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Abstract-A novel three-dimensional electrocoagulation method 

was used in the current work to explore the treatment of refinery 

wastewater. Metal-Impregnated Granular Activated Carbon 

(MIGAC) was employed as a third particle electrode in the 

inventive design. A comprehensive investigation has been 

conducted to evaluate its performance. BET-specific surface area, 

total pore volume, X-ray Fluorescence (XRF), Energy-Dispersive 

X-ray spectroscopy (EDS), and Scanning Electron Microscopy 

(SEM) were employed for the characterization of MIGAC 

particle electrodes at pH=7, 30V applied voltage, 10g of particle 

electrodes, 175mL/min flow rate, and a supporting electrolyte 

(0.063M NaCl + 0.025M Na2SO4). The findings indicate that the 

effectiveness of Chemical Oxygen Demand (COD) elimination 

increased quickly after 20min to 66.93, 69.88, 77.59, 74.14, 81.26, 

79.87, and 87.14% for Conventional Electrocoagulation (CEC). 

Three-dimensional electrocoagulation with granular activated 

carbon (TEC-RGAC), TEC-MIGAC (Al), TEC-MIGAC (Fe), 

and TEC-MIGAC (Al:Fe) with molar ratios of (1:1), (1:2), and 

(2:1) respectively were utilized. While turbidity removals were 

99.04, 98.87, 99.23, 94.89, 92.42, 98.85, and 99.21% for CEC 

,TEC-RGAC, TEC-MIGAC(Al), TEC-MIGAC(Fe), TEC-

MIGAC(1:1), TEC-MIGAC(1:2), and TEC-MIGAC(2:1) 

respectively. The results demonstrated that the metal 

impregnation of GAC is an interesting method for achieving 

effective turbidity and COD removal from refinery wastewater. 

In both batch and repeat recycling tests, MIGAC with a mixture 

of aluminum and iron oxides removed turbidity and COD more 

effectively and efficiently than RGAC. 

Keywords-electrocoagulation; refinery wastewater; three-

dimensional electrode; metal impregnated activated carbon; COD 

I. INTRODUCTION 

The aquatic environment is contaminated from sewage 
disposal, runoff from agricultural lands, air fallout, and waste 
management operations, such as the discharge of effluents from 
oil refining [1]. Refining processes convert crude oil into 
petroleum and other valuable byproducts. Large amounts of 
water are consumed throughout those activities, resulting in a 
proportional amount of wastewater, which consists of cooling 
water, process water, storm water, and sewage [2]. It was found 
that the amount of wastewater was about 0.4–1.6 times the 
amount of processed oil. In the wastewater from refineries and 
petrochemical plants, there are more than 20 different types of 

harmful chemicals, even though the contaminants in 
wastewater depend a lot on the way the process is set up. 
Wastewater treatment structure, operational processes, and the 
kind of processed oil have significant impact on the 
composition of refinery wastewater [3]. Suspended particles, 
biodegradable and refractory organics, hydrocarbons, sulfides, 
phenols, and nitrogen compounds are the main pollutants in 
these industrial wastewaters [4]. 

As a fundamental requirement, the quality and availability 
of water are very important [5, 6]. Untreated effluent discharge 
needs to be under safety regulations [7]. So, effective and 
practical wastewater treatment methods for petroleum 
refineries are necessary. Biodegradation [8, 9], ultrafiltration 
[10], adsorption [11], and coagulation [12] are some of these 
processes. The techniques used in electrochemical processes 
include electroflotation (EF) [13], Electro-fenton Oxidation 
(EO) [14], electrocoagulation (EC) [12], and sequential EC and 
EO processes [15]. They have the benefits of being simply 
spread and requiring the least quantity of chemicals. Many 
studies during the recent years have focused on EC, an 
effective procedure for treating finely dispersed wastewater. 
Because this technology is both sturdy and small, it has the 
potential to replace complicated procedures that need huge 
volumes and/or a variety of chemicals [16]. Several parameters 
might be utilized to monitor the wastewater from petroleum 
refineries. One of them is the Chemical Oxygen Demand 
(COD), which needs comparatively less time and may be used 
to evaluate the water quality as a whole [17]. 

Electrochemical methods have showed substantial 
practicality in the treatment of many industrial wastewaters, 
such as refinery wastewater [18, 19], due to their unique 
capacity to oxidize or remove contaminants in the water near 
the properly maintained electrode. However, due to its low 
current density, the conventional electrochemical approach 
does not perform successfully throughout the wastewater 
treatment process [20].Complex chemical and physical changes 
occur often during any EC process. Positive ionic coagulants 
are generated as a result of sacrificial anode oxidation when a 
direct current or voltage is supplied. As a result of the water 
reduction at the cathode, hydroxyl ions (OH

-
) and some O2 and 

H2 gas bubbles can be generated [21]. To eliminate 
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contaminants, EC depends on the electrochemical formation of 
metal ions such as aluminum and ferric iron, which act as 
stabilizing reagents and neutralize the electric charge. The 
isomeric replacement of ferric ions by aluminum ions in iron 
oxides breaks crystallization, resulting in a greater surface area 
of the total adsorbents (oxide minerals), which may increase 
the removal effectiveness during combined EC using aluminum 
and ferric electrodes [22]. Traditional EC approaches for water 
and wastewater treatment have frequently employed single 
electrodes such as ferric-ferric and aluminum-aluminum, or 
combination electrodes such as aluminum-ferric or ferric-
aluminum, known as the two-dimensional electrode system 
[23]. Combinations of aluminum-ferric or ferric-aluminum 
electrodes have been proved to be more successful in removing 
impurities than single electrode systems [24]. 

