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INTRODUCTION

Petroleum refinery wastewaters (PRW) are 
considered as refractory wastewaters, which con-
tain inorganic compounds as well as complex aro-
matics organic compounds (Diya’uddeen et al., 
2011). The wastewaters generated from petroleum 
refinery processing have been recognized as high-
ly toxic and relatively more refractory to natural 
degradation in comparison with other types of 
wastewaters that are generated from various in-
dustrial activities (Bayat et al., 2012). During the 
production stage in oil refinery processing, Coel-
ho and his research group (Coelho et al., 2006) 
found that the amount of the used water be range 

from 0.4 to 1.6 times the volume of processed 
oil, hence causing serious damage to the environ-
ment. On the basis of the type of oil used, kind of 
processes, and the complexity of the refinery, the 
generated wastewaters in oil refineries may have 
different chemical compositions (Diya’uddeen et 
al., 2011, Zelmanov et al., 2005, Mrayyan et al., 
2005). Generally, the COD values could be ap-
proximately 300–600 ppm; concentration of phe-
nol in the range of 20–200 ppm; benzene in the 
range of 1–100 ppm; heavy metals such as lead 
(0.2–10 ppm); chromium (0.1–100 ppm) in addi-
tion to other pollutants are found in refinery efflu-
ent (World Bank Group, 1999). It is expected that 
the demand on global energy will be increased 
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to be 44% over the next two decades making the 
handling of petroleum refinery process and its 
generated wastewater are important issues, hence, 
innovative methods should be applied to remove 
these toxic pollutants (IPIECA, 2010).

Various traditional methods have been uti-
lized for PRW treatment, namely, flocculation, 
coagulation, adsorption, biological process, mem-
brane, and others (Augulyte et al., 2009, El-Naas 
et al., 2010). The most common industrial process 
is a biological one (Diya’uddeen et al., 2011). In 
these methods, contaminants are converted from 
one phase to another or partially degrading PRW; 
therefore, these approaches are not optimal. Ad-
vanced oxidation processes (AOPs) can quickly 
eliminate the non-biodegraded contaminants ex-
isting in the aquatic environment. Organic pol-
lutants in wastewater can be removed with great 
efficiency by these processes, even when they are 
present in low concentrations without creating 
environmentally harmful byproducts (Catalkaya 
et al., 2009; Giri et al., 2014). Because of its abil-
ity to generate hydroxyl radicals in high concen-
trations, Fenton process is considered as one of 
the most AOPs commonly used in treatment of 
wastewater. Using Fenton process is restricted 
economically because of the high cost of H2O2, 
the huge amount of generated iron sludge, and its 
acidic pH requirements (Nidheesh et al., 2012).

Recently, electrochemical advanced oxida-
tion processes (EAOPs) have received much at-
tention for waste water treatment. They are based 
on Fenton’s reaction chemistry and became eco-
friendly approaches (Brillas et al., 2009). The 
most popular EAOPs is electro Fenton (EF) pro-
cess (Zhang et al., 2009). In comparison with the 
traditional Fenton process, the EF process has the 
benefit of permitting superior process control, 
avoiding H2O2 storage or transportation, and no 
iron sludge generation (Cheng-Chun et al., 2007). 
In this method, the contaminated solution is fur-
nished by H2O2 continuously via two electron 
oxygen reduction on a cathode of electrolytic cell 
in an acidic medium according to the following 
equation (Peralta-Hernández et al., 2006):

O2 + 2H+ + 2e−→H2O2
(1)

Furthermore, electricity which is used in the 
EF process is considered as a clean energy source 
and the process as a whole does not produce sec-
ondary contaminants (Cheng-chun et al., 2007). 
The EF process is an environment friendly tech-
nique for treating wastewater since it does not use 

any dangerous reagents (Ghoneim et al., 2011). In 
the manufacturing of H2O2 based on Eq.(1), many 
carbon-based electrode have been used, includ-
ing graphite (Wang et al., 2008), carbon sponge 
(Özcan et al., 2008), carbon fiber (Wang et al., 
2005), vitreous carbon (Alverez et al., 2006.), and 
the gas diffusion electrode (Pozzo et al., 2005). 
Traditionally, electrochemical production of H2O2 
has been achieved by using graphite due to its low 
cost (Wang et al., 2008).

EF depends on the catalytic electro genera-
tion of Fenton’s reagent – a mixture of ferrous 
ions and H2O2 to yield hydroxyl radicals (OH•) 
which can destroy the toxic organic compounds 
in aqueous media (as equations 2–5) (Zhang et 
al., 2014). 

