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Abstract

The performance of a three-dimensional electrocoagulation process operated at a batch recirculation mode for treating petroleum
refinery wastewater using aluminium as a sacrificial anode, stainless steel as a cathode, and granular activated carbon with metal
impregnated carbon (GACMI (Al: Fe)) with mass ratio (2:1) as a third particle electrode was investigated. Effects of operating
factors such as the applied voltage (15-30 v), flow rate (50-175 mL/min), pH (4-10), and GACMI dosage (5-10) g/L on the chemical
oxygen demand removal were investigated. Using Box-Behnken design (BBD), a mathematical model relating the essential
operational parameters to chemical oxygen demand (COD) reduction was constructed. Results showed that the effect of GACMI
dosage on the efficiency of COD removal was the major one, where COD removal increased as GACMI dosage increased. However,
increasing applied voltage would enhance the performance of the electrocoagulation reaction. Experimental chemical oxygen
demand removal of 96.25 % was attained at the optimized conditions (applied voltage=27.7 v, flow rate=128 mL/min, pH=5.6,
GACMI dosage= 8.7 g/L). BET-specific surface area, total pore volume, X-ray fluorescence (XRF), energy-dispersive X-ray
spectroscopy (EDX), and scanning electron microscopy (SEM) were employed for the characterization of GACMI particle
electrodes.
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1- Introduction

Over the next two decades. there will be a 44% i colors and scents are produced in \_Nater in apaero_bic
_ ’ _ 0 INCrease  systems by the byproducts of chemical and biological
in the world's energy demand [1], making the production  reactions. In order to lessen that, it is crucial for water to
of petroleum effluent and the processing of petroleum, e oxygen [8].
which is a complex mixture of organic liquids known as  Aggitionally, these pollutants contaminate the soils of
crude oil and natural gas, an essential concern [2]. The  gas stations and refineries, the bed soils of rivers and
refineries were divided into two categories: hydro-  |aes and other areas. This necessitates pricey remedial
skimming units, which include crude distillation units,  rocedures. These contaminants affect human health by
desulphurizing units, and reforming units, and complex  cqsing significant illnesses or poisoning consequences
units, which also contain catalytic cracking units [3].  [9]. The need for effective treatment technologies is
According to the current decade's average global oil growing more due to the ongoing growth in climate
output, around 300 L of wastewater must be produced for change, which increases freshwater demand and the

every oil barrel, meaning the global oil sector produces  amount of contaminated runoff in other parts of the world
approximately 34 million barrels of polluted water daily [10].

[4, 5]. Furthermore, the oil industry will likely continue  ~ conyentional wastewater treatment techniques, such as
producing and discharging tainted sewage, given the rapid gravity separation and skimming, air flotation,
rise in global oil consumption. Oil effluent has a variety  coagulation, de-emulsification, and flocculation, have
of chemical compositions depending on its source. jnnerent drawbacks like low efficiency, high operating
Because of global warming, the effects of oil wastewater 4515 and corrosion and produce significant amounts of
are getting worse as freshwater resources on Earth rapidly  secondary pollutants (such as chloride and sulfate in the
disappear [6, 7]. The am_cl)unt of dissolved oxygen bacteria  ¢oagulation-precipitation process) and large volumes of
need to survive, 2 mg L™ of dissolved oxygen, is reduced  glygge or waste that pose serious environmental issues
when petroleum wastewater with a high organic content is [11, 12]. Due to their high salt concentration, it is

discharged into an aquatic environment. Unpleasant  jmpracticable to evaporate these solutions in ponds [13].
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Due to the partial blockage of biodegradation, even
biological processes are ineffective in curing PRW. It
might be brought on by sulfide, interfering with the
biosystems' ability to transmit oxygen [14]. Also, standard
treatment methods cannot completely remove emulsified
oil or tiny oil droplets [15]. However, these processes
have drawbacks that electrochemical techniques can
overcome. To remove hydrocarbons and other organic
matter from petroleum refinery wastewater, different
manners were used, such as chemical coagulation-
precipitation [16], electrochemical processes, such as
electrooxidation and  electrocoagulation  [17-19],
biological treatment [20, 21], activated sludge adsorption
[22], a combination of solvent extraction and freeze-thaw
[23], photo-degradation [24], and the Fenton and photo-
Fenton processes [15].

The three main treatment procedures in electrochemical
processing are electrooxidation, electrocoagulation, and
electro-floatation. Successful methods for extracting oils
from wastewater include electrocoagulation and electro-
floatation in particular. The kind of electrode utilized
during treatment denotes the process type for
electrochemical treatment. Electrocoagulation occurs
when a soluble metal such as iron or aluminium is
employed as the anode; oxidation and floatation occur
when an insoluble inert electrode is used as the cathode
[25]. The primary reactions that occurred throughout the
electrolysis process were the ion transfer of dissolved
metal into the water through oxidation in the anode and
the generation of H, gas and hydrolysis of water through
reduction in the cathode [26]. Monomeric and polymeric
metal hydroxide flocs are created depending on the
solution pH after these procedures. Through adsorption,
precipitation, and flotation, these metal hydroxide flocs
enable the separation of contaminants from the ambient
environment and are highly effective at eliminating
pollutants from wastewater [27]. The most notable
benefits of the process include minimal equipment
requirements, simple operation, quick process times, no
chemical use, and low sludge production [28, 29]. The
treatment of wastewater containing finely distributed
particles using electrocoagulation has received much
attention recently. This technology can potentially replace
sophisticated methods that need significant quantities of
chemicals due to its strength and mobility [30].

