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ABSTRACT

The removal of congo red (CR) is a critical issue in contemporary textile industry wastewater treatment. The cur-
rent study introduces a combined electrochemical process of electrocoagulation (EC) and electro-oxidation (EO)
to address the elimination of this dye. Moreover, it discusses the formation of a triple composite of Co, Mn, and Ni
oxides by depositing fixed salt ratios (1:1:1) of these oxides in an electrolysis cell at a constant current density of
25 mA/cm?. The deposition ended within 3 hours at room temperature. X-ray diffractometer (XRD), field emission
scanning electron microscopy (FESEM), atomic force microscopy (AFM), and energy dispersive X-ray (EDX)
characterized the structural and surface morphology of the multi-oxide sediment. Marvelously, the deposition has
simultaneously occurred on both anodic and cathodic graphite electrodes. These electrodes besides aluminum (Al)
are employed as anodes in the EC-EO system, and the results were optimized by response surface methodology
(RSM). The optimum operating conditions were a current density of 6 mA/cm?, pH = 7, and NaCl of 0.26 g/L.
The results showed that the combined system eliminated more than 99.91% of the congo red dye with a removal
of chemical oxygen demand (COD) of around 97% with 1.64 kWh/kg of dye of the consumed energy. At low
current density, the current delivered for the composite anode was more than for the Al anode with the same
surface area. On top of this superiority, the EC-EO scenario is a practical hybrid process to remove CR in an

environmentally friendly pathway.

Keywords: clectrocoagulation, electro-oxidation, congo red, nanocomposite, aluminum, combined.

INTRODUCTION

The problems of water pollution with various
chemical and biological substances are consid-
ered important and worrying issues, especially
in recent years due to the great industrial revo-
lution that took place in the world, which led to
an increase in pollutants and harmful substances
in the aquatic environment (Ahmed et al., 2020).
Removing these pollutants or reducing their pres-
ence in the environment, to an acceptable percent-
age by using effective methods that can remove
a contaminant quickly, efficiently, at low cost,
constitutes a major challenge for scientists (Crini
and Lichtfouse, 2019). A million tons of various
types of impurities are thrown away daily into
water drains, such as dyes, heavy metals, chemi-
cal fertilizers, organic compounds resulting from

food production factories, or biological pollutants
resulting from medical and pharmaceutical facto-
ries (Rathi et al., 2021).

Every day, more than 700,000 tons of various
dyes are thrown into the water. A wide variety of
industries make use of dyes, such as tanning and
printing food industries (Inamuddin et al., 2021).

There are many types of dyes, some of which
are natural and extracted from plants or insects,
and others are manufactured. The process of
manufacturing has been resorted to because of
its importance and frequent use in various indus-
tries. Azo dyes are one of the most important and
widely used types (Bafana et al., 2011).

Azo dyes are the most often employed syn-
thetic dye; it is about 70% of all synthetic dyes
worldwide each year. They have at least one azo
group (-N=N-). In the absence of hydroxyl (OH"),
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sulfonic (SO,"), and other functional groups that
pull electrons, these compounds are more resis-
tant to breakdown by microbes. A variety of aro-
matic rings and chromophoric groups are possible in
the azo dyes. Azo dyes are highly resistant to light
and harsh environments due to their resonance and
n-conjugated azo bond properties (Mahmoodi et
al., 2018). Congo red (1-napHthalene sulfonic acid,
3,3'-(4,4'-bipHenylene bis (azo)) bis (4-amino-) diso-
dium salt) is one type of azo dyes and it is utilized in
plastic, paper, printing, rubber, and dyeing industries
especially in textile industries because of its strong
convergence with fiber (Ojo et al., 2019). CR is a
complex aromatic dyes composed of benzidine and
analogs can be toxic (Siddiqui et al., 2023). Research
investigations have shown that congo red harms
aquatic life and human health. Therefore, it needs
to be removed or eliminated (Mandal et al., 2021).
A lot of methods are used for dye degradation such
as ion exchange (Jia et al., 2020), chemical precipi-
tation (Shafqat et al., 2020), membrane separation
(Tan et al., 2021), adsorption (Sabah and Alwared,
2019), and electrochemical processes (Ganash et al.,
2023). The electrochemical processes have attracted
great interest in recent years due to its advantages
such as versatility, clean, and environmental accept-
ability characteristics. In general, electrochemical
processes have no solid residual production, they ap-
ply electrons as a unique reagent and different meth-
ods of electrochemical are used for water purifica-
tion such as electro-Fenton, electrocoagulation (EC),
and electro-oxidation (EO), etc. (Ya et al., 2019).
For eliminating suspended solids, collided material,
heavy metal, and dyes, the EC process is used be-
cause it is efficient, friendless for the environment,
and capable of treating large amounts of wastewa-
ter with low cost (Akhtar et al., 2020; Al-Qodah and
Al-Shannag, 2017). Coagulants are produced from a
sacrificial electrode such as aluminum and iron. Hy-
droxyl ions (OH") and hydrogen gas will be gener-
ated at the cathode due to water reduction (Beddai
et al., 2022). The anode (M) will be dissolved and
produce a metal cation as seen in Equations (1-3)
(X. Chen et al., 2018).

M- M"™ + ne” (1)
HZO(I) + 2e” - 20H™ + Hz(g) (2)
Mn+ 4+ nOH™ - M(OH)n (s) (3)

Electro-coagulants will be produced because
of the reaction between hydroxyl ion (OH") and
metal cation M"* to generate hydroxyl complexes
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which adsorb pollutant particles. The formed co-
agulants would be removed by the action of the
flotation process with the help of H, and O, gas-
es that are produced at the cathode, and anode,
respectively (Al-Qodah and Al-Shannag, 2017;
Criado et al., 2020).