H2O2 + Fe2+ → Fe3+ + OH¯ + OH• (2)

RH + OH• → R• + H2O (3)

R• + O2 → products (4)

R• + OH• → products (5)

For EF, the optimum pH is 3. The EF oxida-
tion efficiency decreased at pH value higher than 3 
as a result of generating low active Fe(OH)3which 
has a lesser affinity to react with H2O2 while a pH 
value lower than 3 generates less hydroxyl radi-
cals and increases the scavenging effect of H+ and 
hydroxyl radicals (Mirshahghassemi et al., 2016).

For every electrochemical process, the de-
sign of an electrochemical reactor is a major dif-
ficulty. It necessitates an understanding of ther-
modynamics, kinetics, potential and current dis-
tribution, and flow configuration of electrolyte. 
A wide range of cell configurations, from open 
tanks to parallel-plate cells to sophisticated con-
figurations with fluidized bed electrodes, are rou-
tinely utilized in the EF process. Dual-electrode 
electrochemical reactors are the simplest of these 
designs, with a lower potential drop than any of 
these cell types (Pletcher, 1990; Nidheesh et al., 
2015). On the other hand, electrochemical reac-
tors have many common features with conven-
tional chemical reactors in terms of operation and 
characteristics. On the basis of flow configuration, 
electrochemical reactors can be divided into sim-
ple batch reactors, single-pass continuous stirred 
tank reactors, single-pass plug flow reactors, and 
batch recirculation modes. On the conducting 
fundamental research or developing commercial 
applications, many scientists have turned to the 
electrochemical reactor with batch recirculation 
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mode as a highly adaptable laboratory-scale reac-
tor (Manivasagan et al., 2012). Few studies have 
stated that graphite can be utilized as anode and 
cathode in the EF process (Yang et al., 2012). (Ni-
dheesh et al., 2014a) stated that removal of dyes 
by adopting graphite–graphite EF system is more 
efficient as an electrochemical system (Nidheesh 
et al., 2014b; Nidheesh et al., 2014c, Nidheesh et 
al., 2013). The same conclusion was drawn in the 
removal of salicylic acid from aqueous solution 
(George et al., 2013a; George et al., 2013b). The 
advantage of the graphite–graphite EF process as 
reported by (Nidheesh.et al., 2014b) is that using 
the graphite–graphite EF system will improve the 
effectiveness of the system as a result of form-
ing graphite layer on the cathode from anode par-
ticles with no effect on the homogeneity of the 
system. Therefore, for the first time, a tubular 
electrochemical reactor was used as a new design 
which composed from cylindrical porous graphite 
as cathode and concentric porous graphite rod as 
anode for treatment petroleum refinery wastewa-
ter using batch recirculation mode of operation. 
To the best of authors’ knowledge, no research 
reported the use of graphite–graphite EF system 
for treatment of petroleum refinery wastewater at 
batch recirculation mode of operation. 

On the other hand, this work examined the vi-
ability and efficiency removal of COD from pe-
troleum refinery wastewater using the EF technol-
ogy in which H2O2 was in-situ produced at porous 
graphite cathode and Fe2+ was inserted externally. 
Constant-current mode was used to estimate the 
COD elimination efficiency, since it is more pref-
erable for industrial scale-up. The Box-Behnken 
design (BBD) was adopted to study and optimize 
the influences of many operating parameters, in-
cluding applied current density, concentration of 
FeSO4, and time, on the removal of COD from 
wastewater produced by the Al-Dewaniya petro-
leum refinery plant.

EXPERIMENTAL WORK 

At the Al-Dewaniya refinery plant, 14 liters 
of effluent from the feeding tank to the biological 

treatment unit was collected and stored in covered 
containers at 4 °C until usage. Table 1 provides a 
breakdown of the sample characteristics. There is 
no need for using supporting electrolyte, since the 
measured conductivity of wastewater was 10.77 
mScm-1, in accordance with the limit needed to 
achieve low cell voltage (Souza et al., 2013).

The electrochemical system under study 
composed of a cylindrical tank with capacity 
(1.25 L), an electrochemical reactor, a dosing 
pump (type-HYBL5LNPVF001, Italy) with max-
imum pressure of 10 bar and a flow rate of (1–3 
L/h), a liquid flow meter (type-ZYIA, 25–250 
ml/min, China), an air flow meter (0–5 l/min., 
China), and air pump (model-ACO-208, 45W, 
China). The acrylic cylindrical reservoir has di-
mensions (200 mm in height, outside diameter of 
100 mm and thickness of 4 mm) having a cover 
with dimensions (outside diameter of 120 mm 
and thickness of 10 mm). The reservoir has two 
outlets one at its bottom and the other on its side 
located above its base at a distance of (30 mm). 
Each outlet was provided with a PVC valve. The 
cover was provided with three inlets; the first is 
for the recycle from the electrochemical reactor, 
the second is for the air coming from air pump for 
saturating the solution with oxygen and providing 
the mixing for solution, while the third is for feed-
ing the solution. Figure 1 shows the schematic 
diagrams for the electrochemical system.