The use of three-dimensional electrodes in combination 
with carbon particles has been proposed as an alternative 
method that may effectively improve the working electrode's 
specific surface area and has been used for the removal of 
chloramphenicol [25], metal ions [26], and cyanides [27] from 
wastewater, and recently the elimination of organic pollutants, 
such as phenols [28], dyes [29, 30], tetracycline [31], and 
furfural degradation [32]. 

Three-dimensional (3D) electrode-based electrochemical 
techniques have attracted a lot of attention. A particle electrode 
or bed electrode serves as a third electrode in 3D 
electrochemical methods, in addition to the two electrodes used 
in the traditional (two-dimensional) electrochemical systems. 
These particle electrodes are loaded between the anode and the 
cathode. In 3D electrochemical systems, granular or powdery 
materials are often utilized as the working electrode and as 
particle electrodes. When external potential is present, this 
particle microelectrode generates charge. Depending on the 
kind of electrode, the degradation of organic pollutants can 
occur in a variety of ways. In addition to the procedure in two 
dimensional electrochemical systems, the fabrication of 
microelectrodes in 3D electrochemical systems enhances 
pollutant degradation [33]. Additionally, active carbon, a 
particle electrode that is frequently used, encourages the 
electro-generation of hydrogen peroxide and the subsequent 
production of hydroxyl radicals [34]. Reduced energy 
consumption due to a higher surface area to volume ratio, 
enhanced mass transfer, increased pollutant removal efficiency, 
generation of additional oxidants, and elimination of pollutants 
by sorption on particle electrodes are the major properties of 
3D electrode reactors [35, 36]. 

The main objective of this study is to create a Three 
dimensional Electrocoagulation Metal-Impregnated Granular 
Activated Carbon with a (TEC-MIGAC) system using metal 
(aluminum, iron, or both). This system was developed with the 
goal of using metal-impregnated carbon particles as an 
adsorbent and metal-support media by leveraging the 
collaborative action of aluminum and ferric ions. It was tested 
in treating wastewater from the Iraq's Al-Daura petroleum 
refinery facility. MIGAC's textural characteristics were studied 
using BET, XRF, EDS, and SEM, while COD removal, 
turbidity removal, Total Dissolved Solids (TDS) removal, 
current efficiency, and energy consumption were measured.  

II. MATERIALS AND METHODS 

A. Materials 

The untreated petroleum refinery effluent sample (80L) was 
provided by the Al-Daura refinery petroleum refinery plant, 
Baghdad, Iraq. It was taken from the feeding tank and was 
stored in covered containers at 4

o
C until use. Table I lists the 

characteristics of this sample. Because raw water's conductivity 
is very low, it raises the cell potential, which necessitates the 
addition of supportive electrolytes in order to boost 
conductivity. Na2SO4 at 3.5g/L and NaCl at 2.5g/L were 
employed as supporting electrolytes, which resulted in a 
conductivity of 12.16mScm

-1
, which is within the range 

necessary to achieve low cell potential [37]. 

TABLE I.  PROPERTIES OF THE UTILIZED EFFLUENT SAMPLE 

Property Value 

pH (-) 6.8 

COD (ppm) 1400 

Conductivity (mS/cm) 2.66 

Turbidity (NTU) 227 

TDS g/L 6.64 

F- (ppm) 0.19 

Cl-(ppm) 422.4 

Zn-(ppm) 0.08 

Cu (ppm) 0.025 

Mn (ppm) 0.33 

Ni (ppm) 0.5 

 

A commercial GAC was used with the physical properties 
shown in Table II. A mixture of anhydrous sodium sulphate 
(Na2SO4) powder from Thomas Baker company and sodium 
chloride (NaCl) powder with 99.9% purity by weight were used 
as supporting electrolytes. Anhydrous ferric chloride (FeCl3) 
powder with 98% purity by weight, from the Alpha Chemike 
company and anhydrous aluminum chloride (AlCl3) powder 
with 98% purity by weight, from the Central Drug House Ltd. 
company, were used as metal sources for the metal 
impregnation process. A 1M solution of hydrochloric acid 
(HCl, 37%, liquid, Sigma-Aldrich) and sodium hydroxide 
(NaOH, 97%, pellets, Sigma-Aldrich) was prepared to alter the 
original pH of the treated effluent.   

TABLE II.  PHYSICAL PROPERTIES OF THE COMMERCIAL GAC 

Parameters Values 

Test standard ASTM-D 

BET surface area (m2/g) 950-1200 

Iodine Number (mg/g) 900-1150 

Total ash content Max. 5% 

Hardness Min. 97% 

Apparent density (Kg/m3) 460±40 

Moisture content 8% ( as packed) 

Attrition Max. 3% 

Particle size 8×30 mesh available 
 

B. Preparation of the Metal-Impregnated Granular Activated 

Carbon (MIGAC)  

After being sieved to a particle size of over 1mm in 
diameter, commercial GAC particles with a particle size of 
(8×30) mesh were washed with deionized distilled water to 
remove impurity compounds. Finally, the particles were dried 
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in an oven at 105°C for 24h. Subsequently, the GAC was 
impregnated with molar ratios 1:10 as Al: AC, 1:10 as Fe: AC, 
1:1:10 as Al:Fe:AC, 1:2:10 as Al:Fe:AC, and 2:1:10 as 
Al:Fe:AC using AlCl3 and FeCl3 as the Al and Fe sources 
respectively. It was then mixed with 50ml deionized water at 
90

o
C for 4h. The resulting solution was mixed in a 500ml 

round–bottom flask with two necks: one neck was fitted with 
water–cooling reflux condenser and the other was equipped 
with a thermometer to measure the temperature. The reaction 
was carried out at atmospheric pressure. Agitation and heating 
of the flask were done by oil bath (engine oil from Al-Daura 
refinery with flash point 220

o
C) on a magnetic stirrer hot plate. 

