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ABSTRACT

The present work aimed to reduce the COD of petroleum refinery wastewater using individual and combined pro-
cesses based on the electrocoagulation and photocatalytic process with immobilized nano-zinc oxide. Also, energy
savings alongside performance improvements were evaluated within this conglomerated system. Results showed that
the removal efficiency of COD was 72% after 120 min when using electrocoagulation process under the given condi-
tions (15 mA/cm?, pH of 7, and flow rate of 0.5 L/min). Regarding the process involving photocatalysis, the removal
efficiency of COD was 76% after 120 min under the analyzed conditions (ZnO concentration of 80 g/m?, pH of 7,
power of irradiation equal to 65 W, and flow rate of 0.5 L/min). Several combined sequential and simultaneous sys-
tems were tested. Results confirmed that the simultaneous photo-EC system operated at 30 min is the best one and has
the ability to achieve COD removal of 82% under the studied conditions (15 mA/cm?, pH of 7, and flow rate of 0.5 L/
min, ZnO concentration of 80 g/m?, and 65 W). Furthermore, the further notable features of the combined simultane-
ous photo-EC system were operating at shorter operation time and lowering dissolution rate of anode electrode (0.2
gram) that makes the system to be the most economic process with an energy consumption of 28.44 kWh/kg COD.

Keywords: electrocoagulation, nano- bio-zinc oxide, photocatalytic, immobilizing, wastewater.

INTRODUCTION

The industrial sector is witnessing advance-
ments and progress owing to various manufac-
turing techniques being implemented (Zhang et
al., 2015; Elmobarak et al., 2021). Consequently,
industrial areas are continually generating large
volumes of wastewater at rapid rates, often dis-
carding it without proper handling and treatment
measures in place. Petroleum refineries and re-
lated industries play a pivotal role in economic
growth (Varjani et al., 2019; Jafarinejad, Jiang,
2019). Refineries are met with the significant task
of handling wastewater disposal. The wastewa-
ter that originates from the industries based on
petroleum industry contains a variety of organic
and inorganic contaminants. These contaminants
include, but are not limited to, sulfides, phenol,
BTEX (Benzene, Toluene, Ethylbenzene, Xylen),
hydrocarbons, and heavy metals (Abdulredha et

al., 2020; Raza et al., 2019). Research indicates
that within the next 20 years, the worldwide de-
mand for oil is projected to surge to an estimated
107 million barrels each day. By the year 2030,
oil is expected to account for approximately 32%
of the planet’s energy consumption (Keramati,
Ayati, 2019). Concurrently, the practice of dis-
charging wastewater by oil producing companies
and refineries into natural environments is esca-
lating, posing a significant risk to the world’s wa-
ter reserves (El-Naas et al., 2014).

The petroleum industry is responsible for
generating large volumes of dangerous substanc-
es. This occurs through various stages, such as
the extraction of oil, refining, transporting, and
storing, all of which pose significant risks to both
environmental and human health (Varjani 2017;
Jiménez et al., 2019). Many techniques have
been used to treat oil refinery wastewater, such as
chemical precipitation, adsorption, wet oxidation,
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vacuum catalytic distillation, coagulation and
flocculation, photocatalytic oxidation, Fenton
process, and ozone (Almomani et al., 2016; Al
Mayyahi, Al-Asadi, 2018). Physical strategies,
although extensive in time, simply relocate the
contaminants to a different phase. Biological ap-
proaches fall short in effectiveness as they fail to
break down oil hydrocarbons, which are stubborn
against biodegradation processes. In contrast,
the use of electrochemical techniques has gained
popularity in recent times due to their advantages
(Al Mayyahi, Al-Asadi, 2018).

Electrochemical techniques have become in-
creasingly popular for their wide range of benefits.
Known as electrocoagulation (EC), this method
applies electrochemistry principles for wastewater
treatment (Wan et al., 2023). An electric current
is introduced into the water, causing pollutants to
become unstable. Through this process, coagulants
(like iron and aluminum hydroxides) are produced,
which neutralize pollutant charges and aid in their
extraction (Garcia-Garcia et al., 2015). For ex-
ample, applying an electrical current to a cell with
a stainless-steel cathode and an aluminum anode
result in aluminum ions being produced from the
anode surface. These aluminum ions react with the
OH ions generated at the cathode through water
reduction, forming amorphous aluminum hydrox-
ide (Al(OH),(s)) flocs (Equations 1-4). Concur-
rently, oxygen and hydrogen gases are released at
the anode and cathode, respectively (Equations 2,
3). These gases help in the flotation of flocs to the
surface of the liquid, while the heavier flocs settle
at the bottom of the cell through sedimentation
(Garcia-Garcia et al., 2015). The electrocoagula-
tion process involves the following reaction:

e at the anode:

