).

 

a b 

Fig. 5. Contour plot (a) and response surface plot (b) that shows effects of the current density and concentration of NaCl upon 
efficiency of chemical oxygen demand removal (RE%) (hold values: time = 50min and pH = 6).
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a b 

Fig. 6. Contour plot (a) and response surface plot (b) that shows effects of the current density and time upon efficiency of chemical 
oxygen demand removal (RE%) (hold values: pH = 6 and NaCl = 2 g/L).

Fig. 7. Interaction plot for the efficiency of chemical oxygen demand removal (RE%).
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contour Fig. 5a reveals that the removal efficiency of ≥90% 
is found in a limited area where the current density was 
23–25 mA/cm2 and NaCl was added at a concentration 
of 2–3.8 g/L. Fig. 6a and b illustrate influence of time on 
COD removal percentage for different current densities 
5–25 mA/cm2 at constant NaCl concentration 2 g/L and 
pH value of 6. Fig. 6b demonstrates how, at low current 
density, COD removal increases rapidly with the rise of 
time. When the current density reached 25 mA/cm2, the 
same behavior was detected. Those findings are consis-
tent with those seen in literature [39,40,42]. The related 
contour Fig. 6a reveals that the efficiency of removal of 
90% is found in limited area with current densities rang-
ing between 21 to 25 mA/cm2 and times ranging between 
50 to 70 min. As a result, using RSM will help to deter-
mine the achievable optimal values of the elements being 
investigated, as well as providing useful facts on the inter-
actions between them. Fig. 7 depicts the COD removal 
efficiency interaction plot among process paramours. There 
was no significant interaction between factors, as can be  
observed.

3.3. Optimization and confirmation test

The optimization regarding any electrochemical removal 
system’s process conditions is vital and must be accom-
plished for the purpose of minimizing energy losses and, as 
a result, treatment cost losses. Various principles were found 
for improving the system in order to achieve the intended 
goal by maximizing the desirability function (DF) by adapt-
ing the importance or weight that might alert the properties 
of the objective. There are five options for the target fields 
for variables: maximize, none, objective, minimize, and 
within range. The ‘maximum’ with the associated ‘weight’ 
1.0 is the target of electrochemical COD removal. The inde-
pendent factors that were investigated in this research have 
been set within the range of specified levels (pH: 2–10, cur-
rent: 5–25 mA/cm2, time: 30–70 min, and NaCl: 0–4 g/L). 

The COD removal efficiency lower limit has been set at 57%, 
whereas upper limit has been set at 94%. Table 5 shows out-
comes of the optimization technique using such settings 
and boundaries, with the function of desirability of 1, Two 
confirmative tests have been carried out utilizing optimized 
parameters for their validation, results of which have been 
shown from Table 6. A 94% efficiency of COD removal was 
attained as a mean value following 70 min of electrolysis 
at pH = 2, which is within the range of the optimal values 
that have been obtained via optimization analysis using the 
function of desirability of 1 (Table 6). As a result, using the 
Box–Behnken design in conjunction with the desirability 
function to optimize COD removal with the use of porous 
graphite anode is effective. Additional set of experiments 
was carried out under similar optimum parameters, with 
the exception that the initial pH was set to 10 rather than 
2. The results demonstrate that COD removal effectiveness 
was 91.5% in this example, resulting in a final COD level 
of 43 ppm, which is lower than permitted limit that has 
been set by Al-Najaf petroleum refinery plant management  
(Table 1).

4. Conclusions

The goal of this study is to see how different operating 
parameters like initial pH, current density, time, and NaCl 
concentration affected the COD removal in treatment of 
Al-Najaf petroleum refinery wastewater with the use of an 
indirect process of the anodic oxidation on porous graph-
ite anode and BBD as optimization approach. Experimental 
data was used to fit second-order polynomial equation 
that has been then used for the regulation of the operating 
parameters. The optimal circumstances were NaCl concen-
tration of 3.4 g/L, current density of 25 A/cm2, an electrolysis 
time of 64 min, a pH of 2, which resulted in a 99.6% COD 
removal efficiency and a 9.85 kWh/kg energy consumption 
of COD. The results demonstrate that in the current study, 
both NaCl and pH concentration have a major impact on 

Table 5
Optimal values of the process parameters for the best chemical oxygen demand removal efficiency (RE%)

ImportanceWeightUpperTargetLowerGoalsResponses

1194Maximum57MaximalRE (%)

ResultsSolution: parameters

95%PI95%CISE FitDFRE (%) FitTime (min)NaCl (g/L)pHCurrent density (mA/cm2)

(94.34; 104.86)(95.64; 103.56)1.82199.664.743.39225

Table 6
Confirmative value regarding optimal removal efficiency of chemical oxygen demand

EC (kWh/
kg·COD)

RE (%)Chemical oxygen demand (ppm)E 
(Volt)

Time 
(min)

NaCl 
(g/L)

pHCurrent density 
(mA/cm2)

Run

AverageActualFinalInitial

9.95
99.199.5575726.1653.42251

98.7725696.0653.42252
9.6891.65235855.9653.410253
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COD removal, implying that the system is regulated through 
conditions of reaction in bulk of the solution rather than 
electro-oxidation reaction on electrode surface. The major-
ity of mechanisms regarding indirect anodic oxidation 
reaction published in literature had agreed with this.
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