Single electrodes like Iron-lron and Aluminium-
Aluminium, or coupled electrodes like Aluminium-Iron or
Iron-Aluminium, which are referred to as a two-
dimensional electrode system, have been widely used in
the traditional electrocoagulation approach to treat water
and wastewater [31]. According to reports, mixed
Aluminium-Iron or Iron-Aluminium electrodes operate
better than single electrode systems, eliminating
contaminants with higher efficiency [32]. However, there
are certain restrictions on how these two-dimensional
electrodes may be employed, including the short lifespan
of the electrode and the low current efficiency caused by
the electrode's low conductivity [33, 34]. Utilizing three-
dimensional (3D) electrodes with activated carbon or
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metal particles can alleviate these drawbacks in two-
dimensional electrode (2D) techniques [35].

As an alternative, a three-dimensional electrode
approach utilizing carbon particles has gained traction
recently. It has been demonstrated to be effective in
removing chloramphenicol and increasing the specific
surface area of the working electrode [36], ions of metal
removal [37], and removal of cyanide [38], as well as the
most recent removal of organic contaminants like phenols
[39], dyes [40, 41], tetracycline [42] and Furfural [43].
Three-dimensional electrocoagulation is thus predicted to
be an excellent solution for petroleum refinery wastewater
treatment. Box-Behnken design (BBD) is a set of
statistical methods approximating a functional connection
between a response and a set of influencing variables. It
may also be used to optimize multifactor operations by
examining the combined influence of various variables on
the response. The Box-Behnken experimental design is
often used to optimize many treatment operations [44,
45].

This study investigates the efficacy of a three-
dimensional electrocoagulation process to remediate
refinery effluent utilizing a recirculating batch mode. The
impacts of applied voltage, flow rate, pH, and GACMI
dosage on (COD) removal efficiency were explored using
the Box-Behnken design(BBD) by building a
mathematical model and producing three-dimensional
response surface graphs. Finally, the response model was
used to optimize affecting factors. The elimination of
chemical oxygen demand (COD), and turbidity from
refinery wastewater at the optimal parameters predicted
by the Box-Behnken design was confirmed using
experimental findings.

2- Materials and Methods

2.1. Materials and Experimental Work

Al-Dura Refinery, a petroleum refinery in southern
Baghdad, Irag, donated an 80-liter sample of its processed
wastewater. The refinery effluent sample was utilized
untreated. It was collected from the feeding tank before
the biological treatment facility and kept in closed
containers at 4°C until usage. The characteristics of this
sample are presented in Table 1. The insufficient
conductivity of raw water causes the cell potential to rise.
Thus, to increase the conductivity, supporting electrolytes
must be added. The conducting of 12.16 mScm-1, within
the range required to achieve low cell potential [46], was
obtained using Na,SO4 at 0.025 M and NaCl at 0.0625 M
as supporting electrolytes.

Hydrochloric acid (HCI, 37%, liquid, Sigma-Aldrich)
and Sodium hydroxide (NaOH, > 97%, pellets, Sigma—
Aldrich) were used to prepare a 1M solution for adjusting
the initial pH of the treated wastewater.

A commercial granular activated carbon was used, and
its physical properties are shown in Table 2. Ferric
chloride anhydrous (FeCls powder with 98% purity by
weight, Alpha Chemike company, and Aluminum
chloride anhydrous (AICI; powder with 98 % purity by



S. K. Theydan et al. / Iragi Journal of Chemical and Petroleum Engineering 25, 1 (2024) 59 - 74

weight, Central Drug House Ltd. Comp.) were used as
metal sources for the metal impregnation process.

Table 1. Characteristics of Al-Dura OQil
Wastewater Sample

Refining

Property Value
pH () 6.8
COD (ppm) 1400
Conductivity (mS/cm) 4.03
Turbidity (NTU) 227
TDS(g/L) 2.07
F (ppm) 0.19
Cl-(ppm) 422.4
Zn-(ppm) 0.08
Cu (ppm) 0.025
Mn(ppm) 0.33
Ni(ppm) 0.5
Pb(ppm) 1
Cd(ppm) 0.1
Cr(ppm) 1

Table 2. Physical Properties of Commercial Granular
Activated Carbon

Parameters values

Test standard ASTM-D

BET Surface Area m?/g 950-1200

lodine Number mg/g 900-1150

Total ash content Max. 5%

Hardness Min. 97%

Apparent density Kg/m?® 460+40

Moisture content 8% ( as packed)
Attrition Max. 3%

Particle size 8*30 mesh available

2.2. Granular Activated Carbon with a Metal-Impregnated
(GACMI) Preparation

As explained by Theydan and Mohammed [47],
Commercial GAC particles were washed with deionized
distilled water to eliminate contaminant compounds after
sieving them to a particle size of more than 1 mm in
diameter. Finally, the particles were dried in an oven at
105 ° C for 24 hours. Subsequently, the granular activated
carbon was impregnated with mass ratio (2:1:10 as Al:Fe:
AC) using AICI; and FeCls as a source for Al and Fe,
respectively, then mixing with 50 ml deionized water at
90°C for 4 h. The final mixture was blended in a 500 ml
round-bottom flask with two necks: one with a
thermometer to gauge temperature and the other with a
water-cooling reflux condenser, where the reaction
occurred at ambient pressure. The flask was heated and
agitated using an oil bath (engine oil with a flash point of
220 °C from Al-Dora refinery), where a homogenous
solution was obtained by using a magnetic stirrer hot plate
and rotating the mixture at a rate of 200 rpm. Once again,
the granular activated carbon with a metal-impregnated
(GACMI) was washed with deionized distilled water and
dried for 24 hours at 105°C.