Heidolph™ 505-20000-00, 0-300°C, 0-1400rpm was utilized 
for obtaining homogeneous solution at a rotation speed of 
200rpm, where the temperature of the mixture in the heated 
flask was kept constant by using voltage regulator (Single –
phase AC voltage regulator, 220V regulator adjustable 0-300V, 
max power 500W) to control the heat of the heater. After 
another wash with deionized distilled water, the MIGAC was 
dried in a 105°C oven for 24h. 

C. Experimental Procedure 

A preliminary feasibility test was conducted to determine 
the suitability of the TEC-MIGAC system for COD and 
turbidity elimination from the refinery effluent. This 
performance was compared to those of other systems, including 
an adsorption and Conventional EC (CEC) system and a raw 
granular activated carbon with CEC system (TEC-RGAC). All 
batch studies were conducted under the same experimental 
conditions: 1.0L working volume, duration of 120min, 10g raw 
activated carbon or MIGAC, pH=7, and 30V applied voltage. 
The experiments were conducted by using the laboratory setup 
shown in Figure 1. The tubular electrochemical reactor (Figure 
1(a)) was made from Perspex glass with 30mm diameter and 
140mm height. The wastewater was pumped to the cylindrical 
EC cell using a peristaltic pump (RUNZE, single stage pump, 
made in China) with a maximum flow rate of 200mL/min. The 
aluminum and stainless steel disk electrodes (30mm in 
diameter and 5mm in thickness) were pierced with 1mm holes 
and were connected to a DC power source. Each electrode had 
total effective surface area of 7.065cm

2
. The distance between 

the electrodes did not alter and was kept at 6cm despite the 
rapid electron transfer rate between the anode and the cathode 
that was caused by the particle electrodes [38]. The aluminum 
anode was positioned below the cathode, and water was 
circulated in the direction from the anode to cathode. In the 
case of 3D reactor, a packed bed of GAC or MIGACs was 
placed between the anode and the cathode. During each 
experiment, for the purpose of delivering an adequate voltage, 
a digital direct current power supply of the type (UNI-T, 
UTP3315PF) that ranged from 0-30V and 0-5A was used. A 
multimeter was used to measure the system’s current and 
voltage. The effluent from the EC unit was sent to a settling 
tank, where the overflow was pumped back to the EC cell. To 
remove the electrodes’ oxide and passivation layers, they were 
washed in HCl solution (35%) and acetone [39]. HCl solution 
(0.1N) and NaOH solution (0.1N) were used to adjust pH. 
NaCl and Na2SO4 were used as electrolytes. NaCl solution was 
utilized as an extra electrolyte because it has a lot of benefits, 
including the ability of chloride ions to considerably lessen the 

negative effect of other anions such HCO
3-

 and SO4
2-

. The 
carbonate ion would cause the precipitation of Ca

2+
 or Mg

2+
 

ions, which create an insulating layer on the electrode surface. 
This insulating layer would significantly lower the 
electrochemical cell’s current efficiency and treatment 
conversion while substantially raising its ohmic resistance. As 
a result, it is proposed that among the current anions, 20% Cl

-
 

be present to enable normal EC activity in water treatment [40]. 
The ambient temperature for all tests was 25 ±2°C. After the 
experiment, the samples were filtered using filter papers with 
size 150mm before being analyzed. TDS, pH, turbidity, and the 
initial and final COD concentrations were also measured. 

 

(a) 

 

(b) 

Pump

Power Supply 

Voltmeter Ammeter

Electrochemical 

Cell

Liquid 

Flowmeter

Reservoir 

 

Fig. 1.  Schematic diagram of (a) the EC cell, (b) the EC system. 

D. Methods of Analysis 

Using Spectro Xepos XRF (Ametek Co., Germany), the 
textural qualities of raw granular and MIGAC were evaluated. 
The morphology and microstructure were examined with SEM. 
At the same surface locations as the SEM, EDS was also used 
to undertake surface element analysis concurrently (INSPECT, 
F50, REI Co., Netherland). Physical properties, BET specific 
surface area, and total pore volume were determined using the 
SA-9600 model (Horibe USA brand) using nitrogen gas as 
adsorbate. Lovibond COD VARIO photometric detector (COD 
Setup, MD 200, UK) was used for COD analysis. For the COD 
test, a sample of 2ml of the substrate was completely thermally 
oxidized using a standard oxidation reagent in a cuvette tube. 
The combination of the substrate sample and the standard 
oxidation reagent was heated at 150°C for 2h to guarantee that 
the substrate had completely oxidized. The concentration of the 
COD of the organics was determined in mg/L by a COD 
photometer in a thermo-reactor (RD 125, Lovibond, Germany). 
Turbidity was measured with a compact Lovibond® infrared 
turbidity meter Turbi Check. The turbidity and COD removal 
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efficiency were evaluated based on (1), where Ci is the initial 
and Cf the final concentration (mg L

-1
) [41]: 

��% =
�����

��
 × 100    (1) 

The quantity of electrical energy that is used up throughout 
the EC process in order to eliminate 1kg of COD is referred to 
as the Energy Consumption (EC). EC may be determined in 
terms of kWh/kg by [42]: 

� =
�.�.�×����

������������
    (2) 

where CODi and CODf are the initial and final chemical 
oxygen demand (mg/L), U is the applied cell voltage (V), I is 
the current (A), t is the electrolysis time (h), and V is the 
effluent volume (L). A TDS-meter (161002 PurePro Inc.) was 
used to test the TDS, and a pH-meter (HANNA Instruments 
Co.) was used to determine the pH. Electrical conductivity was 
measured with a HANNA HI-99301 meter. 