The electrochemical reactor which is the 
backbone of the electrochemical system is a new 
design adopted in the present work. It is made of 
transparent Acrylic material, Perspex type. It is 
composed of three compartments: upper, central, 
and bottom compartments. The bottom compart-
ments serves as a feeding chamber for the reactor. 
It has a cylindrical shape with dimensions (out-
side diameter of 70 mm, total length of 50 mm, 
and thickness of 4 mm) ended at its upper face 
with a flange having dimensions (outside diam-
eter of 100 mm and thickness of 10 mm) and con-
tained four holes (5 mm in diameter) for fixing the 
compartment with the others via bolts and nets. 
The bottom compartment has two inlets having a 
diameter of 10 mm. The first for entering the solu-
tion is located at the side of compartment while 

Table 1. Properties of the effluents generated by the Al-Dewaniya petroleum refinery plant

Property COD
(mg/l) pH Turbidity 

(NTU)
Conductivity 

(mS/cm)
T.D.S. 
(mg/l)

Phenol 
(mg/l)

SO-2
4

(mg/l) Cl- (mg/l)

Raw effluent 2455 7.4 29.6 10.77 4267 14.2 126 2128
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the second for entering air is located at the bot-
tom of the compartment. The central compart-
ment has a cylindrical shape with dimensions 
(outside diameter of 70 mm, total length of 70 
mm, and thickness of 4 mm) ended at its upper 
and lower faces with flanges having dimensions 
(outside diameter of 100 mm and thickness of 
10 mm) and each one contained four holes. A 
porous graphite cathode has dimensions (out-
side diameter 60 mm, thickness 5 mm and 
length of 55 mm) was fixed inside the central 
compartment via copper bolt at the midpoint 
of the lateral surface of the compartment. The 
internal geometric area of cathode was 81.54 
cm2, a value that was used for determining its 
current density. Upper flange was provided by 
perforated ring with the dimensions of (outside 
diameter of 68 mm, inside diameter of 20 mm, 
and thickness of 3 mm) made from the same 
material of the compartment, while the lower 
flange was provided with perforated disc having 
the dimensions of (outside diameter of 68 mm, 
and thickness of 3 mm). Both ring and disc were 
perforated uniformly with hole of 1 mm at equal 

distance among them. The upper compartment 
serves as a collecting chamber and as a hold-
ing for the anode. It has a cylindrical shape with 
the dimensions of (outside diameter of 70 mm, 
total length of 50 mm, and thickness of 4 mm) 
ended at its lower face with a flange having the 
dimensions of (outside diameter of 100 mm and 
thickness of 10 mm) and contained four holes. A 
porous graphite rode has dimensions (length of 
107 mm and diameter of 28 mm) serves as an-
ode and it was fixed inside the chamber via cop-
per bolt at the center point of the upper base of 
the chamber. The distance between electrodes 
(anode and cathode) was fixed at 10 mm. An-
ode and cathode were made of porous graphite 
(Tokai Carbon Co., Ltd. provides a type UHP 
graphite electrode with a porosity of 20% to 
26% for use in ARC furnaces.) and its BET sur-
face area was 22.7509 m²/g (Abbar et al., 2020). 
Figure 2 shows the schematic design of electro-
chemical reactor.

The chemicals used in the present study were 
analytical grade, FeSO4.7H2O (purity 99.5%, 

Figure 1. Schematic diagram of the electrochemical system
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Thomas baker, India), H2SO4 (98%, Thomas bak-
er, India) and NaOH (purity 99%, BDH, England).

Before starting each experiment, 1L of 
wastewater was taken and put inside 2 liter 
beaker mounted on a magnetic hot plate stirrer 
(Heidolph,MR Hei-standard, Germany). Its pH 
was firstly adjusted to 4 by adding 1M H2SO4 to 
make the iron species soluble then the required 
amount of FeSO4.7H2O was added then the so-
lution was homogenized for 15 min followed by 
adjusting its pH to 3 before using. The waste so-
lution then placed in the feeding tank, then the 
dosing pump was turned on for circulating the 
solution through the electrochemical reactor for 
15 minutes during this period air was bubbled in 
the solution to saturate it with oxygen and con-
tinue till the end of experiment. This continuous 
aeration maintains the saturated level of oxygen 
till the end of electrolysis. Liquid flow rate was 
adjusted to 200 ml/min and air flow rate to 3L/
min. After that, a constant current was applied to 
the electrochemical reactor via D.C power supply 
(UNI-T, UTP3315TFL-II, China) and the elec-
trolysis was continued for a period of time at a 
constant temperature of 25±2 °C. 