2.3. Experimental Procedure

The laboratory configuration depicted in Fig. 1 was
used to carry out the tests [18]. A Perspex glass tube
electrochemical reactor (Fig. 1 a and b) measuring 30 mm
in diameter and 140 mm in height. Throughout the
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duration of the experiment, a peristaltic pump (RUNZE,
single-stage pump, built in China) was used to pump the
wastewater to the cylindrical electrocoagulation cell. This
improved the impact of the mixing parameter by ensuring
that the solution was continuously recirculated between
the electrodes. The stainless steel and aluminum disc
electrodes have been connected to a DC power supply. A
total of 7.065 cm? was the effective surface area of each
electrode. Using raw granular activated carbon or GACMI
as particle electrodes resulted in a fast electron transfer
rate between the anode and the cathode, allowing the
spacing between the electrodes to be 5 cm [48]. The
wastewater was circulated from the aluminum anode to
the cathode, where the anode was positioned below the
cathode. A packed bed of GAC or GACMIs was arranged
between the anode and the cathode in the case of the 3D
reactor. Throughout every experiment, a digital direct
current power supply (UNI-T, UTP3315PF, with a
voltage range of 0-30 volts and 0-5 amperes) was utilized
to provide an appropriate voltage. A multimeter (A-meter
and volt-meter) was used to measure the system’s current
and voltage. Each experiment used a multimeter to record
each electrode's applied current and corresponding
voltages. The electrocoagulation cell's overflow was fed
back to the electrocoagulation unit after the effluent from
the unit was transported to a cylindrical acrylic reservoir
(200 mm in height, 100 mm in outside diameter, and 4
mm in thickness) with a matching cover (outside diameter
of 120 mm and thickness of 10 mm). The reservoir has
two access points: one at ground level, and another on the
side, elevated some (50 mm) from the base, which is used
for feeding the solution to the electrocoagulation cell.
Every receptacle has its own PVC valve. Each outlet was
provided with a PVC valve. The cover was provided with
an inlet to recycle the solution from the electrocoagulation
cell.

The electrodes were cleaned in acetone and 5% (v/v)
HCI solutions (35%) to remove the oxide and passivation
layers [49]. HCI solution (1M) and NaOH solution (1M)
adjusted pH. NaCl and Na;SOs were used as an
electrolyte. NaCl solution was utilized as an extra
electrolyte because of its various benefits, which include
the chloride ions' ability to significantly reduce the
negative effects of other anions like HCO® and SO4*. An
insulating layer would be formed on the cathode surface
by the precipitation of Ca** or Mg?* ions brought on by
the carbonate ion. The electrochemical cell's ohmic
resistance would be significantly increased. At the same
time, this insulating layer would substantially reduce its
current efficiency and treatment conversion. Therefore, it
is suggested that 20% CI- be present among the current
anions to permit proper EC activity in water treatment
[50]. The ambient temperature for all tests was 25 +2 °C.
Samples were filtered using 150 mm filter paper after the
experiment before being analyzed. Total dissolved solids
(TDS), pH, turbidity, and the initial and final chemical
oxygen demand concentrations were also measured.
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Fig. 1. (@) Photograph of the Electrocoagulation Cell (b)
Schematic Diagram of Electrocoagulation Cell (c)
Schematic Diagram of Electrocoagulation System

2.4. Methods of Analysis

The Spectro Xepos X-ray fluorescence (XRF, Ametek
Co., Germany) was utilized to investigate the textural
features of both raw GAC and GACMI. Scanning electron
microscopy (SEM) was also used to examine the
morphology and microstructure. At the exact surface
locations of the SEM, energy dispersive X-ray
spectroscopy (INSPECT, F50, REI Co., Netherlands) was
also used for surface element analysis. With the SA-9600
model (Horibe USA brand), physical characteristics (i.e.,
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BET-specific surface area and total pore volume) were
calculated using nitrogen gas as the adsorbate.

The Lovibond COD VARIO photometer was used for
COD analysis with photometric detection (COD Setup,
MD 200, UK). A 2 mL substrate sample was thermally
oxidized in a cuvette tube using a standard oxidation
reagent to measure the chemical oxygen demand (COD).
A thermo-reactor (RD 125, Lovibond, Germany) was
utilized to achieve thorough substrate oxidation, and
chemical oxygen demand (COD) in mg/L was
determined. The compact Lovibond® infrared turbidity
meter Turbi Check was used for turbidity measuring.

The turbidity and COD removal efficiency was evaluated
based on Eq. 1, where Ci is the initial concentration (mg
L) and Cf is the final concentration (mg L) [51]:

RE% = =L x 100 1)

Energy consumption (EC) refers to the amount of
electrical energy consumed throughout the EC process to
remove one kilogram of COD. EC may be determined in

terms of kwWh/kg by using Eqg. 2 [52]:

U.LtX1000
EC=————
(CODi—-CODf)V

@

The initial and final chemical oxygen demands (in
mg/L) are denoted by CODi and CODf, respectively. The
applied cell voltage (Volt), current (A), electrolysis
duration (h), and effluent volume (L) are represented by
V. The pH was measured using a (HANNA Instruments
Co.) pH-meter. The total dissolved solids (TDS) was
tested with a (161002 PurePro Inc.) TDS-meter. The
(HANNA HI-99301) was used to measure electrical
conductivity.