III. RESULTS AND DISCUSSION 

A. Textural Properties  

Table III shows the physical properties of unprocessed 
GAC and MIGACs, based on nitrogen adsorption and 
desorption isotherms, specific surface area, and total pore 
volume. It is evident that following ferric-aluminum 
impregnation, MIGACs' specific surface area and total pore 
volume both significantly reduced to 893.7, 878, 874, 840, and 
797.5m

2
/g and 0.21702, 0.20075, 0.19502, 0.19722, 0.18388, 

and 0.01376m
3
/g for MIGAC(Fe), MIGAC(Al), MIGAC(1:1), 

MIGAC(1:2), and MIGAC(2:1) respectively. These decreased 
physical characteristic values point to a preferential distribution 
of metal oxides in the pore mouth. Certain micropores were 
subsequently obstructed, along with the development of meso- 
or macro-porous structures and the covering of binders to the 
active sites created by ferric or aluminum oxides [43, 44]. 

The evidence for this may also be seen rather obviously in 
the micro structural analysis. Images from a scanning electron 
microscope of RGAC (A1-4), MIGAC(Fe) (B1-4), 
MIGAC(Al) (C1-4), MIGAC(1:1) (D1-4), MIGAC(1:2) (E1-
4), and MIGAC(2:1) (F1-4) are presented in Figure 2. While 
the raw GAC's porous nature is easily seen in Figure 2 (A1-4), 
it was observed that some porous structural collapse took place 
when the raw GAC was impregnated with metal, leading to 
clogs, as shown in Figure 2 (A1-3), (B1-3), (C1-3), (D1-3), 
(E1-3), and (F1-3). Also, in Figure 2, A4 can be seen showing 
the surface of raw GAC before impregnation and Figure 2 B4, 
C4, D4, E4, and F4 emphasize that the metal oxide aggregates 
formed on the surface of raw GAC after the wet impregnation 
have a spherical shape. It was calculated that the average 
crystallite size of metal oxides was in the range of (21.24-
32.58), (21.32-27.38), (26.23-62.77), (55.67-76.49), (18.75-
26.89) nm for MIGAC(Fe), MIGAC(Al), MIGAC(1:1), 
MIGAC(1:2), and MIGAC (2:1) respectively. From the image 
in Figure 2 F4, it can be seen that iron and aluminum oxides 
were aggregated homogenously on the surface of the raw GAC 
and the range of the size of the metal oxides was smaller than 
the ranges of the other GAMIs. 

TABLE III.  RAW GAC AND MIGAC MICROSTRUCTURES 

Properties RGAC MIGAC (Fe) MIGAC (Al) MIGAC (1:1) MIGAC (1:2) MIGAC (2:1) 

BET specific surface area (m2/g) 1086 893.7 878.7 874 840 797.5 

Total pore volume (cm3/g) 0.21702 0.20075 0.19502 0.19722 0.18388 0.01376 

TABLE IV.  EDS ELEMENTAL COMPOSITION OF RAW GAC AND MIGACs 

Element 
RGAC MIGAC(Fe) MIGAC(Al) MIGAC(1:1) MIGAC(1:2) MIGAC(2:1) 

Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic % Weight % Atomic % 

C 88.82 92.7 83.17 88.7 85.1 89.9 78.91 87.66 80.6 88.5 73.95 83.6 

O 7.28 5.7 12.13 9.7 10.7 8.5 9.5 7.9 10 8.3 13.33 11.3 

Fe - - 1.63 0.4 - - 1.99 0.51 3.2 0.78 1.65 0.43 

Al 0.207 0.1 0.203 0.1 1.3 0.6 1.034 0.53 0.8 0.42 1.67 0.87 

Si 1.78 0.8 0.22 0.1 0.1 0.1 0.42 0.2 0.7 0.3 0.21 0.1 

Cl - - 2.66 1 2.6 0.9 8.16 3.2 4.7 1.7 9.02 3.6 

Ca - - - - - - - - - - - - 

K 1.51 0.5 - - - - - - - - - - 

Mg 0.38 0.2 - - - - - - - - 0.18 0.1 

Total 100 100 100 100 100 100 100 100 100 100 100 100 

 

At the same surface areas where the SEM was used, an 
element analysis of the surface was also conducted at the same 
time as the EDS. Table IV displays the weight and atomic 
percentages of the raw and MIGAC elements. It can be seen 
that the level of Al changed to 0.6%, 0.53%, 0.42%, and 0.87% 
for MIGAC(Al), MIGAC(1:1), MIGAC(1:2), and MIGAC(2:1) 
respectively, and the level of Fe changed to 0.4%, 0.51%, 
0.78%, and 0.43% for MIGAC(Fe), MIGAC(1:1), 
MIGAC(1:2), and MIGAC(2:1) respectively. Aluminum and 
ferric iron were completely impregnated into raw GAC, as 
determined by the atomic percentage following impregnation. 

