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Abstract

The combined system of electrocoagulation (EC) and electro-oxidation (EO) is one of the most promising methods in dye
removal. In this work, a solution of 200 mg/l of Congo red was used to examine the removal of anionic dye using an EC-EO system
with three stainless steel electrodes as the auxiliary electrodes and an aluminum electrode as anode for the EC process, Cu-Mn-Ni
Nanocomposite as anode for the EO process. This composite oxide was simultaneously synthesized by anodic and cathodic
deposition of Cu (NOs)z2, MnClz, and Ni (NO3)2 salts with 0.075 M as concentrations of each salt with a fixed molar ratio (1:1:1) at a
constant current density of 25 mA/cm?. The characteristics structure and surface morphology of the deposited nano oxides onto the
graphite substrates were determined by (XRD), (FE-SEM), (AFM), and (EDX). The results shown that nano Cu-Mn-Ni oxides were
successfully deposited onto the anode and cathode. The crystal size and root mean square for the cathode were 30.79 nm and 79.36
nm, respectively, while for the anode, they were 24.19 nm and 41.88 nm, respectively. Furthermore, the combined system was
examined for C.D, NaCl concentration, and time. In the EC-EO combined system, the cathode and anode were efficient when used as
anodes for the EO process, besides aluminum. The cathode was more effective in the removal process than the anode due to its larger
crystal size and the rough, granular shape of its surface. When current density (C.D) increased from 3 to 6 mA/cmz, the removal
efficiency shifted from 95% to 98%. However, excellent removal of 98% and 96.5% was attained with 1.665 and 2.0859 kWh/kg of
dye as energy consumption in the presence and absence of NaCl salt, respectively by applying 6 mA/cm? within 20 min of
electrolysis.
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1- Introduction

as highly toxic materials because of the presence of the
nitrogen group. Congo red is an azo dye used in various
industries such as printing, dying, pH indicators, rubber
industries, and especially in textile industries because of

Water is an essential element for human life and living
organisms on Earth. However, the development of
modern social lifestyles and the industrial revolution in
the twentieth century had a major impact on the increase g strong convergence and low cost. However, it is a
in pollutants released into the environment. Pollutants are concerning pollutant as it can cause genetic mutations and
a mixture of various types of toxic material thrown up  cancer in humans, and harms aquatic ecosystems.
daily in water resources, and they have different Therefore, Congo red wastewater must be treated to
undesirable impacts on the environment depending on  reqyce ts concentration and ensure it meets acceptable
their properties [1]. _ levels before being discharged into rivers. Numerous

Numerous  contaminants —are introduced 10 the  methods for Congo red degradation were utilized such as
environment  from industrial processes, which are  pjgdegradation with aerobic and non-aerobic bacteria,
destroying the ecosystem and affecting human health and  44sorption, membrane filtration, photocatalytic, chemical
the economy. Wastewater containing dyes have received coagulation, and electrochemical process [4, 5].
significant attention hence dyes are widely used in many Electrochemical technology is a clean, environmentally
industries, including textile, tanning, printing, and food. friendly method that does not require the addition of
These industries consume a significant amount of water many chemicals, it used for treating various types of
during the manufacturing process [2, 3]. . contaminants and dyes and it generates chemical

Azo dyes are one of the most important manufacturing  components in situ on the electrode surface by consuming

dyes used in different processes, they consist of aromatic oy energy. Many electrotechnology used for eliminating
components with two azo bonds N=N, and it is classified Congo red in wastewater like electro-Fenton [6]
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ozonation [7], direct and indirect electro-oxidation [8],
and electrocoagulation [9].

One of the most efficient methods for Congo red
degradation is electrocoagulation (EC), it is a simple
operation, does not need chemical additives, produces less
amount of sludge than chemical coagulation, it is easy to
control, and operates with low consumed energy. It
depends on several parameters such as electrode type, pH,
dye concentration, and current density. Aluminum and
iron are the most common electrode used in
electrocoagulation [9]. The EC process involved the
generalization of a coagulant component in situ by
applying external power on the electrodes where metal
ions (M*) are released from the dissolution of the
sacrificial electrode. Water electrolysis generates
hydrogen ions (H*) and hydroxyl ions (OH"), which react
in bulk solution to generate metal hydroxide, destabilizing
dye particles, adsorbing them, and aggregating them
together. However, enlarged particles were precipitated
due to gravitational force, and particles with small sizes
floated with the help of gases bubbles of oxygen (O,) and
hydrogen (H.) generated on the anode and cathode
surfaces, respectively, the EC process mechanism can be
shown in the following Egs. 1-3 [10].