Electro-oxidation is one of the most common
techniques for purifying textile wastewater and
other polluted water supplies (Abilaji et al., 2023),
and it is classified into two types; direct oxidation
and indirect electrooxidation. The direct oxidation
process takes place on the anode surface as a result
of'the electron transfer. There are two types of elec-
trodes and the efficiency of EO process depends on
it. At the surface of the active electrode, the chemi-
sorbed active oxygen (either, oxygen in the oxide
lattice (MO _,)) will selectivity oxidize the organic
materials (R) as shown in Equation 4. While, at
the surface of non-active electrodes, the physically
adsorbed active oxygen (either, adsorbed hydroxyl
radical (OH") will completly oxidize the organic
materials to water and carbon dioxide as shown in
Equation 5. Therefore, it is preferred in oxidation
processes such as boron-doped diamond (BDD),
PbO,, or Ti,O, (Kapalka et al., 2007).

MOyx,; +R—> MOx +RO+H*+e~ (4
MO(e OH) + R —» CO, + H,0+ H" + e~ (5)

The efficacy of every electrode was estab-
lished based on its oxygen overpotential. High
overpotential results in low oxygen evolution
and elevated production of hydroxyl radicals,
which are advantageous for breaking down or-
ganic components via direct electro-oxidation.
For the anode, to generate the required amount of
hydroxyl radical, its oxygen overpotential needs
to be higher than 1.23 volts in comparison to the
standard hydrogen electrode (SHE).

Indirect oxidation takes place by adding oxi-
dation reagents like (H,0,, O,, and NaCl). By
adding NaCl, there are reactions would take place
where hypochlorous acid (HOCI) or hypochlorite
ion (OCl) can be formed as illustrated in Equa-
tions (6—8) (Nidheesh et al., 2018).

Atanode: 2ClI7 — Cl, + 2e” (6)
At cathode:2H,0 +2e™ - OH™ + H, @)

At bulk solution:
Cl, + H,0 > HOCl + H* + CI~ & 0Cl~ + ClI~ + 2H* (8)

Various types of electrodes were used for the
EO process such as boron-doped diamond (BDD),
PbO,, platinum, IrO,, graphite, and lead. Despite
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these electrodes having many utilizations, they
also have several drawbacks, such as being costly,
easily broken, or non-reactivable (Li et al., 2021;
Moreira et al., 2017). To avoid these problems,
several metal oxides were deposited on the sur-
faces of the substrates to produce a wide variety
of two and three-dimensional composites, which
can be accomplished with electrodeposition pro-
cess, which is a versatile and inexpensive process.
An understanding of electrochemical processes
about the reduction or deposition of electroactive
and accompanying species on the surface of the
electrode forms the basis of the electrodeposition
process. By considering the electrochemical prin-
ciples into consideration for specific applications
and purposes, the electrodeposition process might
be made more controlled. The design and control
of electrodeposition processes are influenced by
numerous empirical aspects such as voltage uti-
lized, temperature, time of deposition as well
as the composition of the electrolyte (Kul et al.,
2020). Numerous metal oxides gained attention
like nickel oxides which have gained great im-
portance in improving electrode performance
and increasing energy storage capacity (Chen et
al., 2020). Cobalt oxide has a good characteristic
because it enhances the surface area, facile elec-
trode construction, and satisfactory chemical sta-
bility (Nare et al., 2022). A significant advantage
for manganese oxide arises from its low cost and
catalytic activity which increases its efficiency
(Sergienko and Radjenovic, 2020). The efficiency
of MnO,, PbO,, and Co-Mn-Ni oxides in remov-
ing phenol was investigated by previous studies
(Abbas and Abbas, 2022; Ahmed and Salman,
2023a). Besides, some previous studies inves-
tigated the efficiency of dye removal combined
with an EC-EO- system (Chakchouk et al., 2017;
Chanikya et al., 2021) which illustrated that these
systems reduce cost and time besides their high ef-
ficiency. The present research aims to evaluate the
effectiveness of the combined EC-EO process to
remove congo red dye from an aqueous solution.
Our approach involves simultaneous depositing
of nano cobalt, manganese, and nickel oxides
onto cathodic and anodic graphite substrates with
a fixed molar ratio of these metal salts. The pre-
pared nano oxides would be utilized as the anode
for the EO process besides Al as the sacrificial
electrode for the EC process in the same elec-
trolytic cell with three stainless steel electrodes
as auxiliary electrodes. To optimize the removal
efficiency of congo red, in a batch system, three

parameters (pH, current density, and NaCl con-
centration) would be investigated with the surface
response method. A comparison between EC sys-
tem, EO system, and combined EC-EO system
would be accomplished to predict the difference
in effiency between single and combined systems.

EXPERIMENTAL WORK
Methods and materials

Distilled water was used in the preparation of
all aqueous solutions, all chemicals used in experi-
ments were of reagent grade, and there was no need
for further purification. These chemicals were:
Ni(NO,),"6H,0 (with a purity of 99.0%, Cen-
tral Drug Hense), MnCl,-4H,O (with a purity of
98.0%, Techno PHarmchem), Co(NO,),:6H,O
(with purity 97%, THOMAS BAKER), HCI
(37%, liquid, Sigma-Aldrich), Congo red (with a
purity of 99.0%, ANJDULY), NaCl (with purity
of 99.5%, Avonchem), NaOH (pellets with purity
98%, ALPHA CHEMIKA), and Na,SO, (with pu-
rity 99%, LOBA CHEMIE).