Clearly, AlCl3 and FeCl3 were the source of the Cl after 
impregnation. Aluminum and ferric iron were likely bonded to 
MIGAC in the form of aluminum oxide and iron oxide, given 
the increased oxygen concentration in MIGAC compared to the 
raw GAC. 

XRF chemistry analysis was used to confirm the oxide form 
of the metals in both raw GAC and MIGAC. Formation of 
oxides by metals on each other's surfaces is documented in 
Table V, which shows that aluminum oxide and ferric oxide are 
the most common forms of these metals. 
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TABLE V.  XRF ANALYSIS WAS USED TO DETERMINE THE METAL OXIDE FORM IN RAW GAC AND MIGAC 

Components 
RGAC 

(mass%) 

MIGAC(Fe) 

(mass%) 

MIGAC(Al) 

(mass%) 

MIGAC(1:1) 

(mass%) 

MIGAC(1:2) 

(mass%) 

MIGAC(2:1) 

(mass%) 

MgO 0.4573 1.148 0.505 0.741 1.200 0.817 

Al2O3 0.2899 0.2153 0.9091 2.0521 1.9941 3.3345 

SiO2 1.039 0.8847 0.3724 0.1434 0.1846 0.1765 

P2O5 0.3564 0.1924 0.2151 0.1826 0.1376 0.1732 

SO3 0.09675 0.09694 0.04981 0.02413 0.02272 0.03716 

Cl 0.05731 1.751 1.610 2.892 4.081 4.2253 

K2O 2.096 0.0645 0.0645 0.0646 0.1045 0.0666 

CaO 2.919 1.346 1.619 1.031 1.579 1.239 

TiO2 0.00307 0.00317 < 0.0013 0.00344 0.00281 0.00466 

V2O5 < 0.0011 < 0.00072 < 0.0013 < 0.0011 < 0.00068 < 0.00069 

Cr2O3 < 0.00022 < 0.00015 0.00099 0.00109 0.00050 0.00099 

MnO 0.00183 0.00046 0.00056 0.00203 0.00206 0.00326 

Fe2O3 0.03133 1.677 0.04100 1.962 3.428 1.7841 

CoO < 0.00039 < 0.00039 < 0.00039 < 0.00039 < 0.00039 < 0.00039 

NiO 0.00081 0.00064 0.00118 0.00122 0.00085 0.00086 

CuO 0.00318 0.00566 0.00366 0.00618 0.00627 0.00678 

ZnO 0.00062 0.3631 0.00126 0.00199 0.00141 0.00162 
 

    

    

    

    

    

    

Fig. 2.  SEM images of (A1-4) RGAC, (B1-4) MIGAC(Fe), (C1-4) MIGAC(Al), (D1-4) MIGAC(1:1), (E1-4), MIGAC(1:2), and (F1-4), MIGAC(2:1) at 

different expansion ratios. 
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B. Influence of Auxiliary Electrolyte Dosing 

The solution's conductivity is essential for increasing 
process effectiveness and lowering current density. The lower 
potential flowing in the circuit during treatment is maintained 
via conductivity, which also results in less electricity being 
used. The conductivity of the effluent caused the heterogeneous 
ions to transfer in the EC method. Electrolytes Na2SO4 and 
NaCl were employed in this treatment [41]. Additionally, SO4

-2
 

ions do not corrode as much as the chloride species. The great 
corrosive capability of Cl

-
 ions aids in the disintegration of the 

coagulant. The needed voltage will be significantly lower in the 
presence of chloride ions than it would be in the presence of 
SO4

-2
 ions. Comparing the adsorption behaviors of Cl

-
 and  

SO4
-2

 ions on the Al electrode, it has been discovered that Cl
-
 

had a lower degree of adsorption than SO4
-2

 [45]. Chloride ions 
are transformed into active chlorine species when the current 
density is sufficiently high. These species then participate in 
the oxidation of ferrous ions and organic materials [46]. 

Table VI and Figure 3 show the effect of variable 
concentrations of electrolytes on the removal of chemical 
oxygen demand. EC process was performed using applied 
voltage of 30V, time 120min, pH 7, and 10g raw activated 
carbon. As shown in Table VI, when the wastewater treated 
without any added electrolyte concentration of Na2SO4 or 
NaCl, the conductivity and applied current were 2.66mS/cm 
and 15.1mA respectively and the COD removal was 58.8% at 
20min, whereas it increased to 72.3% at 120min. The 
synergistic effects of raw GAC adsorption in the GAC-three 
dimensional EC system may be responsible for these results. 
After adding the electrolytes (2.5g NaCl, 3.5g Na2SO4, 2.5g 
NaCl + 3.5g Na2SO4, and 2.5g NaCl + 7g Na2SO4), the 
conductivity and the applied current were 7, 7.44, 12.16, and 
20mS/cm and 45, 56, 87, and 98mA respectively. As shown in 
Figure 4, the COD removal rate was improved when a mixture 
of electrolytes (NaCl + Na2SO4) was added to the reaction 
system at different concentrations. Increment in removal 
efficiency was observed from 90.7% to 93.7% after 120min for 
2.5g NaCl + 3.5g Na2SO4. This might be attributed to the fast 
flow of electrolyte ions. Additionally, no additional 
improvement in removal efficiency was observed when the 
supporting electrolyte concentration of Na2SO4 was raised to 
7g/L, which may be caused by an expansion of the passivation 
layer. Therefore, 2.5g Nacl and 3.5g Na2SO4 were selected as 
the optimum electrolyte concentration and this is in agreement 
with the findings of the authors in [37], which used NaCl with 
a concentration of 4g/L to obtain 13.6mS/cm conductivity for 
removing carbamazepine by a three-dimensional 
electrochemical process utilizing particle electrodes made of 
carbon-based adsorbent material. 