AlI*3 4y + 3H,0 > AL(OH)3(5) + 3H* (4 (D)
2H,0(D) + 2e~ > 20H ™ + Hyy 2
H,0 = 0y + 4H* 3)

Another electrochemical process is electro-oxidation
(EO), it is used to remove a wide range of organic
pollutants and can oxidize the dyes and convert them to
Carbone dioxide (CO,) and water. Electro-oxidation
efficiency depends on the acidity, and alkalinity of a
solution, the intensity of current density applied, electrode
type, and salt addition as supporting electrolytes. EO can
be classified as a direct and indirect process. The direct
electro-oxidation process depends on the efficiency of the
anode for generating hydroxyl radical (OH®) as an
oxidizing agent, so it is called anodic oxidation. Two
types of electrodes are used in direct electro-oxidation
with different behaviors, active electrodes which cause
chemisorbed species (oxygen present in MOx+1) which
causes selective oxygen product as shown in Eq. 4, and
non-active electrodes which cause physically adsorbed
species (adsorbed hydroxyl radical OH®) which
completely oxidized of the organic component to CO, and
H,O as shown in Eq. 5. In indirect electro-oxidation,
strong oxidized agents are added to the solution such as
H,0,, and NaCl, etc. [8]. When NaCl is added to the
electrolytic solution, an oxidizing agent like hypochlorous
acid (HOCI) and hypochlorite ion (OCI) would be
produced based on pH value. In acidic conditions, HOCI
would be produced which is more efficient than (OCI)
[11].

MOy,, +R - MOy + RO+ H* + e~

(4)
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MO(s OH) +R - CO, + H,0 + H* + e~ (5)

Different types of electrodes are utilized for the electro-
oxidation process such as Boron-Doped electrodes
(BBD), multi-metal oxide electrodes (MMO), stainless
steel, and graphite. To overcome prevalent electrode
problems such as low stability and corrosion, it is
necessary to synthesize a new type of electrode with high
efficiency by coating the surface of the substrate with
nano oxide to give them the desired specification [12, 13]
. One of the methods used for composite electrode
preparation is the electrodeposition technique which is
used to modify substrate properties by coating its surface
with a thin film of metal oxide, nano metal oxide has
several advantages such as low cost, high stability, high
surface area, and low operation temperature which make
the substrate more efficient. Cu,O3, NiO, MnO, and Fe;O
are examples of metal oxides that can be deposited as
binary or ternary on the surface of the substrate. A few
studies succeeded in depositing metal oxide on the
cathode and anode simultaneously [14, 15].

Sometimes two or more electrochemical removal
methods are combined to overcome problems found with
a single method. The hybrid removal process (EC-EO) is
used to enhance the degradation efficiency and reduce
time and power, no previous studies have used a
combined process (EC-EQ) for Congo red dye removal.

The goal of the present work is to investigate the
efficiency of a hybrid combined system (EC-EO) to
remove Congo red dye by using Al substrate as a
sacrificial anode for the EC process, and composite
electrode (cathode or anode) which is produced by
electrodeposition of nano metal oxide (Cu-Mn-Ni) as
anode for the EO process. Besides, studying the effect of
three  parameters (current density (C.D), NaCl
concentration, and electrolysis time) on this combined
system.

2- Experimental works

2.1. Chemicals

Distilled water was used in the preparation of aqueous
solutions, and all chemicals were of high purity and there
was no need for further purification. The utilized
chemicals were: Ni(NOs3)2.6H.0 (with a purity of 99.0%,
Central Drug Hense), MnCl..4H,0O (with a purity of
98.0%, Techno Pharmchem) Cu(NO3)..3H,0 (with purity
99%, HIMEDIA), HCI (37%, liquid, Sigma-Aldrich),
Congo red (with a purity of 99.0%, ANJDULY), NaCl
(with a purity of 99.5%, Avonchem), and Na;SO4 (with
purity of 99%, LOBA CHEMIE).