(AD ) = Aly*® + 3e” (1)
2H,0 = Oyca) + 5H* + 5~ )
e at the cathode:
2H,0 + 2e” > H, + 20H" 3)
e in the bulk:
Al*3 4+ 30H™ = Al(OH) 3 4

Advanced oxidation process (AOP) is a tech-
nique for the formation of hydroxyl radicals used
for oxidation the organic pollutants in wastewa-
ter (Cao et al. 2020; Sathasivam et al., 2019).The
hydroxyl radical is known for its strong ability to
oxidize (E; = 2.8 V), making it capable of react-
ing with virtually all kinds of organic materials
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(Yang, Hoffmann 2016; Li et al., 2018). This
leads to their complete breakdown into carbon di-
oxide (CO,), water, and inorganic salts, or trans-
forms them into less harmful compounds (Qu et
al., 2018; Rostam, Taghizadeh, 2020). Advanced
oxidation processes (AOPs) offer significant ben-
efits, including the elimination of pollutants and
prevention of harmful compound generation,
which surpass the efficacy of conventional water
treatment methods (Ghanbari et al., 2020; Sonu et
al., 2019). Photoctalytic process is one of AOPs
that are used in treatment of wastewater efficient-
ly. The mechanism of photocatalytic oxidation
involves a series of processes. This occurs when
the energy hitting the surface meets or exceeds
the energy gap, leading to the creation of elec-
tron-hole pairs in semiconductor particles. Sub-
sequently, electrons move from the valence band
to the conduction band, resulting in the formation
of holes in the valence band. These holes possess
a high capacity for oxidation, whereas the excited
electrons are highly capable of reduction. The re-
active hole is then oxidized, generating hydroxyl
radicals as it reaches the surface and gives up its
electron. Conversely, electrons are utilized in the
reduction process. As a result, semiconductor par-
ticles serve dual functions as receivers and donors
of electrons for molecules in their surroundings
(Adnan et al., 2020). Equations (5—11) represent
the mechanism of photocatalytic oxidation (pho-
to/metal oxide (MO)):

e starting reaction:

MO + hv — MO (h* +¢") (5)
e oxidative reactions
h*+ + H.0 — H* + «OH (6)
2h* + 2 H.O — 2H* + H20: (7
H20: — 2 «OH )
e reductive reactions
e+ 02— 0Oz )]
O —+ H.0 + H— H202 + O2 (10)
H20: — 2 «OH (11)

The combination of EC with photocatalytic
oxidation results in obtaining high removal effi-
ciency with lower energy consumption due to the
synergistic effects of the two processes. There-
fore, the aim of present work was to apply the
two process sequentially or simultaneously for
treating petroleum refinery wastewater and to ex-
plore which the combination system give better
removal with lower energy consumption.
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MATERIAL AND METHODS

Most of previous works regarding EC and
photocatalytic process used batch-type mode for
reactors. While in the present study, batch re-
cycling mode was used for reactors operated as
combined system. Nanoparticle zinc oxide was
used as a photocatalyst. It was supplied by Sig-
ma-Aldrich Company having the following char-
acteristics: 30 nm particle size, 48 m?/g surface
area, and 0.0581 cm’/g pore volume. Concrete
was chosen for the photoreactor floor and to im-
mobilize nanoparticles due to its practical appli-
cation and cost-efficiency.

Wastewater characterization

In this study, the wastewater from Al- Diwan-
iyah oil refinery in Iraq served as a sample for
research and investigation. This sample was char-
acterized by containing heavy and light hydrocar-
bon compounds, Table 1 presented its qualities.

Electrocoagulation reactor

A cylindrical electrocoagulation reactor
(semi-batch) was constructed from Plexiglas, as it
can be seen in Figure 1. It was composed of three

cylindrical sections, each with varying sizes. The
upper segment measures 70 cm in outer diameter,
55 cm in length, and 4 cm in thickness. The central
section measures 70 cm in outer diameter, 70 cm
in length, and 4 cm in thickness, the dimensions
of the bottom section are identical to those of the
upper section. Two electrodes were utilized, one
made of the AU4G aluminum alloy (anode) fea-
turing a cylindrical shape with an outside diam-
eter of 60 mm, a length of 55 mm, a thickness of
5 mm, and an effective surface area of 78.5 cm?.
The other electrode (cathode) was made of stain-
less steel, shaped as a rod with an outer diameter
of 28 mm and a length of 107 mm. These were
operated at a water flow rate of 0.5 liters per min-
ute. The spacing between the electrodes was set
to 11 millimeters. The cathode electrode, which
extended 52 mm before the point where it enters
at the top and reaches the center of the anode, was
designed longer than the anode to facilitate the
escape of hydrogen gas generated at the cathode.
This arrangement is critical for enabling the flota-
tion of suspended solids outside the reactor.