Electrodes preparation

15 cm long, 5 cm wide, and 0.3 cm thick of
graphite substrates which were utilized as the an-
ode and cathode in the electrodeposition cell were
activated before electrodeposition experiments, the
surface needs to be polished and purified before use.
The initial step involves heating the substrate to 350
°C in a (N20/H W-Germany) furnace for 30 min-
utes. This process removes any impurities or oxide
layer presented on the substrates. Then, the surface
was polished with 320-grit sandpaper and then im-
mersed in acetone for more purification. Finally, the
electrode was washed with distilled water.

Synthesis of (Co-Mn-Ni) nano
metal oxide electrode

Deposition of nano metal oxides onto the cath-
ode and anode was simultaneously carried out with
a constant current density of 25 mA/cm?® For the
deposition of nano metal oxides on two (5 cmX15
cmx(.3 cm) graphite sheets, a batch electrolytic cell
was used and 3 cm gap between the two electrodes
was kept and 50 cm? as an active area of graphite
substrate was immersed inside an electrolyte con-
taining 0.075 M of Co(NO,), 6H,0, MnCl,-4H,0,
and Ni(NO,),-6H,0O with a fixed molar ratio (1:1:1).
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These metal salts were dissolved in 0.35 L of distilled
water at room temperature 27 °C = 1, and the deposi-
tion experiment continued and for 3 h (1.5 for each
side) without stirring (Ahmed and Salman, 2023b).

After the electrodeposition process, the cathode
and anode were rinsed with distilled water, and the
composite electrodes were allowed to dry at room
temperature for 24 h. The efficiency of prepared
electrodes (cathode and anode) was investigated in
a combined EC-EO system to eliminate Congo red
dye by utilizing them as anode for the (EO) pro-
cess. Surface structure and crystal size was analyzed
by XRD analytical X’ Pert Pr (UK). Diffraction
data was obtained at 20 by using Cu-Ka radiation
(A=1.5406 °A), with a voltage of 40 kV, and a cur-
rent of 30 mA from 10° to 80°. FESEM (field emis-
sion scanning electron microscopy-imaging-EDS-
Mapping-Line EBSD-Germany with 25 KV) was
used and EDX was utilized to determine its chemi-
cal composition and weight percentage. To examine
the mean diameter and roughness of the Nano oxide
layer deposited on the graphite surface, AFM (AFM/
SPM dual Scope TM-DS) was utilized. The depos-
ited cathode would be identified as (A1) and the de-
posited anode was identified as (A2).

Oxygen overpotential measurement

Electrodes and their types are considered the
governing and influential element in water treatment
by electrochemical technique. In the EO process,
oxygen overpotential is crucial because it determines
the value of the excess voltage controlling the evo-
lution of oxygen from the anode (Wu et al., 2014).
To detect the oxygen overpotential for each compos-
ite electrode (cathode and anode), the process was
achieved by comparing the oxegen overpotential on
nano metal oxide electrodes with the overpotential
of standard hydrogen electrode (SHE). Three-elec-
trodes in an electrolytic cell were utilized for elec-
trochemical measurement. A stainless steel electrode
was used as a counter electrode and a standard hy-
drogen electrode (SHE) as the reference electrode
while the nano composite electrode was the anode.
All potential measurements were taken in an ageous
solution of 200 mg/L of CR besides 0.02M of Na-
,50, or 0.02M of Na,SO,+ 0.5 g/L of NaCl and a
current density under 6 mA/cm? was applied.

Combined EC-EO system

Simultaneous removal of congo red was accom-
plished by combining EC with EO processes at the
same cell, in a perspex batch reactor. All electrodes
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had the same width and length (5x15) cm??, three of
them were stainless steel plates (type 316, with 0.3
cm thickness) utilized as cathodes, and an Al elec-
trode with 0.4 cm thickness as a sacrificial anode
for the EC process. While, for the EO process, the
composite electrode with (Co-Mn-Ni) Nano metal
oxide was employed, the active area for each face
of the anodes was 25 cm? and the total active area
was 100 cm? for the two anodes (Al and compos-
ite) with a 2 cm distance between each two elec-
trodes. All electrodes were connected in a mo-
nopolar manner to the digital power supply type
(MAISHENG MS-605D) and were fixed vertically
inside the cell by a perspex cover that has seven
slots, five for fixing electrodes and two holes for
pH probe (OHAUS Corporation, USA) and mer-
cury thermometer probe. To ensure that the mixture
is thoroughly mixed, the electrolytic solution was
stirred with a magnetic stirrer (Heidol pH™ 505-
20000-00, 0-300 °C; 0-1400 rpm) at 250 rpm,
Figure 1 shows the schematic diagram of the elec-
trochemical system. For each run, 200 mg/L of
congo red dye was dissolved in 2 L of distilled
water. Before each removal experiment, the pH
value was adjusted by 0.1M of hydrochloric acid
(HCI) and 0.1M of sodium hydroxide (NaOH).
A 0.02 M of Na,SO, was added to improve so-
lution conductivity, lower voltages and reduce
energy consumption; it raised the conductivity
of simulated congo red solution from 0.38 to
4 mS/cm, and this conductivity measured by a
conductivity meter (HANNA, Romania). In all
runs, samples were taken before the operation and
after 20 minutes from electrolysis where 10 ml of
solution was taken and left for one hour to precipi-
tate, and to determine the concentration of dye in
the electrolyzed solutions a UV-Vis-9200 (Biotech
Engineering Management Co. Ltd. (UK) was uti-
lized by detecting the light absorption of congo red
complex at 4 =494 nm. The removal efficiency of
congo red was calculated by Equation 9 (Ali and
Mohammed, 2020), where C, and C are the initial
and the final dye concentration in mg/L.
Congo red dye removal % = (C%Cf) X100 (9)
To ensure that the combine (EC-EO) process is
efficient in removing organic components not only
color, COD in mg/L was examined at optimum con-
ditions by a COD reactor (Lovibond® Water Testing,
MD 200 COD, tube testing, Germany). A 2 ml of
treated sample was mixed with potassium dichro-

mate in a tube and oxidized at 150 °C for 2 h, cooled
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Figure 1. A Schematic diagram of the combined EC-EO cell

at room temperature, and measured by Photometer-
System MD200 (Lovibond® Water Testing, Thermo
reactor RD 125, Germany). COD efficient removal
% was calculated by the following Equation (Sath-
ishkumar et al., 2019).