C. Feasibility Test 

To find out whether the TEC-MIGAC system is appropriate 
for removing COD and turbidity from refinery effluents, a 
feasibility test was carried out. An adsorption system, a CEC 
system, and a Raw GAC with CEC (TEC-RGAC) system were 
used and their performance was compared. Because of its great 
adsorption capability, GAC adsorption is a well-established 
technology used in wastewater post-treatment and water 

purification. The adsorption processes took place in the same 
cell without supplying an electric field. 

TABLE VI.  ELECTROLYTE DOSE EFFECT ON THE INITIAL 

CONDUCTIVITY AND COD REMOVAL 

Electrolyte 

concentration (g/L) 

Initial 

conductivity 

(µS/cm) 

Current 

(mA) 

COD removal (%) SEC 

(kWh/kg 

COD) 20min 120min 

Without salt 2660 15.1 58.8 72.3 0.80 

2.5g NaCl 7000 45 73.6 84.6 1.64 

3.5g Na2SO4 7440 56 75.1 85.2 2.61 

2.5g NaCl + 3.5g 

Na2SO4 
12160 87 90.7 93.7 3.68 

2.5g NaCl + 7g 

Na2SO4 
20000 98 91.7 95.4 4.68 

 

 
Fig. 3.  Electrolyte dose effect on COD removal (30V, 120min, pH=7, and 

10g raw activated carbon). 

(a) 

 

(b) 

 

Fig. 4.  (a) COD profile with time, (b) COD removal of the adsorption 

process on different impregnated activated carbon (1361mg/L initial COD, 

10g of AC or MIGAC dosage, and 175mL/min flow rate). 

In Batch test I, similar experimental settings were used for 
each experiment in the adsorption procedure (120min, 10g of 
AC or MIGAC dosage, and 175ml/min flow rate). In Figures 4-
5 and Table VII, it can be seen that the raw GAC system's 
adsorption system achieved maximum COD removal. In the 
adsorption system by raw GAC, the COD and turbidity 
decreased quickly to 619mg/L and 2.48NTU respectively in the 
first 20min, and then slowly to 376mg/L and 2.31NTU at 

RGAC adsorption 

MIGAC(Fe) adsorption 

MIGAC(Al) adsorption 

MIGAC(1:1) adsorption 

MIGAC(1:2) adsorption 

MIGAC(2:1) adsorption 

RGAC adsorption 
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120min, while 72.3% COD removal and 98.9% turbidity were 
obtained at the 120min treatment. COD and turbidity were 
reduced to 638, 640, 649, 643,and 689mg/L and 13.4, 1.94, 
1.89, 32.1, and 11NTU respectively in the first 20min, and then 
continuously to 430, 435, 444, 450, and 505mg/L and 1.165, 
2.02, 8.9, 5.98, and 10NTU at 120min for MIGAC(Fe), 
MIGAC(Al), MIGAC(1:1), MIGAC(1:2), and MIGAC(2:1), 
respectively corresponding to 68.41, 68.03, 67.38, 66.94, and 
62.89% of COD removal at 120min. The high COD removal of 
raw GAC compared to the MIGAC systems may be due to the 
fact that metal oxides are preferentially dispersed in the pore 
mouth, blocking some micropores and constructing a 
mesoporous or macroporous structure, and overlaying binders 
to the activated sites created by ferric or aluminum oxides. This 
is in agreement with the results of [38]. A significant 
improving in TDS removal was observed for impregnated 
activated carbons with highest removal by MIGAC (2:1) as 
shown in Table VII. 

 

(a) 

 

(b) 

 

Fig. 5.  (a) Turbidity profile with time, (b) turbidity removal for adsorption 

process on the different impregnated activated carbon methods (227NTU 

initial turbidity, 10g of AC or MIGAC dosage, and 175mL/min flow rate). 

TABLE VII.  COD AND TURBIDITY REMOVAL  

Type of 

adsorbent 

COD removal 

% 

Turbidity removal 

% 

TDS removal 

% 

20 min 120 min 20 min 120 min 20 min 120 min 

GAC 54.5 72.3 98.9 98.9 0 2.89 

MIGAC(Fe) 53.1 69.7 94.09 99.2 5.79 25.60 

MIGAC(Al) 52.3 69.06 98.9 99.15 14.05 17.87 

MIGAC(1:1)* 52.9 70.24 97.6 99.16 10.14 12.07 

MIGAC(1:2)* 52.7 68.55 85.8 97.36 15.94 30.43 

MIGAC(2:1)* 49.3 66.78 95.15 97.53 50.72 52.17 

 

In batch test II, removing turbidity and COD from real 
refinery wastewater was considered and comparisons were 
made between the CEC system with aluminum and stainless 
steel electrodes, TEC-RGAC, and TEC-MIGAC systems. 
Table VIII and Figures 6 and 7 demonstrate the performance of 
RGAC and MIGACs in removing turbidity and COD at an 
initial pH of 7 and a reaction duration of 120min, using 30V 
applied voltage, 10g RGAC or MIGAC, and 2.5g/L NaCl + 3.5 

g/L Na2SO4 as supporting electrolyte. In the past, stainless steel 
and aluminum electrodes have been widely employed in 
electrochemical wastewater treatment systems due to their 
availability and low cost. With chloride in the solution, the 
primary direct electrochemical reaction may occur and is 
heavily dependent on it. Hypochlorous acid/hypochlorite ions 
(HOCl/OCl

-
), which are powerful oxidants, can be generated in 

the solution during the direct electrochemical reaction due to 
the anode and cathode ionization processes, and as a result, 
turbidity and COD will be reduced [47-49]. 