Photocatalytic reactor

The photocatalytic reactor was designed
as a water conduit, depicted in Figure 2. The

Table 1. Qualities of effluents from the Diwaniyah oil refinery

Parameter H COD Turbidity Conductivity Phenol T.D.S. S0O,2 Cl
P (mg/l) (NTU) (mS/cm) (mg/l) (mg/l) (mg/l) (mg/l)
Value 7 1278 25.6 11.5 13.6 4575 122 2055
Stainless steel cathode
Upper compartment
Effluent output <= ] --=/--,

Perforated ring

Central compartment

L

Cylindrical Aluminum
anode

Perforated disk

}
|
Effluent input mp BN |______ 1

Bottom compartment

Figure 1. Schematic diagram of the electrocoagulation reactor
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Wastewater inlet

The catalyst is immobilized on
the concrete surface.

_ Galvanized steel duct

UVC, irradiation
power=65 W

Treated water outlet.

Figure 2. Schematic diagram of photoreactor

photoreactor is constructed from Calvinize, a ma-
terial known for its resistance to corrosion, and
measures 90 by 11 by 10 centimeters. The entire
surface of the reactor was illuminated by a 65-
watt UVC lamp, measuring 90 cm in length, po-
sitioned 5 cm above the wastewater surface. The
rate at which fluid (wastewater) enters the reac-
tor was maintained at 0.5 liter per minute and the
layer of contaminated water in motion measures
3 mm in thickness, while the dimensions of the
concrete layer measured 900 cm? in surface area
and 3 cm in thickness. Previous studies have led
to the selection of a specific concrete blend de-
signed to support the adherence of nano-zinc ox-
ide particles on its surface (Delnavaz et al., 2011).
Table 2 presents a detailed overview of the hy-
draulic and volumetric properties of the reactor.

Experimental set-up

Figure 3 shows the integrated batch-recycle
setup being analyzed. This system comprises
an electrochemical reactor and a photoreactor,
linked to a 1.5 — liter reservoir tank. It also in-
cludes a pulse pump (type- HYBLSLNPVFO001,
Italy) and a recycling pump, each with a capac-
ity to circulate 500 ml per minute, aimed at mov-
ing and recycling contaminants. These pumps are

Table 2. The hydraulic and volumetric properties of
the reactor

Parameters Value
Reactor’s effective capacity 270 cm?®
Effluent velocity 2.78 cm/s
Effluent rate 500 cm?/min
Thickness of the flow layer 3 mm
reactor slope 0.3
Distance of the UV Lamp 5cm
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connected to a tank that circulates the solution
to maintain uniformity of the waste, ensure the
release of hydrogen gases, and prevent foaming,
which could reduce the effectiveness of electro-
coagulation. Additionally, an air pump (model-
ACO-208, 45 W China) was attached to the circu-
lation tank for saturating the solution with oxygen
for the completion of the photocatalysis process.
Also included are a liquid flow meter (type-ZY-
1A, 25-1000 ml/min), an air flow meter (0—500
ml/min), and various valves intended for different
functions. An electronic pH meter was employed
to ascertain the pH levels of the electrolyte (type -
PH211, HNNA Instrument Inc. Romania).

Operational tasks involve connecting both the
electrodes and the photoreactor to a digital DC
power supply (UNI-T, UTP3315TFL-II, China).
To sustain the system’s efficiency, the electrodes,
and the floor of the photoreactor were meticu-
lously cleaned. All experiments were performed
at a temperature of 25 °C.

Following the assessment of acidity with 1 M
HCI or 1 M NaOH, 1.25 liters of wastewater was
transferred to the reservoir. The appropriate elec-
trical current was then selected. At fixed inter-
vals, samples were taken for analysis. The sam-
ples were filtered using filter paper to eliminate
any suspended particles and left to settle for 24
hours. To determine the chemical oxygen demand
(COD), measurements were taken every 15 min-
utes throughout the treatment using a thermos-re-
actor (Model: RD-125) and a spectrophotometer
(Model: MD-200), both provided by Lovibond.
Each run included three COD measurements, and
the average was used for this study.