2.5. Design of Experiments

The experimental design plays a crucial part in the
development of the process. It may solve process
problems to enhance performance [53, 54]. Response
surface methodology (RSM) combines mathematical and
statistical tools to develop models and analyze responses
impacted by several variables, intending to optimize this
response [55]. In this investigation, a 3-level, 4-factor
Box—Behnken experimental design was utilized to verify
and examine the parameters that controlled the
elimination of COD. Applied voltage (X1), flow rate
(X2), pH (X3), and GACMI dosage (X4) were considered
process factors, while the response was RE% of COD.
The coded scales of process factors were -1 (low level), 0
(middle or central point), and 1 (high level) [56]. The
process parameters and their respective levels are
presented in Table 3 and Table 4. For the 3-level factorial
design, Box—Behnken builds and improves the designs
necessary to obtain a viable quadratic model with the
relevant statistical features while using just part of the
required runs. The following equation can be used to
compute the number of runs (N) needed to carry out the
Box—Behnken design [57]:
N=2K(K—-1)+cp

©)
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Where K is the number of process variables, and cp is
the number of times the center point is repeated. The total
number of trials in this study was 27, based on 3 levels
and a 4 factor experimental design, with three replicates
in the center of the design to estimate a sum of squares of
pure error. Using Minitab 17 software, experimental data
from a Box—Behnken design may be evaluated and fitted
to a second-order polynomial model, Eq. 4 [58]:

(4)

Where Y is the Response Efficiency (RE %), i and j are
the index numbers for independent variables, a, is the
intercept term, and xi1, Xz, X _k are the coded process
variables (independent variables). The first-order (linear)
main effect is denoted by a;, the second-order main effect

Y=ast+) aiXit Y aii Xi2 +3 ajj XiX;

by aii, and the interaction effect by a;. After analyzing
variance, the regression coefficient (R?) was calculated to
check the model's validity.

Table 3. Experimental
Independent Variables

Range and Levels of the

Variables Levels in Box-Behnken design
Coded levels Low(-1) Middle(0) High (+1)
X1-Applied 15 225 30
voltage(v)

X2-flow rate 50 125 200
(mL/min)

X3- pH 4 7 10
X4-GACMI dosage 5 7.5 10
(g/L)

Table 4. Design Matrix in Coded and Experimental Units of the Parameters

Run  Blocks Process variables Process variables
(Coded value) (Real value)
Voltage(v) flow rate pH GACMI dosage
(mL/min) (g/L)
x1 X2 x3 x4 X1 X2 X3 X4

1 1 0 1 0 -1 225 175.0 7 5.0
2 1 0 1 -1 0 225 175.0 4 7.5
3 1 1 1 0 0 30.0 175.0 7 7.5
4 1 1 0 0 -1 30.0 1125 7 5.0
5 1 -1 -1 0 0 15.0 50.0 7 75
6 1 0 0 0 0 225 112.5 7 75
7 1 1 0 -1 0 30.0 1125 4 7.5
8 1 0 1 0 1 225 175.0 7 10.0
9 1 0 0 -1 1 22.5 1125 4 10.0
10 1 0 0 -1 -1 22.5 1125 4 5.0
11 1 0 -1 -1 0 22.5 50.0 4 7.5
12 1 -1 0 -1 0 15.0 1125 4 7.5
13 1 0 0 1 -1 225 1125 10 5.0
14 1 0 0 0 0 225 1125 7 7.5
15 1 1 0 1 0 30.0 1125 10 7.5
16 1 -1 1 0 0 15.0 175.0 7 7.5
17 1 -1 0 0 1 15.0 1125 7 10.0
18 1 0 -1 1 0 225 50.0 10 7.5
19 1 -1 0 0 -1 15.0 1125 7 5.0
20 1 -1 0 1 0 15.0 1125 10 7.5
21 1 1 0 0 30.0 1125 7 10.0
22 1 0 -1 0 -1 22.5 50.0 7 5.0
23 1 0 0 0 0 22.5 1125 7 7.5
24 1 1 -1 0 0 30.0 50.0 7 75
25 1 0 1 1 0 225 175.0 10 7.5
26 1 0 0 1 1 22.5 1125 10 10.0
27 1 0 -1 0 1 22.5 50.0 7 10.0

3- Results and Discussion

3.1. Textural Properties of Metal-Impregnated Activated
Carbon

Based on nitrogen adsorption and desorption isotherms,
Table 5 displays the physical characteristics of
unprocessed GAC and GACMI (2:1) (specific surface
area and total pore volume). It is evident that after the
ferric-aluminum impregnation, GACMI (2:1)'s specific
surface area and total pore volume both somewhat
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decreased to 797.5 m?/g and 0.1376 m?®(g, respectively.
Metal oxides are distributed preferentially in the pore
mouth, as shown by the decrease in these physical
characteristic values. This leads to blocking certain
micropores, creating meso- or macroporous structures,
and binding binders to the active sites created by
aluminum or ferric oxide [59].

The microstructural study provides relatively clear
evidence for this as well. Fig. 2 displays a collection of
SEM images of raw GAC (Al-4) and GACMI (2:1) (B1-
4). It was found that when the raw GAC was impregnated
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with metal, some porous structural collapse occurred, Table 5. Raw GAC and GACMI Microstructures
resulting in clogs, as is evident in Fig. 2 Al to A3 and Parameters GAC GACMI (2:1)
Fig. 2 B1 to B3, even though the porous structure of the BET specific surface area (m?g) 1086 797.5

raw GAC can be seen more clearly in Fig. 2 Al to A4,  —1o@lpore volume( cmg) 021702 0.01376
Additionally, it is evident from Fig. 2 A4 that the surface
of raw GAC before impregnation and picture B4 highlight

Table 6. TDX Elemental Contents of Raw GAC and

the formation of metal oxide aggregates in spherical GACMI GAC CACMIZ:

i Element - - - (2:1) -
shapes on the surface of raw GAC following wet Weight % _ Atomic% _ Weight% _ Atomic %
impregnation. Furthermore, for GACMI (2:1), it was C 88.82 927 73.95 83.6
determined that the average crystallite size of metal o) 7.28 5.7 13.33 11.3
oxides fell between 18.75 and 26.89 nm. Image F4 shows ~ Fe - - 1.65 043
that the range of metal oxide sizes was minimal and that Al 0207 01 Lo7 087

rang ; S si 178 0.8 021 0.1

the ferric and aluminum oxides were homogeneously cl - - 9.02 36
aggregated on the surface of the raw GAC. K 151 0.5 - -