2.2. Congo red dye properties

The properties of Congo red are illustrated in Table 1
[16], and Fig. 1 shows the molecular formula of the dye.
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Table 1. Congo red properties

Congo red dye Properties
Molecular weight 696.68 g/mol
Density 4.25 glem?®
Melting point >360 C
Chemical formula Cs2H2:NeNa20sS;
Chemical/Dye Class Azo dye

No. of Azo dyes 2 bonds

color Blue<3, Red>3
Color index 2000-229999

Maximum wavelength
Behavior in water

488 um- 497um

Very slightly soluble in acetone,
practically insoluble in xylene and
ether, and soluble in water.

N1z
M e 90
o0=3-0
ONa

Fig. 1. Congo red dye structure
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2.3. Experimental work

2.3.1. Preparation of Cu-Mn-Ni
electrode

nano metal oxide

Deposited Cu-Mn-Ni nano metal oxide on the surface of
graphite substrate was classified into two steps, the first
step is the pretreatment of graphite substrate before the
electrodeposition process and it includes the removal of
any oxide layers and impurities by activating the graphite
substrates with 350 °C by (N20/H W-Germany) furnace
for 30 minutes, then smoothen it by using 320-grit
sandpaper and submerged it with acetone to obtain a
surface with high purity and finally washed it with
distilled water.

In the second step, a batch electrolytic cell was used to
simultaneously deposit of Cu-Mn-Ni nano metal oxide on
the cathode and anode of a graphite substrate measuring
15cmx15cmx3mm.  The  graphite  substrate  was
submerged vertically inside a beaker, with only a 5x5 cm
area of graphite substrate immersed in the electrolyte.
There was a 3 cm distance between the two electrodes and
a lcm distance from the bottom of the beaker, as
illustrated in Fig. 2. The electrolytic solution was
prepared by dissolving 0.075 M of each metal salt
CU(NO3)3H20, MnCl.4H0, and NI(NO3)26H20) in 0.35
L of distilled water with 1:1:1 as mixing molar ratio, for 3
h (1.5 h for each substrate side). A fixed current density
was applied with a 25 mA/cm? value at room temperature
27°C + 2, and no agitation was used.

The composite electrodes (cathode and anode) were
washed with distilled water and left to dry in the air, and
to obtain a more stable Cu-Mn-Ni nano metal oxide layer
on the surface of the substrate, the electrodes were
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calcination at 400 °C in (N20/H W-Germany) furnace, for
one hour was accomplished.

The characteristics of the Cu-Mn-Ni composite
electrode surface were examined by X-ray diffraction
(XRD), energy dispersive X-ray (EDX), field scanning
electron microscope (FESEM), and atomic force
microscopy (AFM). Composite electrodes (cathode and
anode) were used as an anode for the electro-oxidation
process besides Al as an anode for electrocoagulation in
the combined EC-EO system to remove Congo red dyes.

Rl

i il

®

—
Ve o

Fig. 2. Electrodeposition cell setup, 1. DC power supply,
2. Electrolyte cell, 3. Perspex cover, 4. Graphite cathode,
5. Graphite anode
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2.3.2. Congo red removal by EC-EO combined system

EC-EO combined system was utilized to remove congo
red in a batch reactor made from Perspex. The utilized
electrodes were three stainless steel plates (type 316) with
3mm thick which were the auxiliary electrodes and an Al
plate with 4mm thick fixed between two stainless steel
electrodes as anode for the EC process. The anode for the
EQ process was the prepared composite (either cathode or
anode) with 3mm thick which was fixed between two
stainless steel cathodes as shown in Fig. 3. A 2cm gap
between each two electrodes was kept, and a Perspex
cover with five holes was used and two holes existed for
the thermometer and pH probe (OHAUS Corporation,
USA). A monopolar connection was utilized for all
electrodes and a power supply (MAISHENG MS-605D)
was used to supply the required current to the electrodes.
each electrode had a fixed dimension of length and width
(15cmx15cm) and the effective surface area of each side
of the Al anode and Cu-Mn-Ni composite was 25 cm?
which means that the total active area of two anodes was
100 cm?, and the system's temperature was kept at about
27°C £2.

A simulated Congo red solution was prepared by
dissolving 200 mg/l of Congo red dye, the quantity of
treated solution was 2 L of distilled water, therefore 400
mg of Congo red was dissolved to attain the required
concentration. A 0.02 M of Na,SO, salt was added in all
experiments to increase the conductivity of the electrolyte
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without affecting removal efficiency, 0.1M of HCI was
added before the electrolysis process to justify the pH at
7, and the solution was mixed at 250 rpm by using
(Heidol pH™ 505-20000-00, 0-300 °C; 0-1400 rpm)
magnetic stirrer to ensure a homogeneous mixture.