In this study, series of tests were performed
to treat wastewater from oil refineries using vari-
ous techniques and systems based on a recircu-
lating batch process. A brief description of these
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is provided below: First: Individual systems,
wastewater treatment involved the use of two in-
dividual processes: electrocoagulation and photo-
catalysis in separate stages for 120 minutes for
each process. Second: Sequential EC-photo sys-
tem-1: in this setup, contaminants are first treated
in an electrocoagulation reactor for 60 minutes.
After that, it undergoes an additional 60 — minute
treatment process individually in the photoreac-
tor. Third: Sequential Photo-EC system -1: In this
setup, contaminants first go through a 60 — minute
treatment in the photoreactor followed by a simi-
lar duration of treatment in the electrocoagulation
reactor, with each treatment conducted individual
(two stages). Fourth: sequential EC-photo sys-
tem-2 and sequential Photo-EC system-2: These
systems resemble the second and third ones, with
the primary distinction being that each treatment
process lasts 30 minutes instead of 60 minutes(two
stages). Fifth: Simultaneous EC-photo system:
Contaminants first move through the electro-
chemical reactor and subsequently travel in se-
ries to the photoelectric reactor with a duration of
120 minutes (The system functions with a single
simultaneous stage.). Sixth: Simultaneous Photo-
EC system: contaminants first move into the pho-
toelectric reactor and subsequently flow through
the electrochemical reactor one after the other
lasting 120 minutes (The system functions with a
single simultaneous stage).

Calculations and analytical methods

The effectiveness of COD removal was evalu-
ated using Equation 12 (Demirbas, Kobya, 2017):

(12)

where: RE% indicates the effectiveness of re-
moval. Here, COD_ — represents the ini-
tial measurement of chemical oxygen de-
mand, expressed in mg/L; whereas COD
refers to the subsequent measurement of
chemical oxygen demand, also measured
in mg/L.

_ C0Do_COD

RE% = CoDo x 100

The energy consumption, expressed as kilo-
watt-hours per kilogram of COD removed, was
calculated using Equation 13 (Yavuz, Ogiitveren,
2018; Fahem, Abbar, 2020):

U-I-t
SEC = (COD,—COD)V

(13)
where: SEC is defined as a specific energy con-
sumption. U is the term used for electri-
cal potential, measured in volts (V).
represents the intensity of the current in
amperes (A), while t is used to denote the
duration of the reaction in hours (hr.), and
V' is the volume of wastewater measured
in liters (L). Additionally, the terms COD
and COD represent the chemical oxygen
demand concentrations at the beginning

. ' -—
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Figure 3. Schematic diagram of experimental set-up
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and at time ¢, respectively, quantified in
grams per liter (g/L).

The degradation rate and the dissolution of
the anode are impacted by the electric current
flowing through the impure liquid and the length
of the reaction time, denoted as (7). The determi-
nation was made using the application of Fara-
day’s law, as demonstrated in the Equation 14
(Demirbas, Kobya, 2017):

_I-tM

m= (14)
F-z

where: the symbol (m) signifies the mass of the
metal that has dissolved, measured in
grams, while () indicates the time span of
the electrolysis in seconds. Additionally,
(M) is the molecular mass of aluminum,
specifically 26.98 g/mol, and (F) repre-
sents Faraday’s constant, which is equal
to 96485 C/mol. Furthermore, (z) is used
to show the valence of the metal, which is
3 for aluminum.

RESULTS AND DISCUSSION

Individual systems

Figure 4 represents the removal of COD by
the individual processes, namely electrocoagula-
tion and photocatalytic processes. EC was operated
at 15 mA/cm?, pH = 7 with a flow rate of 0.5 L/
min. while photocatalytic process was operated at

catalyst dosage of 80 g/m?,an air flow rate of 100
ml/min, wastewater flow rate of 0.5 L/min, UVC
lump of 65W and pH = 7. Figure 4 indicates that af-
ter a period of 120 minutes, the treatment efficiency
achieved by an electrocoagulation process was
72%, and by photocatalytic process was 76%. The
figure clearly indicates that, within the initial 15
minutes duration, electrocoagulation has 8% higher
purification efficiency compared to photocataly-
sis. However, on-going time to reach 30 minutes,
photocatalysis starts to surpass electrocoagulation
in terms of effectiveness. This shift in efficiency
can be attributed to an increase in the production
of hydrogen, which in turn weakens the ability of
the electrocoagulation process to absorb pollutants.

Additionally, repeated experiments with the
photocatalytic process revealed a gradual decline
in its performance. This reduction stems from the
gradual removing of the catalyst immobilizing
on the concrete surface, due to continual contact
with polluted substances (Keramati, Ayati, 2019).

Combined systems

Sequential EC-photo system-1 and
sequential photo -EC system-1

Figure 5 shows a comparison between se-
quential EC-photo system-1 and sequential pho-
to-EC system-1 in which EC and photocatalytic
processes were operated under the same condi-
tions in section 3.1 except the time here was 60
min for each process.