COD removal % =
Initial COD conc.—final COD conc.

Initial COD conc.

For every kilogram of dye, the quantity of en-
ergy consumed in the process was represented by
the specific energy consumption (SEC), Equation 11
can be used to obtain consumed energy in kWh/kg of
congo red (Zou et al., 2017).

Elt
(ci—cp)v
where: SEC is the energy consumption in (kWh/

kg of dye), E indicates voltage in (Volt),
I represents the current applied in (am-
pere), ¢ indicates electrolysis time in (h),
v represents the volume in (L), and C, C ’
represent the initial and final dye concen-
tration, respectively.

x 100 (10)

SEC = x 1000 (11)

Experimental design

Response surface method (RSM) deals with
multiple variables, the most used types in de-
sign processes and analysis of experiments are
central composites and Box-Behnken designs.
A Box-Behnken (BB) experimental design

involving 15 experiments was used in recent
work, with a center point and three duplicates.
A BBD is a type of order-scalable rotational
design that is commonly used to improve the
effectiveness and efficiency of experimental
designs (Ruoho et al., 2020). A set of experi-
ments was conducted to predict the optimal
conditions for the removal process; three pa-
rameters were chosen to be examined; pH, cur-
rent density, and NaCl concentration. Table 1
illustrates the levels of the investigated param-
eters; X1 is pH (5, 7, 9), X2 is current density
(2, 4, 6) mA/cm?, and X3 as NaCl concentra-
tion (0, 0.25, 0.5) g/L, 20 min was used as
electrolysis time for all runs. Minitab software
version-19 was used to analyze the experimen-
tal results which were fitted with the second-
order Equation as shown in Equation 12.

Y= bo + Y bxi + Y bix* + Y bjxix; 12)

where: Y is congored dye removal %, b, b, and
bj are regression coefficients.

Table 1. Level of variables of BBD experimental design

Level
Independent variable
-1 0 1
X1 (pH) 5 7
X2 (C.D, mA/cm?) 2 4
X3 (NaCl, g/L) 0 0.25 0.5
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RESULTS AND DISCUSSION

Electrodes characterization

XRD analysis

The crystal structure of Co-Mn-Ni nano metal
oxides that are deposited on the surface of the cath-
ode and anode can be observed in Figure 2. Different
types of oxides were performed on the electrodes,
the peaks that can be detected are in good agreement
with the graphite substrate and the usual cubic phase
of CoO (JCPD card No.-075-0533), the peaks of
CoO that correspond to hkl of (111, 200, and 400)
were at 20 = 37.33°, 42.6° and 44.85°, respectively.
NiO cubical structure was detected onto cathode and
anode at 26 of 37.33° and 42.57° which correspond
to hkl 111, and 200, respectively; this result agrees
with JCPD standards No.075-01017. However, te-
tragonal Mn,O, was detected at 20 peaks (26.62°,
37.33°, 43°, 54.67°, 77.88°, 44.8°, and 77.81°) that
match with hkl of (211, 213, 400, 413, 444, 400, and
435), respectively which agree with (JCPDS-card
No. 075-1560). To calculate the crystal size of the
deposit partials, the Scherrer Equation was used as
follows (Ruoho et al., 2020):

—Al

. kxa
Crystal size = B cos6 (13)

where: 4 is the X-ray wavelength (1.5404 °A), f is
the line broadening at half the maximum in-
tensity (FWHM), K is the dimensional shape
factor of about 0.9, and 6 is Bragg angle.

Based on the results of the determined crystal
size of the cathode and anodes, it was revealed
that the crystal size of the cathode was larger than
that of the anode, which was 27.67 nm for the
cathode, and 18.07 nm for the anode that’s be-
cause of hydrogen gas evolution at the cathode,
which caused aggregation of particles together
and increasing in the growth rate. The prepared
anodes showed an amorphous layer of Co-Mn-Ni
oxide, whereas the prepared cathodes showed a
crystalline structure.

FESEM analysis

Figure 3 shows the morphological structure
of the deposited cathode (A1) and deposited an-
ode (A2) with two magnifications (50 000x and
10 000x). Nano spheres which were gathered to
give structure like flowers were revealed at the
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Figure 2. XRD for (Co-Mn-Ni) Nano oxide deposit on the cathode (A1), and anode (A2) at 0.075M
concentration with constant molar ratio (1:1:1), current density = 25 mA/cm?, within 3 h.
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ip Mag=10,000x A1

200nm Mags= 50,000x A1

1n Mag=10,000x A2

200nm

Mag=50,000x A2

Figure 3. FESEM image of (Co-Mn-Ni) at different magnifications (50 000x, 10 000x) for cathode
(Al), and anode (A2) prepared with fixed molar ratio (1:1:1), 25 mA/cm?, within 3 h.

cathode A1l and this result is in agreement with
the previous study by (Abbas and Abbas, 2022).
This granular complex structure occurred on the
cathode surface giving it more porosity, more
active sites, and high efficiency of ions transport
in electrolytes, which would promote electrolyte
diffusion while lowering internal resistance (Li
et al., 2018). The anode showed a striking black
color, while the cathode had a greenish color.