Several parameters were investigated to conclude their
effect on the efficiency of the combined system for dye
removal, current density between 3 and 6 mA/cm?, 0 to
0.5 g/l of NaCl conc.,10 ml of samples were drawn every
5 min within 20 min of electrolysis, the sample was left to
precipitate for 1h, and then by using UV-Vis-9200
(BIOTECH ENGINEERING MANAGEMENT CO.LTD.
(UK), the light absorbency of Congo red dye determined
at Amax =494nm., and Eq. 6 determines the efficiency of
dyes degradation [17].

% Congo red dye removal = ©=P » 100

©)
Where C; represents the initial concentration before
treatment and Cr represents the final concentration after
treatment in mg/I.

st.st. cathode

e

Al anode

S
Cu-Mn-Ni anode

Fig. 3. A schematic diagram of the combined cell: 1. DC
power supply, 2. Perspex cell, 3. Magnetic stirrer, 4.

Perspex cover, 5. pH meter, 6. Thermometer, 7.
Multimeter
3- Results and discussion

3.1. XRD analysis

Fig. 4 represents the crystal structure of Cu-Mn-Ni nano
metal oxide on the cathode (C) and anode surface (A), by
XRD (X-ray powder diffractometer) analytical X’ Pert Pr
UK. Diffraction data was obtained for 26 by using Cu-Ka
radiation (A=1.5406 A), with voltage 40kv, and current of
30 mA from 10° to 80°. It was employed to detect crystal
phase and size, it proved the appearance of several metal
oxides on the surface of graphite substrates (cathode and
anode) such as CuO with cubic and Monoclinic phase, at
26.67, 35.91', 54.86, and 77.54 peaks corresponding to hkl
-111,111,020, and 222, respectively, and that agree with
standard pattern JCPD card no. 001-1117 and JCPD card
no. 078-0428.
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Another oxide that presented was the Mn3zOs4 with
Tetragonal phase at 26 of 26.76, 39.05, 54.75, and 77.69
which was corresponded to hkl of 211,312,400,413, and
444 respectively that coincided well with pattern JCPD
cared no.-075-1560.

The cubical structure of NiO was also detected on the
graphite surface which agrees with the pattern JCPD
cared no. 00-047-1049 with peaks at 20 of 35.91; and
42.69 which match with hkl 111 and 200, respectively. A
strong peek at the 26 value was shown at about 26.6° for
graphite [18].

The cathode has more crystallinity than the anode, the
average crystal size of the cathode was 30.79 nm and of
the anode 24.19 nm and it was obtained by applying the
Scherrer equation as shown in Eq. 7.

kA
B cos6

crystal size = @)

where K is the factor of dimensional shape about 0.9, A
is the X-ray wavelength which is equal to 1.5404°A, 0 is
Bragg angle and B is the line broadening at half the
maximum intensity (FWHM) [19].
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Fig. 4. XRD for Cu-Mn-Ni nano metal oxide deposit at
0.075 M concentration with fixed molar ratio 1:1:1,
Current Density = 25mA/cm?, Time 3h, (a) on the
Cathode, (b) on the Anode
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3.2. FE-SEM analysis

The performance of any electrode can be concluded
from its morphology structure. The morphology of CuO,
Mn3O4, and Nio nano metal oxide which were deposited
on the surface of the C cathode and A anode was
examined by FE-SEM analysis (field emission scanning
electron microscopy-imaging-EDS-Mapping-Line EBSD-

Germany with the 25 KV). Small spherical crystals
resulted randomly on the surface of the cathode (C) and it
was accumulated together, while at the anode (A), they
appeared like bubbles spread on the surface. At the
cathode, the growth rate was increased while at the anode,
the nucleation rate was increased as seen in Fig. 5, a
picture taken with two magnifications of 10 kx and 50 kx,
this result agreed with the previous study [20, 21].