80 L] L] L] L] L]
e e
701 g :
60 -
—A— Photocatalytic

COD Removal(%)
w D
o o

—_— EIectrocoaguIation i

201 pH=7, A=15 mA/cm? , Effluent=0.5 I/min, UV type ¢
10 (P=65 W), Air flow rate=100 cm® /min i
Concentration of catalyst=80 gra\mlm2
0 L L ) L L
0 20 40 60 80 100 120
Time(min)

Figure 4. COD removal at photocatalytic and electrocoagulation processes
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Figure 5 shows that sequential EC-photo
system-1land sequential photo-EC system-1 have
contamination removal efficiencies of approxi-
mately 71% and 82%, respectively. The data also
shows that after 60 minutes, sequential EC-photo
system-lefficiency levels out at around 70% and
does not change through the rest of the two-hour
treatment period. This level is due to the initial
formation of a slurry during the first stage of the
electrocoagulation process, which starts in the
first hour. Adding a photocatalytic process in the
second stage after the first hour does not signifi-
cantly affect the efficiency of the sequential EC-
photo system-1. Conversely, sequential photo -EC
system-1 begins with the photocatalytic process
at the first stage, avoiding slurry production and
thus maintaining high efficiency from the start. In
the second hour, the effluent from photo system
transitions to the electrocoagulation process in the
second stage, which further enhances its ability to
remove contaminants seamlessly, outperforming
combined sequential EC-photo system-1 in terms
of removal rate.

Numerous researchers in water treatment
have employed a two-stage sequential approach.
Initially, they applied electrocoagulation in an al-
kaline environment. Following this, they removed
the sludge and adjusted the pH to an acidic level,
preparing the system for the second stage, which
involved photocatalytic treatment. Consequently,
their research demonstrated high effectiveness
in treating simulated wastewater over extended
periods and yielded results comparable to those

presented in this paper when addressing actual
wastewater conditions.

Mahdieh and Ayati explored the treatment
of wastewater produced by oil refineries using
a separate system in a simulated environment.
They achieved a high removal efficiency of about
97% after 180 minutes of operation (Keramati,
Ayati, 2019). In another research, scientists ap-
plied a two-stage process involving electrocoagu-
lation and subsequent photocatalysis with titani-
um oxide to treat oily wastewater. Their method
achieved COD reduction of approximately 72%
(Al-Rubaiey, Albrazanjy, Kadhim, 2022).

In contrast, the conducted research yielded a
removal efficiency of around 82% with sequential
system (photo -EC system-1) and a novel approach
but required only 120 minutes of operation.

Effect of parameters in the
sequential Photo-EC system-1

Effect of current density

The rate of the reactions within the EC de-
pends heavily on the electric current density,
while photocatalytic activity is not affected by
variations in current density. in EC, electrical
flow primarily governs the generation of alumi-
num ions at the anode, determines the concen-
tration of coagulants present, and influences the
size of hydrogen bubbles produced at the cathode.
As illustrated in Figure 6, after a set treatment
time of 120 minutes, the removal efficiencies for

100 L] L] L] L] L]
1
. 1
First stage | Second stage
80
1
S |
‘; 60 [ 1 -
g —&A— Combined sequential photo -EC system-1
[]
(4
a 40F —+— Combined sequential EC-photo system-1 |-
(@]
o
20 pH=7, A=15 mA/cm?, Effluent=0.5 l/min, UV type C .

(P=65 W), Air flow rate=100 cm®/min
Concentration of catalyst=80 gram/m2

0 20 40

60 80 100 120

Time(min)

Figure 5. Combined sequential EC-photo system-1 + combined sequential photo -EC system-1
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pollutants were recorded at 68%, 74%, 82%, and
78% corresponding to current densities of 5, 10,
15, and 20 mA/cm?, respectively. As demonstrated
in Figure 6, increasing the electric current from 5
to 15 mA/cm? enhances the efficiency with which
pollutants are removed. However, when the cur-
rent reaches 20 mA/cm?, the removal efficiency
diminishes to 78%.

This reduction in COD with increasing cur-
rent density from 5 to 15 mA/cm? can be attrib-
uted to the influence of electric current on the
generation rate of metal ions at the anode elec-
trode as well as the formation rate and size of hy-
drogen bubbles generated at cathode electrode.
These factors in turn affect the efficiency of the
electrochemical coagulation reactions (Hariz et
al., 2013). Further increasing the electric current
leads to more rapid corrosion of the anode and a
greater amount of coagulation.

As indicated in Figure 6, raising the current
density beyond 15 mA/cm? resulted in diminished
pollutant removal efficiency. This reduction is
attributed to an increase in coagulation amount,
complicating the oxidation processes (Kazemi-
nezhad, Sadollahkhani 2016). Consequently, em-
ploying high current densities proves ineffective
for maximizing removal efficiency. Ultimately,
a current density of 15 mA/cm? was selected as
the best for achieving 82% efficiency in remov-
ing pollutants. Many researchers have examined
the influence of current on the removal rate in
EC, revealing that increasing the current past a
certain threshold negatively impacts the removal

rate (Demirbas, Kobya 2017). Their findings align
with the results obtained in the present research.