In CEC, as shown in Figures 6 and 7, COD and turbidity 
decreased to 450mg/L and 2.11NTU respectively, in the first 
20min, then to 200mg/L and 2.06NTU in the following 
100min. After 120min of treatment, 85.3% of COD and 
99.04% turbidity removals were achieved. 

 

(a) 

 

(b) 

 

Fig. 6.  (a) COD profile with time and (b) COD removal for performance 

comparison between CEC system with aluminum and stainless steel 

electrodes, TEC-RGAC, and TEC-MIGAC systems (1361mg/L initial COD, 7 

pH, 30V, 10g of RGAC or MIGAC dosage, 175mL/min flow rate and 2.5g/L 

NaCl + 3.5g/L Na2SO4 as supporting electrolyte). 

As the next step, we improved and compared the removal 
performance of the traditional EC system by introducing TEC-
RGAC and TEC-MIGACs particles. Metal ions (aluminum and 
ferric iron) produced from MIGACs during the EC were 
predicted to have a greater influence on removal efficiency. 
The contrary of what was anticipated happened when RGAC 
and MIGACs were added to the reactor and comparable 
efficacy was seen in both systems. After 20min response time, 
the turbidity and COD were promptly gone, whereas the COD 
removal could be attributed to the precipitation of dissolved 
organics. The amount of hydroxide flocs, which was associated 
with EC time and cell current, evaluated the effectiveness of 
COD removal. Longer observation times and greater cell 
current levels indicated higher COD elimination efficiency 
[50]. After 120min response time, turbidity and COD removal 
were 99.14% and 92.65% in the TEC-RGAC system, and 
99.36, 98.97, 99.41, 99.4, and 99.43% and 91.18, 93.46, 93.75, 
93.39, and 95.74% in the TEC-MIGAC systems. These results 
may have been brought about by the additive effect of raw 
GAC adsorption in the TEC-RGAC system, which has more 
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distinguishable textural properties than MIGAC, including 
BET surface area, total pore volume, and micropore structure. 
Traditional two-dimensional electrode systems have a low 
COD removal effectiveness (76.12% after 60min). By using a 
three-dimensional electrocoagulation reactor system, COD 
removal efficiency increased significantly to 87.06, 88.61, 
85.75, 90.08, 90.44, and 92.65% after 60min. Also, it was 
found that the MIGAC with a 2:1 molar ratio of aluminum to 
ferric metal ions had the highest COD removal. Results showed 
that MIGAC could show substantially higher removal 
efficiency than the GAC addition due to the impact of metal 
(aluminum and iron) ions created by the addition on EC.   

 

(a) 

 

(b) 

 

Fig. 7.  (a) Turbidity profile with time and (b) Turbidity removal for 

performance comparison between CEC system with aluminum and stainless 

steel electrodes,TEC-RGAC, and TEC-MIGAC systems (227NTU initial 

turbidity, 7 pH, 30V, 10g of RGAC or MIGAC dosage, 175mL/min flow rate 

and 2.5g/L NaCl + 3.5g/L Na2SO4, as supporting electrolyte. 

TABLE VIII.  COD AND TURBIDITY REMOVAL OF CRC, TEC-GAC, AND 

TEC-MIGAC SYSTEMS 

Type of 

particle 

electrode 

COD 

removal % 

Turbidity 

removal % 

TDS 

removal % 
Energy 

consumption 

(kWh/kg 

COD) 
20 

min 

120 

min 

20 

min 

120 

min 

20 

min 

120 

min 

CEC 66.93 85.3 99.04 99.25 46.23 50.75 12.777 

TEC-GAC 69.88 92.65 98.87 99.14 46.23 49.84 3.697 

TEC-

MIGAC(Fe) 
74.14 91.18 99.22 99.36 45.93 53.16 3.735 

TEC-

MIGAC(Al) 
77.59 93.46 94.88 98.97 42.77 50.3 3.768 

TEC-MIGAC 

(1:1) 81.26 93.75 92.42 99.41 48.49 52.56 3.602 

TEC-MIGAC 

(1:2) 79.87 93.39 98.84 99.4 48.34 52.25 3.676 

TEC-MIGAC 

(2:1) 87.14 95.74 99.20 99.43 51.35 55.57 3.920 

 

The fundamental issue of the GAC adsorption technique is 
that the porosity eventually gets saturated and inefficient, 
rendering the technique worthless [51]. As a consequence, it 
could be challenging to measure and evaluate GAC's function 
as a particle electrode or adsorbent if raw GAC is utilized 

directly as a particle electrode in a three-dimensional EC 
reactor system. In this respect, another test was conducted, and 
the reaction time for each set was lowered to 80min, since the 
removal efficiency increased marginally with increasing 
reaction time. As shown in Figure 8, increasing the repetition 
cycle was associated with a decrease in COD removal 
efficiency in the TEC-RGAC system. However, those 
efficiencies were kept constant approximately in the TEC-
MIGAC (2:1) system. After 10 repetitions, the apparent value 
of the TEC-MIGAC (2:1) system was greater than that of the 
TEC-RGAC system, with the TEC-MIGAC (2:1) system 
achieving 90.22% COD removal, while the TEC-RGAC 
system achieved 63.72%. Metal ions (iron/aluminum) were 
first dissolved during the anode reaction step of the 
electrocoagulation process. Instantaneously upon reaching a 
certain pH, they hydrolyzed to generate polymeric iron and 
aluminum oxyhydroxides (Fe(OH)3 and Al(OH)3) respectively, 
which are effective coagulating agents [52].  