" Fat Mg 0.38 0.2 0.18 0.1

In addition to the SEM examination, an element Total 100 100 100 100

analysis of the surface was carried out simultaneously
with the EDX at the same surface regions. Table 6 shows
the weight and atomic percentages of the raw GAC and
MIGAC elements as determined from the EDX spectra. It

Table 7. XRF Analysis determined the Metal Oxide Form
in both Raw GAC and GACMI

s GAC GACMI (2:1
is evident that for GACMI (2:1), the levels of Al and Fe Components (mass%) (mass%)( )
were adjusted to 0.87% and 0.43%, respectively. The MgO 0.4573 0.817
atomic percentage upon impregnation indicates that Al Al;Os 0.2899 3.3345
and Fe were fully impregnated into raw GAC. After S 1.039 0.1765
impregnation, the Cl was sourced from AICl; and FeCl P05 030 g1rs

pregnation, _ 3 3 SOs 0.09675 0.03716
Given the higher oxygen content in GACMI compared to Cl 0.05731 42253
raw GAC, it is acceptable to conclude that the Aluminum K:0 2.096 0.0666
and Ferric elements were mostly bound to GACMI in the $?g o 020'233 0 (1)6243696
form qf aluminum oxide and iron oxide. The metal Qx_lde V05 <0.0011 < 0.00069
form in both raw GAC and GACMI must be verified, Cr,0; <0.00022 0.00099
chemical analysis was done using XRF. The evidence of MnO 0.00183 0.00326
metal oxides forming on one another's surfaces is seen in ('::‘3283 2’%301030339 <%'ggg§9
Table 7. Table 7 shows Al and Fe are present, mainly in NiO 0.00081 0.00086
aluminum oxide and ferric oxide. Cu0 0.00318 0.00678

Zn0 0.00062 0.00162

Fig. 2. Scanning Electron Microscopy Images of (Al1-4) GAC, and GACMI (2:1) (B1-4) at Different Expansion Ratios
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3.2. Statistical Analysis

According to the feasibility test, which was done by
Theydan and Mohammed [48], the best results were
obtained for the activated carbon that was impregnated
with metal salt (Al: Fe), which has a mass ratio (2:1) at a
time of 40 min. However, there were no significant
differences between the other systems. The results for the
tested activated carbon may be explained by the
possibility that polarized activated carbon increases the
total active electrode surface when exposed to an electric
field [60, 61].

The response surface methodology was employed by
using Box-Behnken statistical experiment design to

investigate the effects of the four independent variables
on the response function of the TEC-GACMI (2:1)
system. The independent variables were applied voltage
(X1), flow rate (X2), pH (X3), and GACMI (2:1) dosage
(X4) at a constant time of 40 min.

The designed experiments were used to estimate the
empirical correlations of the particular responses, the
specifics of which are presented in Table 8 and Table 9.
For the regression and graphic analysis of the results,
Statistica-10 and Minitab-17 were used. A graphical
description of statistical optimization by RSM was used
to evaluate the interactive influence between the chosen
factors and their impact on the outcomes.

Table 8. Experimental Results of Box-Behnken Design for Chemical Oxygen Demand Removal

Run Blocks _Process variables RE%
(Coded value) Process variables (Real value)
Actual Predict  Turbidity Energy
X1 Xz X3 Xs voltage(v) flowrate pH GACMI Removal %  consumption
(mL/min) dosage(g/L) (TR%) (kWh/kg COD)

1 1 0 1 0 -1 225 175.0 7 5.0 81.600 81.836  96.823 1.324
2 1 0 1 -1 0 225 175.0 4 75 90.000 89.970  99.149 1.1939
3 1 1 1 0 0 30.0 175.0 7 75 93.000 92.807  98.643 2.434
4 1 1 0 0 -1 30.0 1125 7 5.0 85.000 85.812  98.806 2.090
5 1 -1 -1 0 0 15.0 50.0 7 75 78.000 78.627  95.607 0.459
6 1 0 0 0 0 22.5 1125 7 7.5 93.530 92.843 97.744 0.988
7 1 1 0 -1 0 30.0 1125 4 75 93.600 93.981  98.713 2.143
8 1 0 1 0 1 225 175.0 7 10.0 90.000 91.809  98.854 1.408
9 1 0 0 -1 1 22.5 1125 4 10.0 94.000 93.329 99.158 1.257
10 1 O 0 -1 -1 225 1125 4 5.0 83.000 81.790  97.533 1.069
1 1 0 -1 -1 0 225 50.0 4 75 87.030 86.639  98.832 0.987
12 1 -1 0 -1 0 15.0 1125 4 7.5 83.860 85.778 96.674 0.512
13 1 0 0 1 -1 225 1125 10 5.0 76.920 78.025  96.444 1.313
14 1 0 0 0 0 225 1125 7 75 93.000 92.843  97.744 0.993
15 1 1 0 1 0 30.0 112.5 10 75 90.000 88.331  97.682 2.069
6 1 -1 1 0 0 15.0 175.0 7 75 87.008 85.478  95.638 0.642
7 1 -1 0 0 1 15.0 1125 7 10.0 88.500 87.002  97.801 0.469
18 1 0 -1 1 0 22.5 50.0 10 7.5 79.000 78.344 97.863 1.115
19 1 -1 0 0 -1 15.0 112.5 7 5.0 75.000 75.614 95.198 0.573
20 1 -1 0 1 0 15.0 1125 10 75 80.000 79.868  98.321 0.537
21 1 1 0 0 1 30.0 1125 7 10.0 94.770 93.470 99.207 2.539
2 1 0 -1 0 -1 225 50.0 7 5.0 78.000 76.440  96.528 1.102
23 1 0 0 0 0 225 1125 7 75 92.000 92.843  97.744 1.004
24 1 1 -1 0 0 30.0 50.0 7 75 86.000 87.965 97.114 1.666
25 1 0 1 1 0 225 175.0 10 75 87.000 86.705  98.991 1.235
26 1 0 0 1 1 225 1125 10 10.0 83.890 85.534  97.770 1.024
27 1 0 -1 0 1 22.5 50.0 7 10.0 85.500 85.513  98.013 1.256