Effect of initial pH

In the photocatalytic process, the pH level
influences not only the generation of hydroxide
radicals but also impacts the surface characteris-
tics of the catalyst and its overall effectiveness. In
an acidic environment where the pH value is low,
there is a rise in the production of hydroxide radi-
cals (OHe) (Cheng et al., 2016). Additionally, the
catalyst surface acquires a strong positive charge,
which subsequently attracts negatively charged
pollutants and water molecules. In the environ-
ments where the pH is elevated (alkaline condi-
tions), there is an increase in the production of the
negatively charged superoxide free radicals (O2-
), which are less efficient than hydroxide radicals
(OHe) (Aljuboury et al., 2014). Furthermore,
the catalyst surface becomes negatively charged
and starts repelling water molecules, along with
various pollutants that typically carry a negative
charge. The performance of a catalyst can be in-
fluenced by its variety and the degree of its purity
(Kazeminezhad, Sadollahkhani, 2016). Specifi-
cally, zinc oxide operates best in an environment
where the pH is between 6 and 8 (Rajamanickam,
Shanthi 2016). In EC, the efficiency of the pro-
cess is significantly influenced by pH levels. This
factor impacts both the adsorption and precipi-
tation mechanisms within the process. Specifi-
cally, effective adsorption necessitates an alkaline

100 L] L] L] L] L]
1
1
PHOTO I EC
80 |
1
S |
%’ 60T 1 —6—5mAlcm? | ]
£ : —e— 10 mA/cm?
13 —A— 2
a 40F | 15 mAIcm2 i
(o] I —+—20 mA/cm
(&]
20 pH=7, Effluent=0.5 I/min, UV type C

(P=65 W), Air flow rate=100 cm?® /min
Concentration of catalyst=80 gramlm2

0 20 40

60 80 100 120

Time(min)

Figure 6. Effect of current density on combined sequential Photo-EC system-1
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environment with a pH above 7. Conversely, op-
timum precipitation occurs under acidic condi-
tions, requiring a low pH (irdemez et al., 2021).

To identify the optimal pH level that yields
the best outcomes for combined sequential Photo-
EC system-1, four experiments were carried out.
Figure 7 illustrates the initial removal efficiency
of the photocatalysis process (first stage) at the
beginning, midway through the first hour of the
designated two-hour treatment period.

After the first hour, the removal percentages
recorded were 67%, 72%, 75%, and 72% for ini-
tial pH values of 3, 5, 7, and 9, respectively. Fig-
ure 7 shows that the removal rates achieved at 120
minutes were 69%, 72%, 82%, and 77% for initial
pH values of 3, 5, 7, and 9, respectively. The re-
sults presented above show that for the combined
sequential Photo-EC system-1, the optimum re-
moval efficiency was achieved at a pH of 7. Con-
sequently, a pH of 7 was selected as best due to
the highest removal efficiency. The findings show
that the initial treatment stage (photocatalyst) is
more effective than the subsequent stage (electro-
coagulation). This efficiency is attributed to the
fact that a pH level of 7 is highly conducive to
the catalyst activity, facilitates the formation of a
positive charge on the catalyst surface, and pro-
motes the generation of hydroxide free radicals
(Hansen et al., 2019). It is noteworthy that the pH
remained stable and did not vary during the initial
stage of treatment.

Some previous studies have shown that elec-
trocoagulation needs an alkaline basic medium,

whereas photocatalysis operates better in a slightly
acidic medium. The conducted research found that
a pH level near 7 yields the most effective results.
A related study which used two distinct batch sys-
tems independently (EC and photocatalyst), indi-
cating that a pH level of around 8.5 is optimal for
treating wastewater in a simulated, rather than real
wastewater (Garcia-Segura et al., 2017).