At the end of each run and before carrying 
out COD tests, solution pH was adjusted to 8.0 
for removing residual Fe2+(Fe3+) then filtrated 
and tested its COD value. A digital pH meter 
was used to measure the electrolyte pH (type - 
PH211, HNNA Instrument Inc. Romania). To 
measure the conductivity and the TDS, conduc-
tivity meter type COM-100, HM digital Inc. Ko-
rea was used. At the end of the electrolysis pro-
cess, the samples were collected and examined 
to determine the levels of COD and phenol. So-
lution turbidity was measured by (Jenway-6035, 
Germany). SO4

-2 and Cl-1 was analyzed by us-
ing Photo Flex. Series, (WTW model no 14541, 
Germany).

COD is defined as the amount of a specified ox-
idant that reacts with the sample under controlled 
conditions. The level of COD in the effluent was 
used as a measure of the amount of organic com-
pounds in the waste stream. The concentration of 
COD in the petroleum refinery effluents was evalu-
ated by digesting 0.2 ml of effluent for 120 minutes 
at 150 °C using K2Cr2O7 as an oxidizing agent in 
a thermo reactor (RD125, Lovibond). After cool-
ing down the sample to room temperature, COD 
concentration was detected by spectrophotometer 

Figure 2. Schematic diagram of the electrochemical reactor
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(MD200, Lovibond). Method 8047 of the Hach 
Company/Hach Lange GmbH, USA, was used to 
measure phenol. COD was measured three times, 
with the averages used in this study.

Evaluation of COD removal efficiency was 
performed using Eq. 6 (Abbar.et al., 2020).

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅% =
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
× 100 

 

𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶 =
𝑅𝑅𝑅𝑅. 𝐼𝐼𝐼𝐼. 𝑡𝑡𝑡𝑡 × 1000

�𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓� 𝑉𝑉𝑉𝑉
 

 

𝑌𝑌𝑌𝑌 =  𝑎𝑎𝑎𝑎0 +  �𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 + 

+ �𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖2 +  �𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 

 

 

(6)

where: RE% – the removal efficiency, the initial 
COD (mg/L) represented by CODi, and the 
final COD (mg/L) represented by CODf.

When digesting a kilogram of COD, the spe-
cific energy consumption (SEC) is the total quan-
tity of energy that is used. It is possible to calculate 
the SEC (kWh/kg) using Eq. 7 (Abbar.et al., 2020):

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅% =
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
× 100 

 

𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶 =
𝑅𝑅𝑅𝑅. 𝐼𝐼𝐼𝐼. 𝑡𝑡𝑡𝑡 × 1000

�𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓� 𝑉𝑉𝑉𝑉
 

 

𝑌𝑌𝑌𝑌 =  𝑎𝑎𝑎𝑎0 +  �𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 + 

+ �𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖2 +  �𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 

 

 

(7)

where: E denotes the applied cell potential in 
Volt, I denotes the current in ampere, t 
denotes the electrolysis duration in hours, 
and SEC denotes specific energy con-
sumption (kWh/kg COD).

Design of experiments

RSM is summarized as a group of mathemati-
cal and statistical tools for determining a regres-
sion model equation that correlate an objective 
function with its independent variables (Bezerra 
et al., 2008). The 3-level 3-factor Box–Behnken 
design (BBD) was adopted to examine the im-
pact of process variables on COD removal. The 
removal effectiveness of COD (RE percent) was 
taken into account as a response, while the cur-
rent density (X1), Fe SO4 concentration (X2), and 
time (X3) were taken into account as process pa-
rameters (El-Ghenymy et al., 2008). The scales 
of process components were labeled as low (-1), 
middle or centre point (0), and high level (1). Ta-
ble 2 shows the process factors with their selected 
levels while Table 3 shows the experiments ar-
ray provided by BBD for the current work, which 
was obtained by the Minitab-17 program.