It was shown that COD elimination efficiency ranges
from 75 to 94.77 %. The turbidity removal efficiency
ranges from (96.7 to 99.35 %.) NTU. As demonstrated by
the comparison of runs (4 and 21), where COD removal
increased from 85 to 94.77% as the GACMI dose
increased from 5 to 10 g/L at the applied voltage of 30 v
and constant time of 40 min, it is evident that the GACMI
dosage had a considerable impact on the effectiveness of
COD removal. The comparison between runs (17 and 19)
demonstrates that the effect of GACMI dose is more
evident at a lower applied voltage (15 v), where COD
elimination increased from 75 to 88.5% as GACMI
dosage increased from 5 to 10 g/Comparison between
runs (17 and 21) showed that the effect of the applied
voltage is lower than the effect of GACMI dosage, where
COD removal increased from 88.5 to 94.77 % as the
applied voltage increased from 15 to 30 v. This
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comparison demonstrates that rather than electrode
reactions, the process is governed by the synergistic
impact of the adsorption and electrocoagulation
processes. On the other hand, the electrocoagulation
reaction's performance would be improved by applying
more voltage.

An experimental relationship between COD removal
efficiency and process parameters was revealed and
formulated using the results of COD removal efficiency
analysis, which was carried out using Minitab-17
software. The quadratic model of COD removal
efficiency (RE percent) in terms of un-coded (actual)
units of process parameters was used:

RE% = -414 +3.048X1 +02492X2 +4.40X3 +1543X4 -
0.0449 X172 -0.001049 X272 -0.3699 X3"2 -0.775X4"2 -
0.00107 X1*X2 +0.0029 X1*X3 -0.0497 X1*X4 +0.00671 X2*X3
+0.00144 X2*X4 - 0.134 X3*X4 (5)
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Where X1, X2, X3, and X4 represent the applied
voltage, flow rate, pH, and GACMI dosage, respectively,
and RE% denotes the response or COD removal
efficiency. In contrast, the variables X1X2, X1X3, X2X3,
X2X4, and X3X4 show the interaction effect of all the
model's parameters. The measures of the primary effects
of the variables applied voltage, flow rate, pH, and
GACMI dosage are (X1)?, (X2)%, (X3)?, and (X4)?
respectively.

Individual factors (linear and quadratic) or double
interactions impact the COD removal efficiency, as
shown in Eq. 5. Positive coefficient values indicated that
COD removal effectiveness increased as the relevant
variables of these coefficients grew within the
investigated range, whilst negative coefficient values
indicated the reverse impact. All factors have a favorable
influence on COD removal efficiency, as observed.
Predicted values of COD removal efficiency using Eq. 5
are also included in Table 9. Table 9 displays the response
surface model’s ANOVA results. Contribution percent
(Cr. %), degree of freedom (DF), sum of squares (Seq.
SS), the adjusted sum of squares (Adj. SS), adjusted mean
of squares (Adj. MS), probability (P-value), and F-value
are all evaluated in this table. The regression model was
found to be highly significant with a P value of
(0.000001) and a F value of (23.47). Regression can be

considered statistically significant given that the model’s
multiple correlation coefficient is 96.48%, and the model
fails to validate only 3.39 percent of the total variants.
This model's predicted multiple correlation coefficient
was (pred. R? =80.17%), which was quite close to the
adjusted multiple correlation coefficient (adj. R?
=92.36%).

ANOVA results indicated that the GACMI dosage has
the most significant effect on the process, with a
contribution of 30.24%, followed by applied voltage with
a contribution of 23.15 %, flow rate with a contribution of
11.40 %, and pH with a contribution of 11.14%.
Evidently, the contribution of GACMI dosage has the
greatest impact on COD elimination in the current
investigation. Also, it was emphasized that pH has a
statistically non-significant effect on the considered
responses. This might be explained by the acidity of the
surface functional groups of GACMI, which thus
diminishes the impact of the initial pH of the solution
treated. The contribution of the linear term to the model is
the largest at 75.92 %, followed by the contribution of the
square term at 18.88 % and the contribution of the 2-way
interaction at 1.68%. The results indicated that interaction
effects are considerable, with a total model contribution
of (20.56%).

