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Abstract

Use of electrodes that provide a high surface area for reaction, such as Nickel foam and Carbon Fiber Felt, has proven highly
efficient in treating wastewater. In this study, a mixture of dyes (Eosin Y, Methylene Blue, and Methylene Violet) was treated using
Ni foam as a cathode and carbon fiber felt as an anode in the Electro-Fenton process, relying on iron waste, such as iron filings, as
the catalyst source. The analysis characterization of electrodes and iron filings was determined by Energy dispersive X-Ray (EDX)
and Scanning electron microscopy (SEM) tests. The results showed high efficiency in decomposing the dye mixture. The highest Re
% 96.4591 which attained after accomplishing the experiments based on Response Surface Method (RSM) was recorded at 75 mA of
current, 0.25 g/L of iron filings concentration, and 0.015 M of electrolyte concentration. The highest specific energy expenditure for
this process was 6.892939 kWh/kg of dyes. In addition to the process's energy efficiency, using iron scrap as a cheap alternative to
expensive iron salts is a cost-effective and environmentally friendly approach.
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1- Introduction

(II) (Fe*") ions and hydrogen peroxide (H,0;) as shown in
Egs. 1 to 3, so it is considered one of the most efficient
advanced oxidation techniques [11, 12].

One of the most significant environmental challenges
facing the world today is the presence of organic
pollutants, especially industrial dyes and complex organic

compounds, due to their chemical stability, difficulty in g, oy+ _, pe2+ 4 H, (1)

biodegradation, and toxic effects on ecosystems and

living organisms. . . 0, + 2H* + 2e~ > H,0, )
Among the most widely used and common dyes in the

textile and cosmetic industries are Eosin Y, methyl blue H,0, + Fe?* — OH" + OH~ + Fe®* 3)

(MB), and methyl violet (MV). Although the
concentrations of these dyes in natural waters vary and
are not precisely measured, these dyes pose an
environmental risk that significantly affects the health of
water bodies and living organisms [1- 3].

Traditional methods of water treatment, such as
physical or biological treatment [4, 5], have proven

limited in their effectiveness in removing pollutants of  j the field of industrial and environmental wastewater
this type, and this has prompted researchers to develop  reatment and has become one of the important topics in
advanced and highly efficient technologies [6]. research studies [14, 15].

Advanced oxidation processes (AOPs) are one of these
technologies that have emerged as a promising solution
for treating stubborn organic pollutants [7]. The
generation of hydroxyl radicals (OH*), which are
characterized by their high ability to break down and
oxidize organic compounds and dyes into less toxic
products such as CO, and H»O, is the basis on which this

process depends [8-10]. The Electro-Fenton (EF) process {4 the solution as iron salts or by electrochemical
combines the electrochemical reaction and the traditional generation from an iron anode within the cell or by

Fenton reaction through the electrical generation of iron releasing iron ion (II) from iron waste Eq. 1 [16, 17].
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Accurate control of operating conditions, low
consumption of chemical reagents, high efficiency of
hydroxyl radicals' generation, and high ability to treat
organic pollutants even with low concentrations are
among the most important features of the EF process [13].
Therefore, this process has received increasing attention

The EFP reaction begins within the electrochemical cell
when an electric current is applied between the electrodes.
H,0; is formed by the reduction of dissolved oxygen at
the cathode Eq. 2. Hydrogen peroxide generation is a
crucial step in the process because this compound is the
primary reactant in the Fenton reaction. Simultaneously,
Fe?" are supplied to the medium, either by direct addition
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After the formation of H,O, and the presence of Fe?*, the
Fenton reaction occurs. Ferrous ions react with hydrogen
peroxide to produce OH radicals and Fe** Eq. 3 [18, 19].
When OH radicals react with dyes pollutants (R) Eq. 4,
OH* break the chemical bonds within molecules,
particularly aromatic bonds or double bonds found in
many toxic organic compounds and dyes, leading to the
formation of simpler intermediate compounds. These
intermediate compounds are subjected to repeated attacks
by OH* as the reaction continues, leading to their gradual
decomposition into smaller molecules such as short-chain
organic acids, and ultimately into stable inorganic
products such as CO,, H,O, and inorganic ions Egs. 5 and
6 [20]. A key advantage of the EF process is that the Fe’*
produced by the Fenton reaction can be reduced again at
the cathode to Fe?', thus continuing the iron cycle within
the system without the need for the continuous addition of
large quantities of iron [21].