Tum Mag=10 KX

200 nm Mag= 50 KX

(b)

Fig. 5. FE-SEM image of Cu-Mn-Ni nano metal oxide at different magnifications (10kx-50kx) For (a) Cathode, (b)
Anode, prepared at fixed molar ratio (1:1:1), at 25mA/cm?, and Time 3h

3.3. EDX analysis

To detect the chemical composition of each deposited
component, EDX analysis (energy dispersive X-ray) was
applied, which proved that metal oxide formed on the
surface of the cathode and anode. O, Cu, Mn, and Ni
elements appeared on the surface of the C cathode and A
anode. Fig. 6 determines the weight percentage for each
element on the cathode and anode. It is known that the
amount of substance deposited is affected by many
parameters like temperature, the concentration of metal
salt, the dissolving of metal with solution, and its ability
for reduction and oxidation reaction [22, 23]. Therefore,
the results of Fig. 6 illustrated that Mn was mainly
deposited with the highest wt. percentage onto anode
while Cu had the highest wt. percentage onto the cathode.
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@)

(b)

Fig. 6. EDX of Cu, Mn, and Ni oxides at fixed mixing
molar ratios 1:1:1, (a) Cathode, (b) Anode
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3.4. AFM analysis

The AFM technique is used to recognize the roughness,
and average mean diameter of layers grown on the
surfaces, a thin film of Cu-Mn-Ni nano metal oxide was
detected on the surface of graphite (C cathode and A
anode). From Fig. 7, a histogram of particle size and the
distribution of accumulated grains are shown. The particle
size for the cathode and anode was 30.79 nm, and 24.19

consistent with the previous study [14]. The root mean
square and roughness for the cathode and anode are
shown in Table 2. The resulting nano size for prepared
electrodes gave them significant properties such as large
surface area and more active sites for reaction [24].

Table 2. The root-mean-square height, and roughness for
Cu-Mn-Ni Cathode (C) and Anode (A)

root-mean-square, nm roughness, nm

R 8 Electrodes
nm, respectively. Hydrogen evolution on the C cathode e (73;‘;%0(19 ﬁfgge ‘fgg;f’de 6‘30‘19
causes a deposit of nano metal oxide with a larger size uVn-m ‘ ' ' '
and roughness on its surface than the A anode, which is
3D View of the surface
P - nm
400 4 | small 3031
150 medium
25
300 4 = large
20
250
200 15
150 10
1004 ¢
0 \aa 77'11‘"'——-' T T T CI1 0
200 400 600 800 1000 nm
mean dlameter
(@)
3D View of the surface
300 4 small g:]z
2 8
S5 medium
-Iarge ¢
200 4 d
5
150
3
100 + 3
{| 2
50 T .
0 T T T T T T A1l 0
0 500 1000 1500 2000 2500 3000 3500 nm
mean diameter
(b)

Fig. 7. Histogram for accumulated particles with the mean diameter and 3D view of the surface (1 refers to the
histogram, and 2 refers to 3D AFM images), where (a) Cathode, (b) Anode

3.5. Congo red dye removal by EC-EO combined system

To detect the efficiency of prepared electrodes, they
would be utilized as an anode for the EO process in an
electrolytic cell besides Al as an anode for the EC process
where the two processes are conducted simultaneously in
one cell to eliminate Congo red dye.

400 mg of Congo red dye was dissolved in 2 L of
distilled water, and to increase the conductivity of the
electrolyte, 0.02M of Na,SOs was added in all
experiments which did not affect the degradation of
Congo red [25, 26]. Three parameter influences were
studied; current density from 3 to 6 mA/cm?, (0 and 0.5)

40

g/l of NaCl within (5, 10, 15, and 20) min as of
electrolysis time. The results of Congo red removal
efficiency were tabulated as shown in Table 3 and Table 4
with different parameters when the composite cathode or
anode, respectively were used as anode for the EO
process in a combined (EC-EQ) system. The cathode
showed higher efficiency than the anode for degradation
of dye, due to its characterization and shape (large crystal
size, more roughness, and granular shape ) for the cathode
which gave it a large surface area and more active sites
compared with the anode and that agrees with the
previous study [27].
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Table 3.