The anode A2 is shaped like a rod which con-
sists of a complex network of clustered spheres.
Block structure was observed on its surface be-
cause oxidation and deposition occurred together
on the anode. This structure demonstrated that the
electrode can undergo oxidation and deposition of
metal ions simultaneously, and this is what gave the
anode a flat shape, and this agrees with previous re-
search. Some cracks have appeared on the surface,
and the reason may be the temperature difference
between the electrolyte and the water used for rins-
ing or during drying (Abbas and Abbas, 2019).

EDX analysis

EDX analysis was conducted to confirm the
presence of Co, Mn, Ni, and O on the cathode and
anode surfaces as shown in Table 2. The analysis
revealed that Ni was predominantly deposited on

the cathode surface (as seen in Table 2), while Mn
was mainly found on the anode surface. On the other
hand,Co had moderate deposition on the electrodes.

The difference in the rates of ion deposition
on the surfaces of the cathode and anode is due
to several reasons, including the speed of metal
dissolving on the cathode and redox potential on
the anode which has also been noticed in previous
research (El Boraei and Ibrahim, 2019).

AFM analysis

AFM analysis was used to examine the to-
pography of the deposit Co-Mn-Ni. Nano oxides
on cathode and anode and the results are pre-
sented in Figure 4. It is widely accepted that the
surface roughness of electrodeposited nanomate-
rials is often associated with grain size (John et

Table 2. EDX element analysis for (Co-Mn-Ni) nano
oxide electrode

Element Cathode Anode
component Wt.% W%
Ni 33.1 6.3
Co 23.6 10.1
e} 33.6 38.5
Mn 9.7 451
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Figure 4. AFM images, particle size, and granularity accumulation of (Co-Mn-Ni)
nano oxides deposit on the cathode (A1) and anode (A2) at 0.075 M concentration
with fixed molar ratio (1:1:1), current density 25 mA/cm?within 3 h

al., 2023). As seen in Figure 4, the distribution
of granularity represented the accumulation of
particles with the average mean diameters. The
average mean diameter for the cathode and anode
was 104.8 nm and 89.19 nm, respectively. The
roughness (root mean square) of the Nano oxide
layer on the cathode and anode was 76.68 nm and
46.16 nm, respectively. From the result of the root
mean square, it was observed that the cathode had
more roughness than the anode, and this rough-
ness was caused by the hydrogen gas generation
on the cathode surface.

Electrochemical characterization of electrodes

From Table 3 which represents the oxygen
overpotential for the prepared cathode and anode,
electrodes detect high overpotential in 0.02M
of Na,SO, with and without NaCl salt higher
than1.23 vs. SHE for direct oxidation and 1.64
vs. SHE for indirect oxidation which proved that
(Co-Mn-Ni) nano metal oxides enhanced the
properties of the graphite substrate in an elec-
trochemical process and improved its efficiency

in water treatment because electrodes with high
overpotential cause complete oxidation of organ-
ic components (Wu et al., 2014). It was approved
that if electrodes were prepared by electrodepo-
sition and decomposition, then they would have
higher oxygen overpotential than those prepared
by the thermochemical methods. Moreover, the
time required for the electrodeposition process
contributed in the rising potential of the electrode
where longer time of deposition means more ox-
ide layer coated the electrode (Chen et al., 2010).

STATISTICAL ANALYSIS

Development of regression model

Data of actual and predicted congo red elimi-
nation efficiency as well as energy consumption
(SEC) after 20 min of electrolysis are presented
in Table 4. The lowest removal was 75.8% and
the highest removal was 98.8%. The regression
model equations obtained with MINITAB-19
software as shown in the following Equation.

Table 3. Oxygen overpotential for (Co-Mn-Ni) composite electrodes (cathode and anode) in a fixed molar ratio (1:1:1)

Oxygen overpotential (V)

Aqueous solution

composite cathode

composite anode

0.02 M Na,S0O,, 0 g/L of NaCl

2.98

2.96

0.02 M Na,SO, + 0.5 g/L of NaCl

2.38

244
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Table 4. Actual and predicted values for congo red removal% and energy consumption (SEC)

Runs pH, | C.D (mA/cm?), NaCl conc. Actual congo red Predicted congo red E (V) SEC (kWh/kg)
(X1) (X2) (g/L), (X3) removal % removal% congo red
1 7 4 0.25 97.5 97.585 34 1.173
2 5 4 0 79.802 79.603 3.3 1.357
3 7 6 0.5 98.897 97.537 3.5 1.681
4 9 2 0.25 88.327 88.153 25 0.469
4 5 2 0.25 84.018 82.858 2.2 0.818
6 7 4 0.25 97.649 97.585 34 1.191
7 7 4 0.25 97.607 97.585 35 1.220
8 9 6 0.25 95.461 96.621 3.3 1.574
9 9 4 0.5 90.541 90.740 2.7 0.897
10 7 2 0.5 93.986 93.960 2 0.347
1 9 4 0 85.314 84.128 34 1.231
12 7 6 96.559 96.5858 3.7 1.913
13 7 2 75.845 77.205 24 0.513
14 5 4 0.5 89.510 90.696 2.7 0.989
15 5 6 0.25 97.174 97.348 34 1.650

Congo red removal % =
—22.6 +22.54X1 +9.79 X2 +109.9 X3
—1.421X1% — 0.164X2% — 89.7X3% —
0.376X1X2 — 2.24X1X3 — 7.90X2X3

(14)

where: X1, X2, and X3 are pH, current density,
and NaCl conc., respectively.