OHe + R - Re + H,0 4)
Re + 0, > ROOs ®)
OHs + intermediate — CO, + H,0 + inorganic ions (6)

The efficiency of the EF process is mainly affected by
the type of electrodes used, as it controls the nature of
electrochemical reactions, the rate of generation of active
oxidizing species, and system stability during operation as
well [22]. The efficiency of generating H>O, and
regenerating Fe?* necessary for the continuation of the
Fenton reaction at the cathode is affected by the type of
electrode material, Physical structure, surface area, and
the electrical conductivity nature of the electrode.
Supporting oxidation reactions and reducing the
accumulation of intermediate products within the reaction
medium is one of the anode electrode roles [7, 23].

Enhancing mass transfer and increasing the number of
active sites for electrochemical reactions, which reflects
positively on the performance of the EF process, is
achieved by using materials with a high surface area and
porous structure for the cathode electrode, such as Cu
foam [24] Ni foam activated carbon fiber (ACF) [25], and
others. In contrast, the anode requires high
electrochemical stability to avoid corrosion and
dissolution, in addition to a high ability to contribute to
the oxidation of pollutants or the by-products while
maintaining the stability of the reactive medium [23]. Due
to the three-dimensional structure of nickel foam,
effective surface area, and high porosity, which in turn
improves electrochemical reactions and charge transfer
within the EF system, this research relied on using the Ni
foam electrode as a cathode.

Due to the electrochemical stability of the carbon fiber
felt (CFF) electrode and its resistance to corrosion, in
addition to its support for oxidation reactions within the
system without the release of metal ions that may affect
the stability of the reactive medium or the treatment
products [22], this electrode was used as an anode in this
study. To reduce operational costs and manage waste

disposal to preserve the ecosystem, it was decided to use
iron waste (IW), such as iron filings (IF), as a
heterogeneous source of catalyst (Fe?") [23, 26].

This study aims to stabilize the effectiveness of the EF
system using a Ni foam as a cathode and a CFF as anode
and the effect of current and electrolyte concentration for
treating water from a mixture of dyes (Eosin Y,
methylene blue (MB), and methylene violet (MV)) using
IF as a source of the catalyst.

2- Experimental work
2.1. Materials

Ni foam and Carbon Fiber Felt (CFF) were imported
from China, and Iron Filings (If) from local iron
workshop. The chemical materials used in this work were:
sodium sulfate (NaxSO4) (Sisco Research Laboratories
Pvt. Ltd., Ind.), sulfuric acid (H.SO4) (SDFCL, Ind.), and
sodium hydroxide (NaOH) (Alpha Chemika, Ind.). Table
| illustrates the chemical structure and properties of dyes
used, and the calibration curve of mixture of three dyes,
which shows that the dyes mixing didn’t cause any
interloping of the dyes which cause no problem in
measuring the concentration of any dyes.

2.2. Experimental methods

An individual 1-liter glass batch reactor was used for all
experiments, filling with 0.75 L of simulated wastewater
containing 75 mg/L of mixture of dyes (Eosin Y, MB, and
MV), 25 mg/L for each dye. Fig. 1 shows the schematic
diagram of the EF system.

The solution was mixed at 300 rpm using a magnetic
stirrer (Stu art CD-162, Biocote) at 30°C and aerated for
20 minutes before the reaction began by pumped air into
reaction solution using pump (HAILEA, model ACO-
208, China), and the airflow rate was controlled at 20 L/h
using an air flowmeter.

The dimensions used for the nickel-foam plate (cathode)
and the carbon fiber-felt (anode) were 140 mmm x 60
mm X 9 mm, and 140 mm x 60 mm X 2 mm, respectively.
A 10 mm thick Perspex cover with several holes was used
on the glass reactor to maintain a 30 mm spacing between
the electrodes during the reaction and for sample
collection. A 650 x 110 x 2 mm Perspex frame was used
to fix the CFF electrode due to its flexible fabric structure.
The Ni foam electrode surface, before any run, was
cleaned from any pollutants with 0.1 M of H2S0O4
solution then washed with distillated water and dried at 80
°C for several hours.

Na,SOs; was added to improve the -electrical
conductivity of the solution [27]. And to supply the
solution with the necessary Fe?" (Fenton reagent),
concentrations for the Fenton reaction [28], Iron Filings,
which washed with distilled water and dried for 24 hours
at 85°C, were added.

Since the ideal pH for the Fenton reaction is between
2.5 and 3.5 [29], a 0.1 M sulfuric acid and sodium
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hydroxide solutions were used to neutralize and stabilize
the pH at 3.

To provide the required current between the electrodes,
a power supply (MAISHENG MS-605D) was used to
maintain the current at the desired level for 30 minutes.

Samples were collected during the reaction using a
pipette, and the sample concentration was measured using
a UV-9200 spectrometer. The concentration at the
specified time was then applied to Eq. 7 to calculate the
removal efficiency [30].

co—Cf
co

Re% = X 100

()

Where Re % is the removal efficiency, C, is the initial
concentration of the solution (mg/L), and Cs is the final
concentration of the collected sample (mg/L).