Congo red removal efficiency in the combined system (EC-EQ) when using Al anode for the EC process and

composite cathode as an anode for the EO process

Time  Current density Congo red rem%,  Congo red rem%,  Current density Congo red Congo red rem%,
(min.) (mA/cm?) 0.5 (g/l) of NaCl 0 (g/1) of NaCl (mA/cm?) rem%o,0.5(g/l) of 0 (g/) of NaCl
5 6 46.04 44.31 3 37.3 40.84
10 6 92.10 88.63 3 75.26 85.68
15 6 95.25 94.11 3 87.89 92.84
20 6 98.00 96.57 3 95.20 96.00
Table 4. Congo red removal efficiency in the combined system (EC-EO) when using Al anode for the EC process and

composite anode (A) as an anode for the EO process

Time  Currentdensity  Congo red rem%, Congo red rem%, Current density Congo red Congo red rem%b,
(min.) (mA/cm?) 0.5(g/1) of NaCl 0 (g/1) of NaCl (mA/cm?) rem%o,0.5(g/l) of NaCl 0 (g/1) of NaCl

5 6 425 41.2 3 40.3 34.21

10 6 85 82.44 3 80.06 68.43

15 6 94.605 88.595 3 86.83 71.14

20 6 96.925 92.55 3 90.56 82.83

3.6. Effect of studies parameters

Hence the prepared composite cathode gave higher
removal efficiency than the anode, it would be used as the
main anode for the EO process in the following
investigation.

3.6.1. Effect of current density

The effect of current density on Congo red dye removal
in an EC-EO combined system would be investigated in
the presence and absence of NaCl within 20 min of
electrolysis by utilizing Cu-Mn-Ni (prepared cathode) as
anode for the EO process and Al as the anode for the EC
process. The result showed in Fig. 8 a and Fig. 8 b, that as
the current density increased from 3 to 6 mA/cm? the
Congo red removal efficiency increased from 95.2% to
98%, respectively at 0.5g/l1 of NaCl. Also, it increased
from 3 to 6 mA/cm? at 0 (g/l) of NaCl, removal efficiency
increased from 96 % to 96.57%.

In the EC-EO combined process, the current density
plays a crucial role in dye removal from both sides.,

100
20
80
70

60

Congo red removal%

50

40

n

5

30

10 _ 15 20
Time (min)

(a)

1 C.D3(mAcm*2)
8 C.DE(mAcm*2)

During the electrocoagulation process, an increase in
current density leads to an increase in Al*3 ions that
dissolve from the surface of the Aluminum electrode
according to Faradys’ law. This resulted in higher
formation of Al (OH)s molecules that improve the
removal of dyes and reduce energy and time
consumption. This finding is consistent with previous
studies. [28- 31]. Another reason for improving the
coagulation process is the increase in the amount of
oxygen (O2) produced on the anode surface besides
hydrogen gas (Hz) that formed at the cathode which in
turn creates more small-sized bubbles that help increase
the surface area for adsorption and more mass transfer
attended, in addition to helping to float the collected dye
molecule [32- 34]. Increasing C.D in the EO process
caused more hydroxyl radical (OH") generation that was
generated in the direct electro-oxidation process and high
formation of chlorine species (mainly HOCI at pH=7) as
strong oxidized agents in NaCl medium, in previous
studies similar results were observed [35- 37].

100 4
90 4
80 4
70 4

50 4 HC.D3({mAcm*2)

BC.D6(mA/em*2)

Congo red removal%

50 4

40 4

30 +
10 15
Time (min)

o)

20

Fig. 8. Congo red removal efficiency in the combined system (EC-EO), Al anode for the EC process besides Cu-Mn-Ni
as anode for the EO process, at Current Density (3-6) mA/cm?, Time= (5-10-15-20) min, and pH =7, (a) 0.5 g/l NaCl,
(b) 0 (g/1) of NaCl

3.6.2. Effect of NaCl concentration

In Fig. 8 a and Fig. 8 b, the effect of NaCl addition was
observed, after 20 min at pH=7 and 6 mA/cm? of applied
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current density. In the EC-EO combined process, the
Congo red removal efficiency enhanced from 96% to 98%
when NaCl conc. increased from 0 to 0.5 g/l. These
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results are attributed to several causes, increasing NaCl
means an increase in conductivity of the electrolyte and
current density easy to flow, resulting in more speed for
electron transfer between the electrodes as a result of
voltage and resistance decreasing. For the EO process, in
direct electro-oxidation in the absence of NaCl hydroxyl
radical (OH") would be the only oxidizing agent in the
system, while when NaCl is present in the system, more
oxidizing agents would be generated like HOCI which is
the main oxidizing agents at pH =7, as shown in Egs. 8-10
[38], the same observation seen in the previous studies
[39, 40].