Analysis of variance (ANOVA)

Identifying the impact of variables and
their interactions on the response can be pre-
dicted by ANOVA, which is an effective tool
for process optimization and understanding.
Table 5 shows the results of ANOVA, Cont.%
represents the contribution percentage of pa-
rameters, Seq.SS is the Sequential Sum of
Squares, Ad j.MS stands for Adjusted Mean
Squares, P value is the probability value and
F-value is the Fisher value, high F-value (more
than 4) means that the regression Equation
can adequately explain the variation in the
response. If the p-value is less than 0.05, the
model has been considered statistically sig-
nificant (Ozyurt et al., 2017). Table 5 shows
that the model for congo red degradation was
highly significant with F and P values of 43.09
and 0.000, respectively, and that the model can
describe the removal process efficiently. High
value of correlation coefficient R?(98.73) was
obtained, and the contribution percentages
results revealed that current density had the

highest influence on the congo red removal
followed by NaCl conc., and pH.

Effect of studied parameters on
congo red dye removal

To study the effect of each operating param-
eter on the removal efficiency of congo red, a 3D
surface plot based on RSM analysis and histo-
gram plot would be conducted. The effect of pH
and current density on the congo red dye removal
at 0.25 g/L of NaCl can be detected in Figure
5. From the 3D plot, it can be observed that an
increase in current density has a high effect on
dye removal, increasing the current density led to
an increase in removal efficiency. For example,
the results of Table 4 showed that at pH 5 and
NaCl 0.25 g/L, congo red dye removal increased
from 84.018% to 97.17% as the current density
increased from 2 to 6 mA/cm? In comparison, it
increased from 93.98% to 98.89% when current
density increased from 2 to 6 mA/cm? at pH=7
and 0.5 g/L of NaCl within 20 min of electrolysis.

The importance of the current density ef-
fect due for two reasons; first, its effect on the
EC process, where at high currents, the dissolu-
tion of the aluminum anode electrode increases
which causes a release of a greater number of
metal ions in the electrolyte according to Far-
adays’ law (m = [/tM/zF]). On the other hand,
more species of hydroxyl ions (OH") generation
would be obtained due to the hydrolysis of water
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Table 5. ANOVA results for congo red removal

Source DF Seq SS Cont.% Adj SS Adj MS F-value P-value
Model 9 726.003 98.73% 726.003 80.667 43.09 0.000
Linear 3 430.733 58.57% 430.733 143.578 76.70 0.000
pH 1 10.438 1.42% 10.438 10.438 5.58 0.065
CD 1 263.531 35.84% 263.531 263.531 140.78 0.000
NaCl conc. 1 156.764 21.32% 156.764 156.764 83.74 0.000
Square 3 218.750 29.75% 218.750 72.917 38.95 0.001
pH*pH 1 102.423 13.93% 119.342 119.342 63.75 0.000
Cc.D*C.D 1 0.186 0.03% 1.585 1.585 0.85 0.400
NaCl conc.* NaCl conc. 1 116.141 15.79% 116.141 116.141 62.04 0.001
2-way interaction 3 76.520 10.41% 76.520 25.507 13.63 0.008
pH*C.D 1 9.068 1.23% 9.068 9.068 4.84 0.079
pH* NaCl conc. 1 5.020 0.68% 5.020 5.020 2.68 0.162
C.D*NaCl conc. 1 62.432 8.49% 62.432 62.432 33.35 0.002
Error 5 9.360 1.27% 9.360 1.872 - -
Lack-of-fit 3 9.348 1.27% 9.348 3.116 526.21 0.002
Pure error 2 0.012 0.00% 0.012 0.006 - -
Total 14 735.362 100.00%
Model summary S R-sq R-sq (adj.) PRESS R-sq (pred.)
1.36819 98.73% 96.44% 149.592 79.66%
120
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Figure 5. Effect of current density with pH on congo red dye removal% (NaCl conc.= 0.25 g/L,
C, =200 mg/L, time 20 min, temperature = 25 & 2 °C), (a) 3D surface plot, (b) histogram plot

on the cathode surface, and this resulted in the
production of more collided particles or metal hy-
droxide Al(OH),. These metal hydroxyl particles
led to the destabilization of the dye atoms and
their aggregation (Mousazadeh et al., 2023). This
aggregation continued and the agglomerations
grew, causing large flocks according to Brown-
ian motion which would facilitate the process
of flotation and precipitation of Congo red dye.
The second effect of current density is on the EO
process; in direct oxidation when an increase in
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the generation of oxidized radicals (OH") results
on the anode surface, and in indirect oxidation,
the dissolve of chlorine ions increases, and more
HOCI and OCI" would be produced in the elec-
trolyte, similar results have appeared in previous
studies (Periyasamy and Muthuchamy, 2018).
Another reason for the increase in removal ef-
ficiency with increasing current is the amount
of hydrogen gas produced on the surface of the
cathode. This resulting a high number of bubbles
which causes higher mass transfer, high speed in
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the flotation of the collected particles, and ease
of disposal (Kul et al., 2022). Table 5 illustrates
the low effect of pH on the removal efficiency
with a 1.23 of contribution percentage. The ef-
fect of pH can also be observed in Figure 5, the
highest removal percentage of Congo red was ob-
tained at pH =7 and the lower values of removal
efficiency were obtained at alkaline and acidic
conditions. This can be attributed to the fact that
various types of Al ions can be produced based on
pH value. At pH from (5-8), AI(OH)**, AI(OH),",
Al(OH),, AL(OH),*, and Al (OH),,” are pro-
duced which have a high positive charge which
causes adsorption of a neutralization reaction. At
pH more than 9, AI(OH)," increased and the posi-
tive charge of AI(OH), decreased and hypochlorite
ion (OCI') appeared which has a low ability of
oxidation in comparison with hypochlorous acid
(HOCI) that appeared at acidic and neutral elec-
trolyte (Kabdash and Tinay, 2023; Nasr et al.,
2016; Turan, 2021).