Table 9. Analysis of Variance for Chemical Oxygen Demand Removal

Source DF Seq SS Contribution  Adj SS Adj MS F-Value P-Value
Model 14 868.155 96.48% 868.155 62.011 23.47 0.000001
Linear 4 683.194 75.92% 683.194 170.798 64.63 0.000000
(X1) 1 208.344 23.15% 208.344 208.344 78.84 0.000001
(X2) 1 102.543 11.40% 102.543 102.543 38.80 0.000044
(X3) 1 100.225 11.14% 100.225 100.225 37.93 0.000049
(X4) 1 272.082 30.24% 272.082 272.082 102.96 0.000000
Square 4 169.869 18.88% 169.869 42.467 16.07 0.000092
X1*X1 1 0.032 0.00% 33.984 33.984 12.86 0.003740
X2*X2 1 27.053 3.01% 89.622 89.622 33.91 0.000082
X3*X3 1 17.635 1.96% 59.109 59.109 22.37 0.000489
X4*X4 1 125.149 13.91% 125.149 125.149 47.36 0.000017
2-Way Interaction 6 15.092 1.68% 15.092 2.515 0.95 0.495157
X1*X2 1 1.009 0.11% 1.009 1.009 0.38 0.548229
X1*X3 1 0.017 0.00% 0.017 0.017 0.01 0.937579
X1*X4 1 3.478 0.39% 3.478 3.478 1.32 0.273627
X2*X3 1 6.325 0.70% 6.325 6.325 2.39 0.147788
X2*X4 1 0.203 0.02% 0.203 0.203 0.08 0.786627
X3*X4 1 4.060 0.45% 4.060 4.060 1.54 0.238836
Error 12 31.710 3.52% 31.710 2.643
Lack-of-Fit 10 30.503 3.39% 30.503 3.050 5.05 0.176405
Pure Error 2 1.207 0.13% 1.207 0.604
Total 26 899.866 100.00%
Model summary S R-sq R-sq(adj) PRESS Rsq(pred)
1.62559 96.48% 92.36% 178.415 80.17%

3.3. The Influence of Process Factors on COD Removal
Efficiency

Graphical representations of the statistical optimization
using RSM were used to evaluate the interactive effect of
the chosen factors and their influence on the response.

Fig. 3 a, b illustrates the influence of GACMI dosage on
COD removal efficiency at varying applied voltage (15-
30 v) and constant pH (7), flow rate (112.5 mL/min), and
time 30 min. Fig. 3 a depicts the response surface plot,
whereas Fig. 3 b demonstrates the related contour plot. At
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15 v, it is evident from the surface plot that the COD
removal efficiency drops clearly when the GACMI
dosage decreases from 10 to 5 g/L. By adjusting the
applied voltage from 15 to 22.5 v at pH (7), flow rate
(112.5 mL/min), and GACMI dosage 10 g/L, it was
shown that the COD removal improved from 88.5% to
91.3%. The rise in voltage increases metal cations and
bubble density in the solution, hence facilitating the
removal of contaminants [14, 62]. COD removal
increased marginally from 91.3 % to 94.77 % when the
voltage was raised from 22.5 to 30 v at pH (7), flow rate
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(112.5 mL/min), and GACMI (10 g/L). This was mostly
due to the system's electrolysis efficiency being
influenced by the quantity of particle electrodes
introduced. Electrolysis efficiency decreases as the
amount of activated carbon with metal impregnated added
to the system decreases because fewer reaction sites are
available and the lower Aluminum and ferric ions are
dissolved. Because of the increased reaction sites
provided by the activated carbon, the average mass
transfer distance between the contaminants was reduced
as activated carbon loading increased [63]. Additionally,
pollution was removed at a higher rate, and this was due
to the adsorption capacity of particle electrodes, which
can extract pollutants on their surfaces, a rise in the
production of amorphous AI(OH); and Fe(OH)s. Hence,
adequate performance was predicted. When subjected to
an electric field, particle electrodes have improved water
quality through adsorption and electrocoagulation [64].

In a three-dimensional electrochemical system, the
current density is exactly proportional to the applied
voltage, and this current density also affects the
degradation process. Therefore, the applied voltage
affects the COD removal. This discovery may most likely
be explained by raising the applied voltage, which causes
electrode particles to become more polarized, accelerating
the oxidation and surface reduction potential processes
[48, 65].

The primary reason for improving removal efficiency
when using particle electrodes impregnated with metal
ions (Al* and Fe*) is the chains of microelectrodes in the
electric field. These microelectrodes speed up the
production of additional hydroxyl radicals, improving the
effectiveness of both direct and indirect oxidation
processes [66]. As the electrode dissolving rate increases,
more M+ ions are released, and more electro-coagulants
are formed, attracting and capturing colloidal and
suspended particles in the wastewater. Eventually, as the
electrolysis process progresses, the sludge at the top of the
reactor will contain almost all of the pollutants that were
removed from the wastewater throughout the electrolysis
process. This was agreed with Ugurlu et al. [67], when
they used a three-phase, three-dimensional (3D) electrode
reactor to analyze the removal of color and COD from
olive wastewater. They discovered that the maximum
removal percentage was attained at 30 volts when the
voltage was raised from 10 to 30 volts. It reached the rate
of 85% color and COD removal after 90 minutes. These
results were consistent with the present study's findings.
The resulting contour plot reveals that the COD removal
efficiency value of >95 % lies in a limited region when
the applied voltage varied between 25.2 and 30v and the
GACMI dosage varied between 7.8 and 9.3 g/L.