201 - Cly(g) 8
Cl, + H,0 - HOCL + Cl~ + H* 9)

HOCL - 0Cl™ + H* (10)
HOCI and OCI" cause damage to the surface of dyes and
organic particles and convert them to CO; and H-0.
OCl~ + Dye — H,0 + CO, + Cl~ (11)

Using the prepared electrode cathode of Cu-Mn-Ni as
anode for the EO process showed different behavior from
the prepared anode, in the presence of NaCl where the
Congo red removal efficiency decreased as NaCl was
added shown in Table 3 for example, at 0 g/l of NaCl, the
Congo red removal efficiency was 85.68% at
3mA/cm?,10 min of electrolysis and its value was 75.26%
at 3mA/cm?,10 min, and 0.5 g/l of NaCl. The reason for
this could be explained as in an EC-EO combined system,
excess of chlorine ions causes complex interaction with
Al*® jons. This interaction reduces the positive charge
precipitation on aluminum hydroxide, which affects the
diffusion of metal ions and dye adsorption. Additionally,
it can cause corrosion in the composite electrode (Cu-Mn-
Ni), leading to the loss of a layer of coalesced oxides on

its surface and reduce in active sites, these findings are
consistent with previous studies [32].

3.6.3. Effect of time

Time is a vital factor in the EC and EO process. The
optimum removal efficiency was achieved after 20 min of
electrolytic time, as seen in Fig. 8 a, the removal
efficiency increased from 46.04% to 98% at 5 and 20 min,
respectively at 6 mA/cm? and 0.5 g/l of NaCl conc., and
when there was no salt added efficiency increased from
44.31% to 96.57% as shown in Fig. 8 b. These results can
be explained by the fact that the efficiency of the EC
process depends mainly on the electrode dissolution.
According to Faraday's law, as time increases, more Al*3
ions are released from the aluminum electrode, forming a
large amount of aluminum hydroxide, and contributing to
increased coagulated particles [41]. Regarding the
electrochemical oxidation (EO) process, increasing the
duration of the process can lead to a greater generation of
hydroxyl radicals from the composite electrode, as well as
an increase in hypochlorous acid in the salt medium. This
can enhance the removal of dye and provide more time
for the oxidized agent to come into contact with pollutant
species [42, 43].

3.6.4. Comparison between EO and EC and combined
(EC-EO) process

Few studies treated Congo red with a combined (EC-
EO) system besides using ternary composite electrodes
for the EO process [44, 45]. The outcomes of previous
studies where EC and EO were employed separately to
treat Congo red dye can be displayed in Table 5. It is
evident that the combined process succeeded significantly
in reducing the time and energy required for the removal
process.

Table 5. Previous studies for congo red removal by EC and EO separated processes and combined EC-EO system in the
present study

Electrode Initial conc. time . Supporting Congo red
Process type (mg/l) (min) Power supplied electrolyte pH Removal % Reference
EO RuO,-Ir0O, 100 10 20 (mA/cm?) 2 (g/l) NaCl 7 98 [46]
EO Pb/PbO, 20 20 10 (mA/cm?) - 70 [47]
EO BDD 500 540 30 (mA/cm?) - 7 100 [48]
EO Graphite 50 120 1.8 (mA/cm?) 5 (g/l) KCI 7.87 95 [49]
EC Aluminum 65 29 8.75 (volt) 0 95 89.34 [50]
EC Aluminum 100 30 14 (volt) 0.6 (g/1) NaCl 7 99 [51]
EC Aluminum 100 60 200 (mA/cm?) 0 8 93 [52]
EC Irone 60 15 40 (volt) - 5 95 [53]
Al for EC,
ceEo  womposite Co 200 20 6 (MA/cm?) ﬁl'zgl(g’ N 7 100 [45]
for EO
Al for EC,
EC-EO Cu-Mn-Ni (2:1:1) 200 20 6 (MA/cm?) 0 7 99 [44]
for EO
Al for EC, 2
ECEO  Cu-Mn-Ni(L:l:1) 200 20 63(“21A/°m ) 0.5 (g/I)NaCl 7 98 Present
for EO , 3.2 (volt) study
Al for EC ,Cu- 6 (MA/cm?) Present
EC-EO Mn-Ni for EO 200 20 , 3.9 (volt) ! 96.57 study
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3.7. Energy consumption

To determine the energy required for removing Congo
red dye from simulated water by using a combined system
(EC-EO), by using the composite electrodes (C and A) as
anode for the EO process besides Al as anode for the EC
process, Table 6 would represent the energy consumption
for the cathode (C) and Table 7 would represent the
energy consumption for the anode (A), Eq. 12 was used to
calculate energy consumption [54].