 

 

Fig. 8.  Repeated test between the GAC and the TEC-MIGAC system. 

D. Comparison with Previous Studies 

Authors in [20] utilized an electrochemical technique with a 
three-dimensional multi-phase electrode. Fe particulates and air 
were injected into a conventional two-dimensional reactor to 
remediate effluents from a petroleum refinery. The initial pH 
and cell voltage, as well as the effect of Fe particles and air 
have on the electrochemical process, were both subjects of the 
research that was carried out as a part of the process of 
determining the optimal experimental settings. The results of 
their investigation found that the effluent had a COD removal 
effectiveness that was good (92.8%). Authors in [53] treated 
wastewater from a local petroleum refinery using an aluminum 
electrode and having two distinct COD levels in a continuous 
electrochemical cell. They investigated the impacts of inflow 
flow rate, initial pH, and current density. They demonstrated 
that EC may reduce COD by up to 57% when used under ideal 
circumstances. Authors in [54] treated effluents from a heavy 
oil refinery using a Three-Dimensional Electrode Reactor 
(TDER) equipped with a combination particle electrode 
consisting of GAC and Porous Ceramsite Particle (PCP) and an 
anode of the DSA type. When comparing the TDER to the two-
dimensional electrode reactor, it was discovered that it was 
more effective at removing COD and that the combination 
particle electrode was advantageous in increasing the COD 
removal efficiency and decreasing energy consumption. Under 
the best experimental conditions (GAC percentage = 75%, 
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current density = 30mA/cm
2
, not altered pH, and treatment 

time = 100min), the maximum removal of COD, total organic 
carbon, and toxicity units from the treated effluent were 45.5%, 
43.3%, and 67.25% respectively. It was found that the metal 
impregnated granular activated carbon with a 2:1 molar ratio of 
aluminum to ferric metal ions had higher COD removal in 
comparison with that obtained from [38], which used metal 
impregnated activated carbon (Al:Fe) with a molar ratio of 
(1:1) as a moving particle EC electrode in a three-dimensional 
EC process to treat wastewater from real cotton textiles with a 
COD content of 685mg/L. COD removal after treatment was 
81.6% after 120min of reaction time, 10g MIGAC, and 30V 
applied voltage at pH=7.7. Therefore, the present system 
exhibited excellent results in terms of COD and turbidity 
removal using the new design of the three dimensional 
electrode. 

IV. CONCLUSIONS 

In this study, the treatment of refinery wastewater using a 
new three – dimensional electrocoagulation approach was 
proposed and investigated. The new cell utilizes Granular 
Activated Carbon (GAC) and Metal-Impregnated GAC 
(MIGAC) as third particle electrodes. The three-dimensional 
electrocoagulation reactor system is an interesting technology 
for improving refinery wastewater treatment in 
electrocoagulation, according to a feasibility test employing a 
typical two-dimensional electrode, adsorption process, and the 
three-dimensional electrocoagulation system ,where the COD 
removal efficiency for the adsorption process was 72.37, 68.41, 
68.04, 67.38, 66.94, and 62.84% after 120min for Raw GAC 
(RGAC), MIGAC(Fe), MIGAC(Al), MIGAC(1:1), 
MIGAC(1:2), and MIGAC(2:1) respectively while 85.3% was 
in the conventional two dimensional electrode system after 
120min. 

The COD removal efficiency was enhanced by using the 
three-dimensional electrocoagulation method, reaching 92.65, 
93.46, 91.18, 93.75, 93.39, and 95.74% after 120min for TEC-
RGAC, TEC-MIGAC(Al), TEC-MIGAC(Fe), TEC-
MIGAC(1:1), TEC-MIGAC(1:2), and TEC-MIGAC(2:1), 
respectively based on the operating conditions of: 1361 initial 
COD, 7 pH, 30V, 10g of AC or MIGAC dosage for the three 
dimensional system, 175mL/min flow rate and 2.5g/L NaCl + 
3.5g/L Na2SO4 as supporting electrolytes. 

The results showed that the MIGAC addition exhibits 
considerably larger removal efficiency than the RGAC addition 
because of the influence of metal ions created by the MIGAC 
on the electrocoagulation. Besides, it was found that the 
MIGAC with a molar ratio of aluminum to ferric metal ion 
(2:1) had higher COD removal in comparison with previous 
studies. Also, in the present study, the energy consumption was 
reduced from 12.78KWh/Kg COD for the conventional two 
dimensional system to 3.9KWh/Kg COD when using the three 
dimensional TEC-MIGAC (2:1). Considering the obtained 
results, the 3D process allowed efficient removal of COD after 
a shorter period when compared with the 2D process and also 
decreased energy consumption. 
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