Fig. 4 a, b illustrates the influence of flow rates on COD
removal efficiency at varying applied voltage (15-30 v),
constant pH (7), GACMI dosage (7.5 g/L), and time 30
min. Fig. 4 a depicts the response surface plot, whereas
Fig. 4 b demonstrates the related contour plot. At 15 v, it
is evident from the surface plot that the COD removal
efficiency is exponentially increased with increasing flow
rate at a low applied voltage value. The same behavior
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was observed as the applied voltage increased to 30 v. By
adjusting the flow rate from 50 to 112.5 mL/ min at an
applied voltage (15 v), pH (7), and GACMI 7.5 g/L, it
was shown that the COD removal improved from 78% to
86.5%. COD removal slightly increased from 92% to 93%
when the flow rate was raised from 112.5 to 175mL/min
at an applied voltage (30 v), pH (7), and GACMI dosage
(7.5 g/L). Pollutant removal is affected in numerous ways
by the circulation rate. High circulation rates increase
mass transfer and the number of contaminants that
interact with the electrode's surface. In contrast, low
circulation rates result in higher removal efficiencies with
longer retention times [68]. The influence of flow rate on
three dimensional is significant. The flow rate will affect
the mass transfer process of the reaction. With the flow
rate increase, diffusion and convection increase
correspondingly, which is conducive to the increase of
reaction rate [69]. The resulting contour plot reveals that
the COD removal efficiency value of > 92.5 % lies in a
limited region when the applied voltage varied between
21.3 and 30v and the flow rate ranged between 78.5 and
175 mL/min.
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Fig. 3. Response Surface Plot (a) and Contour Plot (b) for
the Impact of GACMI Dosage and Applied Voltage on
the COD Removal Efficiency (RE%) (Hold Values: pH 7,
Flow Rate 112.5 mL/ min)

Fig. 5 a, b illustrate the effect of pH on COD removal
efficiency for various applied voltages (15-30 v) at a
constant flow rate (112.5 mL/min), GACMI dosage (7.5
g/L), and time 30 min. At a voltage of 15 v, the response
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surface plot (5 -a) demonstrates that COD removal
efficiency increases exponentially with increasing pH to
7. COD removal effectiveness decreased with rising pH.
Adjusting the pH from 4 to 7 at applied voltage 22.5 v,
flow rate (112.5 mL/min), and GACMI dosage (7.5 g/L)
showed that the COD removal improved from 90 % to
93.53%. While COD removal decreased marginally from
93.53 % to 86.8 % when the pH was raised from 7 to 10
at applied voltage 22.5 v, flow rate (112.5 mL/min), and
GACMI dosage (7.5 g/L). The initial pH is one of the
most influential factors affecting the dominant metal
hydroxide structure and the production of metal ions and
hydroxyl ions. An increase in the creation of amorphous
Al(OH); and Fe(OH)s; occurred as a result of the
formation of a positively charged and stable colloidal
precipitate in the pH range of 5-7, achievable
performance was predicted, but at pH levels above
optimum, the development of soluble AI(OH)s and
Fe(OH). should cause a drop in removal efficiency [ 48,
70]. The matching contour plot (5-b) verifies that the
value of the COD removal efficiency >95 % lies in a
limited area where the applied voltage varied between
26.8 and 30 v. The pH varied between 5 and 6.4. Fig. 6
displays the interaction plot between process partners.
There were little significant interactions between the
variables.
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3.4. The Optimization and Confirmation Test

The independent parameters evaluated in this study
were identified within the desired ranges (applied voltage:
15-30 v, flow rate: 50-175 mL/min, pH: 4-10, GACMI: 5-
10 g/L, time=40 min). 75% was taken as the lowest limit
of COD removal efficiency, while 94.77 percent was
taken as the higher limit value. The optimisation
technique was performed using these boundaries and
parameters, and its results are shown in Table 10 with the
desirability function of (1). To confirm optimization
findings, two further runs were conducted; the results are
shown in Table 11. After 40 minutes of electrolysis, a
COD removal efficiency of 94.77 % as a mean value was
attained at a pH of 7. This value is within the optimal
range determined by optimization analysis with a desired
function of (1) Table 10. Using the Box—Behnken design,
with a desirability function, seems to be effective and
efficient for maximizing COD removal in a three-
dimensional electrocoagulation process with an aluminum
electrode as a sacrificial anode and a stainless steel
cathode operated at recirculating batch mode. Based on
the findings of the present research. In the present work,
COD removal efficiencies of 96.25 %, and turbidity
removal efficiencies of 99 % were achieved based on the
raw effluent properties.
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Table 10. Optimization of Process Parameters for Optimal COD Removal Performance (RE %)
Response  Goal Lower Target Upper Weight Importance
RE% Maximum 75 Maximum 94.77 1 1
Solution: Results
Parameters
Voltage Flow rate  pH GACMI RE% Composite SE Fit 95% ClI 95%PI
(Volt) (mL/min) dosage fit desirability
27.7273 128.283 5.63636 8.68687 96.475 1 0.842 (94.640, (92.486,

98.311) 100.464)
Table 11. Confirmation of the Optimal COD Removal Performance
Run Applied Flowrate pH GACMI Current COD (ppm) RE% Turbidity E
voltage Dosage density (NTU) (Kwh/
(V) (mL/min) (g/L) (mA/cm?) Initial  Final Actual Av. Initial Final kg COD)
1 21.7 128 56 87 11.32 1300 29.51 97.73 96.25 270 1.83 1.35
2 27.7 128 56 8.7 11.04 1300 68.12 94.76 270 2.71 1.32
4- Conclusions impregnated dosage 8.7 g/L. This comparison confirms

The present research examined the performance of a
three electrocoagulation system operated at a batch
recirculation mode under many operating factors such as
applied voltage, the flow rate of recirculation, granule-
activated carbon with metal-impregnated dosage and pH
in the treatment of wastewater generated from Al-Dura
petroleum refinery using Box-Behnken design as an
optimization method. After the experimental data were
fitted, a second-order polynomial equation was used to
optimize the operational parameters. A COD removal
efficiency of 96.25 % was achieved. An energy usage of
1.35 (kWh/kgCOD) was needed using the optimal
operating parameters of voltage 27.7 v, flow rate 128
mL/min, pH 5.6, and granule-activated carbon with metal-
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that the process is controlled by a synergistic effect
between the adsorption and electrocoagulation reactions
rather than electrode reactions. However, increasing
applied voltage would enhance the performance of the
electrocoagulation reaction.
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