(V*I%£)¥1000

SCE = v(Ci—-Cf)

(12)

Where SCE is the energy consumption to remove the
dye in kWh/kg of dye, V is the voltage applied (volte), I is
current in (A), t is time for electrolysis in (h),v is the
volume of treated solution in (I), Ci and Cf are the initial
and final concentration of Congo red, respectively in
mg/l. The result in Table 6 and Table 7 demonstrates that
when the current density increases the value of energy
consumption is increased as it is predictable. While, the
increase of electrolyte conductivity and decrease in
voltage when NaCl was added led to a decrease in SCE
value.

Table 6. Effect of different parameters on energy
consumption at pH =7 and Time =20 min, when a
composite cathode (C) used as anode for the EO process
in a combined (EC-EQ) system

SCE (kWh/kg dye) for combined (EC-EQ), Al as anode for
the EC, and composite cathode as anode for the EO

Time

(min) C.D = 6 mA/cm? C.D =3 mA/cm?
NaCl conc.= NaCl NaCl conc.= NaCl
059/l conc.=0g/l  0.5¢/l conc.=0g/l
5 0.960 1.096 0.403 0.450
10 0.882 1.178 0.318 0.342
15 1.284 1.644 0.512 0.593
20 1.666 2.086 0.625 0.758

Table 7. Effect of different parameters on energy
consumption at pH =7 and Time =20 min, when a
composite anode (A) used as anode for the EO process in
a combined (EC-EO) system

SCE (kWh/kg dye) for combined (EC-EQ), Al as anode
for the EC, and composite Anode as anode for EO

Time

(min) C.D =6 mA/lcm? C.D =3 mA/lcm?

NaCl NaCl NaCl conc.= NaCl
conc.=0.5¢g/l conc.=0g/l 0.5¢/ conc.=0 g/l

5 0.937 1.213 0.388 0.692

10 0.756 1.200 0.497 0.522

15 1.276 1.683 0.849 0.756

20 1.644 2.127 1.0749 0.857

4-  Conclusion

Cu-Mn-Ni oxides were deposited on the surface of the
graphite substrate by electrodeposition, 25mA/cm? was
applied, and 0.075 M for each metal salt with a fixed
mixing ratio 1:1:1 within 3h was utilized. The result of
XRD, FE-SEM. EDX and AFM proved that several nano
oxides such as CuO, Mn30., and NiO were deposited on
the cathode and anode surface, a smooth surface was
obtained on the cathode and anode, and crystalline
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occurred on the cathode more than anode. The prepared
electrodes (cathode and anode) were used as anode for the
EO process besides Al for the EC process in the combined
system, to remove Congo red dye. The effect of current
density, NaCl conc., and time was studied for the
combined removal process.

Experimental results revealed that the composite
cathode is more efficient than the composite anode due to
its larger crystal size, and rougher, in addition to the
granular shape of its surface. Composite electrodes have
high efficiency in the direct and indirect electro-oxidation
processes, maximum efficiency was obtained at 1A% at
6mA/cm? with 1.6655381 (kWh/kg dye) as energy
consumption when 0.5 g/l of NaCl salt was added within
20 min of electrolysis time, the comparison of the present
result with the results in the previous studies when the EC
and EO used separately to eliminate Congo red, it was
concluded that combine process (EC-EQ) when the two
processes operate at the same electrolytic cell with using a
composite electrode as anode for EO process improved
the removal efficiency and led to decreased the time and
consumed energy.

Nomenclature

Nomenclature Meaning

Unit

C.D Current density

mA/cm?

Ci Initial Congo red concentration
mg/I

Cs Final Congo red concentration
mg/l

SCE Energy consumption
kwWh/kg of dye

Symbol Definition

AFM Atomic force microscopy
EDX Energy-dispersive X-ray
spectrometry

FE-SEM Field emission scanning
electronic microscopy

HOCI Hypochlorous acid

OH* Hydroxyl radical

ocCr Hypochlorite ion

XRD X-ray diffraction
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