Effect of the total time on the performance
of combined sequential systems

Figure 8 shows a comparison between the
sequential EC-photo system-2 and the sequen-
tial photo-EC system-2 in which EC and photo-
catalytic processes were operated under the same
conditions in section 3.2.1. except the total time
was 60 min instead of 120 min. Figure 8 dem-
onstrates that the efficiency with which sequen-
tial EC-photo system-2 removes contaminants
is approximately 71%, closely matching that of
the sequential EC-photo system -1. Similarly, the
sequential photo -EC system-2 shows a removal
efficiency of about 82% over a treatment duration
of 60 minutes, which is similar to that of sequen-
tial photo -EC system-1 (120 min). In addition,
there is a complete match in behavior during treat-
ment between these systems. It was anticipated
that the outcomes from sequential photo -EC sys-
tem-1 and 2 would be accurate due to the opti-
mum performance of both the photocatalytic and
electrocoagulation processes individually, which
is achieved within a duration not exceeding thirty
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COD Removal(%)
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Figure 7. Effect pH on combined sequential Photo-EC system-1
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Figure 8. Combined sequential EC-photo system-2 + combined sequential photo —EC system-2

minutes. Following this duration, there is an ob-
served rise in both turbidity and pH levels, ac-
companied by an increase in hydrogen bubbles,
which adversely affects the performance of the
integrated system.

For individual system, Akai discovered that
the most effective results for the electrocoagula-
tion technique are obtained at 39 minutes when
utilizing aluminum as the anode and steel as the
cathode. This process, which also incorporates ti-
tanium oxide, is optimal at a pH of approximately
6.5 and a current density of 22 mA/cm?, enhanc-
ing the reduction of COD in wastewater from oil
refineries. During this timeframe, the method suc-
cessfully removed about 91% of COD. However,
past this duration, the pH level escalated to over
10 and boosted the level of hydrogen bubbles,
adversely impacting the efficiency of the treat-
ment (Akkaya, 2022). In a similar experiment,
the scientist conducted tests on the photocatalytic
method to treat wastewater from refinery sources,
utilizing optimal conditions included employing
zinc oxide at a concentration of 3 g/L, maintain-
ing a pH level of 10, and using UV light with a
power of approximately 18 watts. Within a time-
frame of 15-45 minutes, they achieved COD re-
duction rate of about 75%. Beyond this duration,
the water turbidity increased, which diminished
the penetration of solar light and consequently
decreased (Mohammed, 2021)

For combined system, when examining other
researchers who conducted a similar study but
utilized a separate system for simulation, their
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processing time was about 180 minutes with a
removal rate of 97% (Keramati, Ayati 2019).
Another team of researchers evaluated a hybrid
batch system that integrates an electrocoagulation
method with a photocatalytic technique to puri-
fy wastewater used in lithography. The findings
showed that the system was capable of eliminat-
ing 74% of the total organic demand (TOD). Spe-
cifically, the electrocoagulation method account-
ed for 65% of the reduction within 20 minutes,
while the photocatalytic contributed to removing
an additional 25% over a duration of 45 minutes.
Consequently, the entire purification process took
65 minutes (Suarez-Escobar, Pataquiva-Mateus,
Lopez-Vasquez, 2016).

Simultaneous EC-photo system and
simultaneous photo-EC system

Figure 9 shows a comparison between the si-
multaneous EC-photo system and simultaneous
photo-EC system in which EC and photocatalytic
processes were operated under the same condi-
tions in section 3.1 except the time 60 min instead
of 120 min with a total time of 120 min. Refer-
ring to Figure 9, it can be observed that after a
30 — minute period, simultaneous EC-photo sys-
tem and simultaneous photo-EC system achieve
elimination efficiencies of about 72% and 82%,
respectively. These efficiency rates are main-
tained up 120 min. However, both systems cease
functioning actually after the initial 30 minutes
due to significant issues. Initially, simultaneous
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EC-photo system encounters difficulties primar-
ily due to foam formation, which eventually over-
whelms the photoreactor. This issue is triggered
by the emergence of hydrogen gas at the cathode
electrode, interfering with the system’s normal
operations. Furthermore, the effectiveness of the
photoreactor declines as slurry builds up within
the system, impacting simultancous EC-photo
system more severely. Conversely, simultaneous
photo-EC system experiences reduced efficiency
predominantly because of the slurry (AI(OH),)
accumulating in the flow resulting from electro-
coagulation process, yet it manages to sustain a
higher operational efficiency compared to simul-
taneous EC-photo system.

Asaithambi et al., 2024 analyzed the effec-
tiveness of a hybrid simultaneous EC-photocata-
lyst batch system in processing industrial waste-
water. The system operated under specific condi-
tions: a pH level of 7, UV-C light at 40 watts, and
a quantum current of 0.9 A. They achieved COD
reduction rate of approximately 95% within a du-
ration of 210 minutes (Asaithambi et al. 2024).
Govindaraj et al., 2023 conducted a study on the
elimination of bisphenol from water using a dual
approach of electrocoagulation and photocataly-
sis (simultaneous system), employing titanium
electrodes coated with metal oxides and utiliz-
ing zinc oxide as a photocatalyst. The findings
showed that the electrocoagulation method ac-
counted for a 59% reduction in bisphenol within
20 minutes, operating at a current of about 25
mA/cm? and a pH level around 8.9. Subsequently,

the photocatalytic method achieved a complete
removal rate of approximately 100%, over a du-
ration of 90 minutes, with a zinc oxide concentra-
tion synthesized organically at roughly 100 mg/L
and an irradiation power of about 15 watts.