In this work, the relationship between the re-
sponse and their independent variables was ob-
tained by the following second-order model with 
a least-squares method (El-Ghenymy et al., 2008): 

Table 2. Coded and real levels of the process parameters in the refinery wastewater treatment
Range in Box–Behnken designProcess parameters

High (+1)Middle (0)Low(-1)Coded levels

25155Current density (mA/cm2), X1

1.40.80.2Concentration of Fe SO4(mM), X2

906030Time(min), X3

Table 3. Experimental design array based on Box-Behnken

Run order Blocks
Coded value Real value

x1 x2 x3
Current density 
(mA/cm2), X1

FeSO4
(mM), X2

Time
(min.), X3

1 1 0 1 1 15 1.4 90

2 1 -1 1 0 5 1.4 60

3 1 1 1 0 25 1.4 60

4 1 -1 -1 0 5 0.2 60

5 1 -1 0 1 5 0.8 90

6 1 0 -1 1 15 0.2 90

7 1 1 0 1 25 0.8 90

8 1 1 0 -1 25 0.8 30

9 1 0 0 0 15 0.8 60

10 1 0 0 0 15 0.8 60

11 1 0 -1 -1 15 0.2 30

12 1 -1 0 -1 5 0.8 30

13 1 1 -1 0 25 0.2 60

14 1 0 0 0 15 0.8 60

15 1 0 1 -1 15 1.4 30
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𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅% =
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
× 100 

 

𝑆𝑆𝑆𝑆𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶 =
𝑅𝑅𝑅𝑅. 𝐼𝐼𝐼𝐼. 𝑡𝑡𝑡𝑡 × 1000

�𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑓𝑓𝑓𝑓� 𝑉𝑉𝑉𝑉
 

 

𝑌𝑌𝑌𝑌 =  𝑎𝑎𝑎𝑎0 +  �𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 + 
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(8)

where: a0 symbolises intercept term, j and i sym-
bolise the index numbers for patterns,  
ai symbolises the first-order (linear) main 
effect, aii symbolises second-order main 
effect and aij symbolises the interaction 
effect, x1, x2, … xk denote the process 
factors in coded form and finally Y de-
notes the response (RE%). 

Analysis of variance (ANOVA) was achieved 
then the confirmation of model adequacy was 
achieved by calculating the regression coeffi-
cient (R2).

RESULTS AND DISCUSSION

Results of experimental design

According to the BBD design, fifteen runs 
were performed to investigate the optimum con-
ditions for COD removal. Table 4 displays the 
experimental results involving the efficiency of 
COD removal (RE%) and specific energy con-
sumption (SEC).

The results showed that efficiency of COD 
removal was in the range of 82–95.67% while 
the specific energy consumption ranged between 

0.4 kWh/kg COD and 10.92 kWh/kg COD. It is 
clear that adopting BBD gave better combination 
of process variables for obtaining COD removal 
higher than 80%. As a preliminary inspection, a 
comparison between run (3) and run (4) showed 
that the concentration of FeSO4 has a major impact 
on the removal efficiency of COD where RE% in-
creased from 82 to 95.67% making a difference 
of 13.67% as FeSO4 concentration increased from 
0.2 to 1.4 mM at constant current density of 25 
mA/cm2 and time of 60 min., while the compari-
son between run (2) and run (3) showed that cur-
rent density followed the FeSO4 concentration in 
his effect on the COD removal efficiency where 
RE% increased from 88.43 to 95.67% making 
a difference of 7.24% as the current density in-
creased from 5 to 25 mA/cm2 at constant FeSO4 
concentration of 1.4 mM and time of 60min. 
However, the precise effect of these parameters 
can be observed via the ANOVA results.

By using Minitab-17 software, A quadratic 
model of the removal effectiveness of COD (RE 
percent) in terms of real units of process parame-
ters was developed using the results of the analysis:
RE% = 85.16 + 0.096 X1 + 5.29 X2 − 0.1533 X3+ 

0.00570 (X1)2 − 3.89 (X2)2 + 0.000913 (X3)2 +  
+ 0.0850 X1·X2 + 0.00020 X1·X3 + 

+ 0.0886 X2·X3
(9)

Here, the interaction effect of model param-
eters is depicted as X1X2, X1X3, and X2X3. 
The measuring of the major influence of model 

Table 4. Experimental results of COD removal using Box–Behnken design

Run
order X1 X2 X3 E

(V)