The effect of NaCl with current density on
the removal of 200 mg/L of congo red is shown
in Figure 6 at pH = 7 and after 20 min of elec-
trolysis. It can be observed that increasing current
density from (2-6) mA/cm? leads to an increase
in the breakdown of the congo red dye in the pres-
ence or absence of NaCl salt, but adding NaCl im-
proves electrical conductivity and reduces energy
consumption. It also decomposes and produces
HOCI, which is considered a strong oxidizer as
shown previously in Equation 8. As can be seen
from Figure 6b, at a current density of 4 mA/cm?
and without adding NaCl, the removal efficiency is
87.55%. The removal increases with the addition
of NaCl and reaches the high value of 98.275% at

Congo red removal’s

s

MNa(lconc. gl

®

Congo red remval%

120

100

NaCl=0.25 g/L. When NaCl increases more than
0.25g/L, the removal efficiency begins to decline
even though a high concentration of NaCl is sup-
posed to improve the removal process because it
prevents the passive layer from growing on the
anode surface. But, in a combined (EC+EO) sys-
tem a different behavior could be noticed and the
reason could be that excess of chlorine ions has a
complex attracted with Al ions, and that leads to
reduce the precipitate of positive charge on alu-
minum hydroxide which affects metal ions diffu-
sion and dye adsorption or it caused corrosion in
the composite electrode (Co-Mn-Ni) and caused
a lose in the layer of coalesced oxides and active
site and low productivity, a similar finding was
observed in previous studies (Periyasamy and
Muthuchamy, 2018; Salman and Abbar, 2023).

In Figure 7, the impact of NaCl and pH on con-
go red removal is shown. At a current density of
4 mA/cm? and pH= 7, when NaCl increased from
(0-0.5) g/L, the removal efficiency was 87.55%
and 98.27%, respectively, due to the release of
HOCI (strong oxidation agent) and the increase in
the conductivity of the electrolyte which caused
faster ions transfer in the presence of NaCl. Con-
go red degradation at pH 7, 9, and 5 were 98.27%,
93.52%, and 91.64%, respectively, and this is due
to the formation of different types of metal ions
depending on the value of pH. From Figure 7b, it
can be concluded that at pH = 7, NaCl 0.25 g/L,
and 4 mA/cm?, the congo red removal efficiency
was > 97%, the same behavior was observed by
other researchers (Periyasamy and Muthuchamy,
2018; Salman and Abbar, 2023).

As expected, the results of consumed ener-
gy (SEC) showed that it increased with current

1 C.D 2{ mAfem™2)
u C.D 4mA/tm?2)
B "C.D6[mA/cmA2)

0.1 02 03
NaClconc. g/t

(8)

04 05

Figure 6. Effect of current density with NaCl conc. on congo red dye removal, C, = 200 mg/L,
pH=7, time 20 min, temperature = 25 £ 2 C°, (a) 3D surface plot, (b) Histogram plot.
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Figure 7. Effect of NaCl with pH on congo red dye removal% (current density= 6 mA/cm?,
C, =200 mg/L, time = 20 min, temperature = 25 & 2°C), (a) 3D surface plot, (b) histogram plot.

density increasing. For example, by increasing
current density from 2 to 6 mA/cm? at pH =7 and
0.5g/L of NaCl, the consumed energy increased
from 0.3473 to 1.6808 kWh/kg of dye. While
increasing NaCl concentration led to a decrease
in the value of consumed energy which it can
be observed in Table 3, it decreased from 1.357
to 0.989 kWh/kg of dye at 4 mA/cm?, pH = 5 as
NaCl concentration increased from 0 to 0.25 g/L,
respectively. This can be attributed to the fact that
increasing NaCl concentration would enhance the
conductivity of the electrolytic solution, decrease
the voltage, and decrease the consumed energy as
aresult. Furthermore, it was observed that current
density was not divided equally between elec-
trocoagulation and electro-oxidation processes,
either between Al and Co-Mn-Ni anodes, and it
depended on the value of current density. At the
low value of current density, the EO was the dom-
inating process in the EC-EO combined process
which means that Co-Mn-Ni anode took higher
values of current density in comparison with Al.

The optimization and confirmation
experiments

In all electrochemical systems, to achieve the
main goal of treating wastewater and removing
pollutants with the minimum consumed energy,
optimizing several parameters to reach maximum
removal with the least energy and cost is the main
goal. Minitab-19 was used to reach to the main
objective by expanding the desirability function
(DF) using regulating weight or importance, this
is classified into five factors minimum, maximum,
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target, in range, and nothing (Chakawa and Aziz,
2021; Theydan et al., 2024).

As the purpose of our system is to reach the
highest efficiency of congo red removal, the max-
imum target was used in Table 6a, and the actual
lower and upper results of Congo red removal
were 75.854% and 98.897%, respectively. In
Table 6b, optimum parameters from the desirable
function were pH of 6.96, current density of 6 mA/
cm?* and 0.26 g/L of NaCl. Two experiments were
conducted by applying optimum parameters, and
the result is shown in Table 7. Average congo red
removal efficiency was 99.91% after 20 min and
COD removal % was measured at these optimum
conditions and it was 97%. This result is near the
range of optimum value in Table 6, that indicat-
ing Box—Behnken system and desirable function
(1) succeeded in analyzing the combined EC-EO
system for congo red removal.