Assessment of energy consumed
and dissolution rate

The wastewater from the Diwaniyah refinery
plant in Iraq underwent treatment using six differ-
ent integrated systems. From these, three systems
were identified as achieving the highest and equal
removal rates. As depicted in Table 3, simulta-
neous photo —EC system stood out as the most
efficient, requiring just 30 minutes to achieve its
results and dissolution rate.

This affordable and efficient integrated sys-
tem operates with minimal costs. Running this
system for 30 minutes leads to very little sludge
formation, which barely impacts the efficiency
of the catalytic process. Consequently, the cata-
lyst retains its surface efficiency and high perfor-
mance throughout this time frame.

Kinetic studies in combined
simultaneous photo -EC system

The study examined the kinetics of the sys-
tem by analyzing four samples collected at in-
tervals of 0, 10, 20, and 30 minutes over a half-
hour period (valid duration). The correlation
coefficients for both the pseudo-first order and
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Table 3. Comparison between combined photo —EC systems

) . The energy consumed | The dissolution rate
0,
Integrated system model Time (min) Removal rate % (KWh/Kg COD) )

Combined sequential photo — 120 82 55.35 0.403

EC system-1

Combined sequential photo — 60 82 28 44 0.281

EC system-2

Combined simultaneous photo — 30 82 28 44 0.201

EC system

pseudo-second-order kinetic models were deter-
mined. The correlation values presented in Fig-
ures 10a and 10b show 81.27 for the pseudo-first-
order equation and 98.86 for the pseudo-second-
order equation, respectively.

Due to the significantly higher correlation
coefficient of the pseudo-second-order kinetic
model compared to the first, this model was sub-
sequently adopted, as illustrated in the following
Equation 15:

__d[coD] _ _ 2
= S22 = —k[coD] (15)

where: the degradation rate, » (mg/L min),
the reaction constant of degradation, &
(mg/L.min), and the concentration of the
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organic substrate, COD, at any given time
t (mg/L).

Once the Equation is integrated at t = 0, COD
= COD, (initial concentration), it transforms into
the following form:

1 1
[coD] [coDl, kt

(16)

To calculate the constant for a second-order
reaction, the correlation between time and (1/
[COD] - 1/[COD],) was depicted in the accompa-
nying Figure 11a:

The kinetic data were adjusted using a pseu-
do-second order model, resulting in a constant k
from equation 16 of 0.0001182 mg/L.min (Figure
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Figure 11. (a) Kinetic fit for combined simultaneous photo-EC system,
(b) theoretical verses practical kinetic equation over time
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11a), indicating that the process can be consid-
ered as adsorption. To evaluate the accuracy of
the kinetic model, empirical data was compared
with the results from the suggested kinetic math-
ematical model, as shown in Figure 11b. This
comparison clearly supports the choice of the
second-order kinetic model, as the model’s pre-
dictions are in close agreement with the observed
data. Previous works agreed with the findings of
the present work, confirming that the reaction
follows a pseudo second-order kinetic equation
(Suarez-Escobar et al., 2016).

CONCLUSIONS

The purpose of this research was to eliminate
COD by employing innovative, batch-recycle inte-
grated systems for the first time. Through a series
of experiments, it was determined that the most ef-
fective integrated system was simultaneous photo
—EC system. This system achieved a removal rate
of 82% with an operation time of 30 minutes, an en-
ergy consumption of approximately 28.44 kWh/kg
COD and anode dissolution rate of approximately
0.2 gram. The best conditions were 15 mA/cm?,
pH of 7, flow rate of 0.5 L/min, ZnO concentration
of 80 g/m?, and 65 W. In addition to the brief op-
erational duration of this system, there are several
other benefits: creation of a very small amount of
sludge that minimally impacts the photocatalytic
process, the ease of separating this sludge at mini-
mal cost, and the absence of flooding caused by
hydrogen gas release in the photocatalytic reactor.

Results showed that if EC was applied ini-
tially, an increase in pH levels occurred. This in-
crease adversely affects the efficiency of the sub-
sequent photocatalytic process in the sequence of
treatment. Consequently, the effectiveness of the
photocatalytic process is reduced due to this pH
change (EC-photo sequential system-1,2). On the
other hand, starting with the photocatalytic pro-
cess keeps the pH levels stable, which does not in-
terfere with the electrocoagulation process applied
afterwards (photo -EC sequential system-1,2). As
a result, implementing the photocatalytic process
first results in a more successful treatment.
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