COD (ppm) RE% SEC
( )Initial Final Actual Predicted

1 15 1.4 90 6.25 2395 146 93.90 94.47 5.04

2 5 1.4 60 3.94 2420 280 88.43 87.74 0.73

3 25 1.4 60 8.44 2425 105 95.67 95.69 7.56

4 5 0.2 60 3.96 2390 430 82.00 81.98 0.80

5 5 0.8 90 3.90 2450 299 87.79 87.92 1.08

6 15 0.2 90 6.26 2467 380 84.59 84.49 5.55

7 25 0.8 90 8.65 2480 110 95.56 94.98 10.92

8 25 0.8 30 8.95 2420 165 93.18 93.05 4.06

9 15 0.8 60 6.38 2430 275 88.68 89.16 3.56

10 15 0.8 60 6.89 2380 246 89.66 89.16 3.93

11 15 0.2 30 7.00 2397 325 86.44 85.88 2.08

12 5 0.8 30 4.14 2369 340 85.65 86.24 0.40

13 25 0.2 60 9.00 2400 307 87.20 87.89 8.96

14 15 0.8 60 6.50 2436 265 89.12 89.16 3.63

15 15 1.4 30 6.30 2398 255 89.37 89.47 1.79
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parameters are represented by their double effect 
(X1)2, (X2)2 and (X3)2. Table 4 shows the esti-
mated COD removal efficiency values based on 
Equation 9. In Eq. 9, the positive coefficient in 
front of any parameter reveals that RE% increas-
es with its increasing and vice versa. 

Analysis of variance (ANOVA) was used to 
determine the acceptability of BBD. Fisher’s F-
test and P-test are analytical tools used to deter-
mine the significance of the model and its param-
eters (Segurola et al., 1999). Larger F-values and 
smaller p-values are often seen as more signifi-
cant coefficient terms (Arunachalam et al., 2011). 
The response surface model’s ANOVA results are 
shown in Table 5. The contribution of each vari-
able is represented by its percentage, DF indicates 
the degree of freedom of the model and its param-
eters. Seq. SS, Adj. SS, and Adj. MS imply statis-
tical terms of ANOVA. On the basis of results, the 
regression model has a P-value of (0.0001) and an 
F-value of (43.02). Regression was shown to be 
statistically significant with a multiple correlation 
coefficient of 0.9872, with only (0.0128) of the 
total variation not supported by the model. Since 
the difference between adj. R2 (0.9643) and pred. 
R2 (0.8260) is smaller than 0.2, they are well-
matched (Zhao et al., 2011).

The results of Table 5 showed that both 
FeSO4 concentration and current density have 

the major effect with contributions of 43.59% 
and 41.71% respectively. In turn, time has the 
lower effect of 2.95%.

The approximated contributions of current 
density and FeSO4 concentration confirm that EF 
governed by these two variables at the same de-
gree. This result is expected, since the EF process 
is governed by Eq. 2 in which Fe+2 is furnished 
externally by adding FeSO4 and H2O2 is gener-
ated internally by applying current density. The 
squared interactions are not significant, except for 
the double effect of Fe concentration. 

The 2-way interactions among the variables 
are non-significant accept the interaction between 
time and current density. The P-value for lack-of-
fit (0.246) is higher than 0.05 in the present inves-
tigation, confirming that the lack of model fit was 
not statistically significant compared to the pure 
error. As a result, the model can accurately pre-
dict the response levels. The contribution of lin-
ear term was 88.26%, while the square and 2-way 
interaction were 5.33% and 5.09%, respectively. 
Hence, the overall interaction effect is significant.

Influence of process parameters on 
the efficiency of COD removal 

The graphical representations of RSM can be 
used to illustrate interactive effects of the selected 

Table 5. Analysis of variance for COD removal
P-valueF-valueAdj. MsAdj. ssContr.%Seq. ssDFSource

0.000143.0224.2036217.83298.72217.8329Model

0.0001115.3764.9133194.74088.26194.7403Linear

0.0001170.9596.188496.18843.5996.1881(X1)

0.0001163.5792.031792.03241.7192.0321(X2)

0.01911.596.51976.5202.956.5201(X3)

0.0307.023.951911.8565.3711.8563Square

0.2042.131.20071.2010.631.3971X1*X1

0.01612.897.24997.2503.617.9661X2*X2

0.0894.432.49332.4931.132.4931X3*X3

0.0346.663.745611.2375.0911.23732-Way lnter.