Comparative to previous studies

In previous studies, congo red dye was elimi-
nated by using the EO process or EC process
only. Sathishkumar et al. (2019) achieving 98%
of 100 mg/L of congo red via EO process after
10 min with 20 mA/cm? of applied current den-
sity, pH= 7, and 2 g/L of NaCl by using electrode
RuO,-IrO, coated titanium electrode.

By using the EC process, Mohammadlou et
al. (2014) removed 98% of 50 mg/L of congo red,
after 5 min by applying 15 mA/cm?, pH= 7.5, and
10 g/L of NaCl. No comparison between using
each method (EC and EO) alone in the process
of treating congo red in earlier works (Kaur and
Kaur, 2016; Ramya Sankar and Sivasubramanian,
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Table 6. Optimum result for maximum congo red removal system (a) actual result, (b) multiple response prediction

Response Goal Lower Target Weight Importance
a)
Aetual congo red maximum 75.854 98.897 1 1
Current density | NaCl conc. ) ) o o Composite
) pH (mA/cm) L) Fit SE fit 95% ClI 95%PI desirabilit
98.531-
6.93 6 0.26 102.687 0.861 100.473,104.9 106.843 1
Table 7. Approval of optimum congo red removal efficiency
. SEC
Run Current density NaCl conc. Congo red Average
No. PH (mA/cm?) (g/L) removal% E (Volt) removal% (kWhkg of
cong red)
1 6.96 6 0.26 100 3.5 99.91 1.533552632
2 6.96 6 0.26 99.82 3.7 ’ 1.759728064

Table 8. Primary experiment for EC, EO, and combined (EC+EQ) at pH 7, 0.25 g/L of NaCl, 4 mA/cm? within 20 min

. Cc.D NaCl conc. o
Applied system (mA/cm?) (/L) pH Congo red dye removal %
Only EC with two Al electrodes as
anodes, and 3 st.st. electrodes as 4 0.25 7 80
cathodes
Only EO with two Co-Mn-Ni electrodes
as anodes, and 3 st.st. electrodes as 4 0.25 7 45
cathodes
Combined (EC with Al electrode + EO 4
with graphite electrode, and 3 st.st. 0.25 7 84
electrodes as cathodes)
Combined (EC with Al as anode + EO
with Co-Mn-Ni as anode), and 3 st.st. 4 0.25 7 98
electrodes as cathodes)

2020). In terms of the applied current, the amount
of salt added, and the time required for removal,
the present work with a combined system suc-
ceeded in shortening the time and consumed
energy and achieving a high removal for high
concentrations of congo red by using low current
density with a few amounts of NaCl.

To prove the effectiveness of the combined
process with the Co-Mn-Ni composite electrode
and to prove its enhancement in removing the
congo red, a set of preliminary experiments were
conducted with 200 mg/L of congo red, and 4
mA/cm? current density was applied, pH =7, and
0.25g/L of NaCl as supporting electrolyte was
added within 20 min of electrolysis in all experi-
ments. First, only electrocoagulation (EC) was
accomplished using two sacrificial aluminum
electrodes. As shown in Table 8, 80% of removal
was obtained after 20 minutes. In contrast, 45%
removal efficiency was achieved when two com-
posite electrodes were used as anodes of the EO
process only. Then the combined EC-EO system

with Al and graphite electrode as anodes gave
85% of dye degradation. However, when using
the combined system (EC with Al + EO with the
Co-Mn-Ni composite electrode) under the same
conditions, the removal rate reached 98%.

These results indicated that the combined
method effectively removes Congo reed with
high removal rates.

CONCLUSIONS

A combined EC-EO batch cell was used for
the elimination of congo red dye, an Al electrode
was used as the sacrificial anode for the EC pro-
cess, and a Co-Mn-Ni composite electrode which
was prepared by electrodeposition process used
as the anode for the EO process. In electrodeposi-
tion process, 0.075 M from cobalt nitrite, nickel
nitrite, and manganese chloride was utilized to
deposit Co, Mn, and Ni oxides on a graphite sub-
strate at 25 mA/cm? within 3 h. XRD, FESEM,
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EDX, and AFM analyses proved the formation of
(Co-Mn-Ni) nano metal oxides on the surfaces of
the cathode and anode with 27.64 and 18.07 nm
of crystal size, respectively. The average mean
diameter for the cathode was 104.8 and 89.19 nm
for the anode, respectively. The deposits of nano-
metal oxide enhanced the efficiency of graphite
electrodes for dye removal, with high stability,
and corrosion resistance. The deposited Co-Mn-
Ni oxides onto the cathode and anode have identi-
cal and very close efficiency in dye removal. The
results of BBD and the result optimization of pa-
rameters showed that 99.91% and 97% of congo
red removal% and COD removal%, respectively
was achieved with energy consumption of 1.647
kWh/kg of dye in 20 minutes at the optimum pro-
cess conditions (pH= 6.96, 6 mA/cm?, and 0.2626
g/L of NaCl). ANOVA results showed that the se-
quence effect of parameters was current density >
NaCl > pH. It was perceived that current density
was not divided equally between the Al and Co-
Mn-Ni electrodes, and it depended on the value of
current density, at the low value of current density,
the EO was the dominating process in the EC-EO
combined process. Compared with the results of
previous studies, the combined system (EC+EO)
succeeded in the congo red dye removal process
with high effectiveness and low energy consump-
tion within a short period in comparison to the EC
process alone, EO process alone, and EC+EO with
Al and graphite anodes. Besides, the composite
electrode of Co-Mn-Ni oxides improved the effi-
ciency of the EO process, therefore, the process of
producing electrodes coated with nano-metal ox-
ides is considered a promising method in the pro-
cess of removing pollutants.
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