0.2321.851.04041.0400.471.0401X1*X2

0.8810.020.01390.0140.010.0141X1*X3

0.00818.1010.182510.1824.6110.1821X2*X3

0.56272.8131.282.8135Error

0.2463.220.77712.3311.062.3313Lack of Fit

0.24100.4820.220.4822Pure-Error

100220.6514Total

R2 (pred.)PRESSR2(adj.)R2S.
Model-summary

82.60%38.385896.43%98.72%0.75013
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variables and their effect on the response. For dif-
ferent values of current density (5–25 mA/cm2) 
and constant time of 60 min, the influence that 
the FeSO4 concentration has on the RE percent-
age can be observed as shown in Figures (3a, b). 
The response surface plot is depicted in Figure 
3a, while the contour plot presented in Figure 
3b. The form of control plot reveals the type and 
magnitude of the interaction between variables. 
At a current density of 5 mA/cm2, an improve-
ment in the COD removal efficiency can be seen 
as the FeSO4 concentration rises from 0.2 to 1.4 
mM as shown in Figure 3a. The increasing in 
RE% occurs rapidly at the first stage then tends 
to be sluggish at the end. A Similar observation 
was made at higher current density (25 mA/cm2). 
This behavior can be interpreted as increasing 
Fe+2 concentration improved the H2O2 oxidizing 
power for destroying large molecules; therefore, 
increasing the concentration of Fe+2 leads to more 
degradation of organic compounds in wastewater 
(Ahmadi et al., 2020, Huanqi et al., 2017). Pre-
vious studies showed that Fe+2 has the ability to 
destroyed large molecule in wastewater such as 
dyestuffs in real dyeing wastewater (Wang et al., 
2010). At any concentration of FeSO4, RE% in-
creases linearly with increasing current density 
from 5 to 25 mA/cm2. This behavior of the ef-
fect of current density on RE% is also observed in 
previous works (Sahraei et al., 2013; Davarnejad 
et al., 2015) and could be explained as the current 
is considered the driving force for the reduction of 
oxygen on the cathode surface leading to gener-
ate H2O2; hence, by increasing the current density, 
greater generation of OH• would happened due 
to the reaction of H2O2 with ferrous ions. On the 
contour plot, it can be seen that the COD removal 

effectiveness of over 95% lies within an extremely 
narrow band of current density (22–25 mA/cm2) 
and FeSO4 concentration between (0.9–1.4 mM).

For various current densities (5–25 mA/cm2) 
and at constant FeSO4 concentration (0.8 mM), 
the effect of time on the RE percent is shown in 
Figures (4a, b). The COD removal efficiency in-
creases exponentially with increasing time at all 
current density, as shown in Figure 4a. Accord-
ing to the previous studies (Davarnejad et al., 
2015, Fathinejad Jirandehi et al., 2015, Adimi et 
al., 2017, Yan et al., 2014), these findings are in 
line with previous findings. Reaction time has a 
favorable impact on the electro-Fenton process, 
according to the data. It is clear from the contour 
plot Fig. 4b that a region with a current density 
of 24–25 mA/cm2 and time ranging from 80–90 
minutes is responsible for the COD elimination 
effectiveness of 95 percent. In other words, using 
RSM will reveal the optimal ranges of parameters 
and the ways in which the factors interact with 
each other.

The optimum operating conditions 
with confirmation test

In order to reduce energy waste, electrochem-
ical systems must be optimized. In order to maxi-
mize the desirability function (DF) and achieve 
the intended outcome, various criteria must be 
recognized during the optimization process (Be-
zerra et al., 2008). Minimize, Maximize, objec-
tive, within the range, and none are all regarded 
as alternatives for the target function. Removal 
of COD was intended to remove as much as pos-
sible, and this was done by setting DF = 1.0 as 
the target removal goal. The process variables 

Figure 3. Impact of FeSO4 concentration and current density on the RE%;  
a) response surface plot, b) contour plot (Hold values: time = 60 min)

a) b)
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evaluated in this paper were current (from 5 to 
25 mA/cm2), FeSO4 concentration (from 0.2 to 
1.4 mM), and duration (from 30 to 90 minutes). 
The highest limit was set at 95.69 percent, while 
the lower limit for COD removal efficiency was 
set at 82 percent. Table 6 shows the outcomes of 
optimization under these parameters and settings. 
Using the adjusted settings, two more confirma-
tory tests were run, as shown in Table 7. At pH = 
3, an average of 98.93 percent COD removal was 
accomplished after 90 minutes of electrolysis, 
which falls within the range of optimum values 
determined by optimization study (Table 6). As 
a result, using BBD in conjunction with porous 

graphite–graphite EF systems is successful and 
effective in optimizing the removal of COD. The 
comparison of effluent parameters between treat-
ed and untreated wastewater is shown in Table 8.  
In this study, it was observed that the treated 
wastewater has superior qualities and complies 
with the standard limits for effluent discharge 
(100 ppm). The activity of the EF process using 
the new design of electrochemical reactor in the 
treatment of the wastewater generated from the 
Al-Dewaniya petroleum refinery plant was ap-
proved in this study, where a COD removal ef-
ficiency of 99.02 percent was obtained in com-
bination with phenol removal efficiency of 96.3 

a) b)

Figure 4. Impact of time and current density on the RE%; a) response surface 
plot, b) contour plot; (Hold value: FeSO4 concentration = 0.8 mM)

Table 6. Maximizing of COD removal efficiency (RE%) with its optimal process parameters
Response Goal Lower Target Upper Weight Importance

RE (%) Maximum 82 Maximum 95.69 1 1

Solution: parameters Results

Current 
density

(mA/cm2)

FeSO4
(mM) Time (min) RE (%)

Fit DF
SE
Fit 95% CI 95% PI

25 1.4 90 99.0733 1 0.886 (96.795,101.351) (96.089,102.058)

Table 7. Confirmative value of the optimum COD removal efficiency

Run
Current 
density 

(mA/cm2)

FeSO4 
(mM)

Time 
(min)

E
(Volt)

COD
(ppm) RE (%) EC

(Kwh/kgCOD)
Initial Final Actual Average

1 25 1.4 90 8.26 2455 24 99.02
98.93

10.34

2 25 1.4 90 8.28 2468 28.3 98.85 10.31

Table 8. Properties of the treated effluent and raw effluent
Parameter effluent COD (ppm) Phenol (ppm) Turbidity (NTU) SO4

-2 (ppm) Cl- (g/l)

Raw effluent 2455 14.2 29.6 126 2.128

Treated effluent 24(99.02%) 0.525(96.3%) 0.885(97.01%) 712 1.963
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percent, and turbidity removal efficiency of 97.01 
percent. The sulfate ions in the treated effluent 
have increased due to the use of ferrous sulphate, 
whereas chlorine ions have decreased as a result 
of producing of chlorine on the anode.

The results of the present work reveal that 
the graphite–graphite EF system can be applied 
successfully for treatment of the Al-Dewaniya 
petroleum refinery. Starting from an initial COD 
of 2455 ppm, a COD removal efficiency of 99% 
it could be achieved at 90 min with an energy 
consumption not exceeded 10.34 kWh/kg COD. 
These results prove that the EF process has the 
ability to oxidize the refractory natural or or-
ganic compounds that exist in petroleum refinery 
wastewater in a more proficient way.

In the literature, most studies that adopted 
the graphite–graphite EF system were con-
ducted in batch mode of operation. No previous 
works using the graphite–graphite EF system 
were conducted in batch recirculation mode, so 
the authors were unable to make a comparison 
with them. However, in comparison with the 
previous works that used the graphite–graph-
ite EF system (Nidheesh et al., 2014b, George.
et al., 2013) in batch mode, the present system 
required less time with reaching high removal 
efficiency which is an indication on the impor-
tance of the recirculation for increasing mass 
transfer, leading to higher removal with lower 
electrolysis time. Moreover, the present system 
could be considered as an economic one since it 
used electrodes made from cheap materials and 
its specific energy consumption is approximate-
ly lower and suitable in comparison with previ-
ous studies (Abbar et al., 2020). 

CONCLUSIONS

This research focused on the removal of COD 
from petroleum refinery wastewater by graphite–
graphite EF system operated in batch recircula-
tion mode. The response surface approach was 
used to conduct experiments to determine the in-
fluence of current density, FeSO4 concentration, 
and time on the reduction of COD in petroleum 
refinery effluent generated at the Al-Dewaniya re-
finery plant in Iraq. The refinery. On the basis of 
BBD, the best conditions were achieved at a cur-
rent density of 25 mA/cm2, a FeSO4 concentration 
of 1.4 mM, and a time of 90 minutes, in which 
COD removal and specific energy consumption 

were 99% and 10.34 kWh/kg, respectively. The 
high R2, adj. R2 and pred. The R2 value indicates 
that the model fitted very well to the experiment 
data; besides, the results indicate that RSM can be 
successfully used to analyzing the impact of vari-
ous operating factors and developing the required 
optimum conditions, thus reducing the number of 
runs, time, and cost of experiments. 

The efficiency of the graphite–graphite EF 
system was found to depend on two main pa-
rameters (current density and FeSO4 concentra-
tion) at approximately the same contribution of 
their effect on COD removal. Time was found to 
have the least effect. It is obvious that the batch 
recirculation mode was able to operate the sys-
tem without operational problems, and achieved 
good COD removal during a circulation time of 
90 min. From present work, graphite–graphite EF 
system appears to be an environmentally friendly 
method to decrease the level of COD from petro-
leum refinery wastewater.
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