Eq. 8 was used to calculate the specific energy
consumption [31].

IXV'x1000

SEC = —— ®)

Where SEC is specific energy consumption (kWh/kg of
dyes), I is the applied current (mA), V is the voltage
(volt.), and Am is the difference in weight of the dyes
during reaction (kg).

A tintometer GmbH RD125 (SN 0214/5767, Dortmund
Lovibond co., Germany) was used to measure the COD
content in the samples before and after the reaction.

Table 1. Dyes properties and chemical structure

Dyes Chemical Formula Chemical Structure Wavelength (nm) Calibration Curve
EosinyY  C,HBrNaO, hn 517
' [ ' ©-EoSin =BmmMB eV
N COOM 0
o s :
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Fig. 1. The schematic diagram of the EF system

2.3. Design of experimental

The analysis and modeling of the studied response is
performed using software Minitab-22 comprised of a set

of statistical and mathematical methods known as
Response Surface Methodology (RSM) [32]. This
methodology examines the optimal conditions for
achieving the desired response by studying a set of
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variables that influence response [33]. To optimize and
study the effect of operating variables on the removal of a
dye mixture in this study, using nickel foam as the
cathode and carbon fiber felt as the anode in Electro-
Fenton system, a Box-Benken design (BBD) was
employed. This design yields three levels, grouped across
15 experiments [34]. The factors are I (X1), Fe filings

(X2), and NaxSO4 (X3) and the response is Re % as
shown in Table 2, where -1, 0, and +1 represent the
minimum, middle, and maximum values for each input
variables, respectively. Table 3 also presents the process
design, represented by the actual and coded values.

Table 2. Process variables and their levels for dyes mixture removal efficiency

Variables Units Sample Low (-1) Middle (0) High (+1)

Current mA X1 25 50 75
Iron filings g/L X2 0.25 0.875 1.5

Na,SO4 M X3 0.01 0.015 0.02

Table 3. BBD design for dyes mixture removal efficiency
Run Coded value Actual value
X1 X2 X3 Current (mA) Iron filings (g/L) Na;S0s (M)

1 +1 0 -1 75 0.875 0.010
2 -1 -1 0 25 0.250 0.015
3 +1 -1 0 75 0.250 0.015
4 -1 0 +1 25 0.875 0.020
5 0 -1 -1 50 0.250 0.010
6 -1 0 -1 25 0.875 0.010
7 0 -1 +1 50 0.250 0.020
8 +1 +1 0 75 1.500 0.015
9 0 0 0 50 0.875 0.015
10 -1 +1 0 25 1.500 0.015
11 +1 0 +1 75 0.875 0.020
12 0 0 0 50 0.875 0.015
13 0 +1 -1 50 1.500 0.010
14 0 +1 +1 50 1.500 0.020
15 0 0 0 50 0.875 0.015

2.4. Electrode characterization

The cathode (Ni foam) and anode (CFF) surface were
examined by using Scanning Electron Microscope (SEM).
Fig. 2 (b) illustrates the 3D network structure of Ni foam
with distribution of different multiple interconnected
pores. And Fig. 3 (b) shows the interwoven capillary
structure of CFF, with tiny gaps appearing between the
capillary structures of the electrode. And the purity of the
electrodes material is examined by utilizing Energy
Dispersive X-ray Spectroscopy (EDX) as shown in Fig. 2
(a) and Fig. 3 (a).

Element

2.5. Iron filings characterization

Fig. 4 (a and b) shows the EDX and SEM of Iron
Filings, and illustrates the random shapes of IF, which are
a result of the iron cutting process and have not yet
undergone any specific shaping process. Just wash with
distilled water to remove any dirt or impurities and dried
at 80 °C for several hours. Therefore, Fig. 4 (b) also
shows the IF composed of 62.64 % of iron and 37.36 %
of oxygen. This is what was determined by washing with
distilled water. And the absence of any other elements in
the analysis of the components makes it a pure source of
the catalyst (Fe?*) used in this study.

M Spectrum 2
Weight %
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Fig. 2. a) EDX and b) SEM of Ni Foam before used as cathode in EF process
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Fig. 3. a) EDX, b) refers 10 um, and c) refers 1 um SEM of CFF before used as anode in EF process

Element

3- Results and discussion
3.1. Analytic of static

The quadratic Eq. 9, attained by using Minitab-22
software, was used to clarify the relation between the
removal efficiency and the studied parameters, and
estimate the predicted Re %. The actual Re % and
predicted Re % are illustrated in Table 4.

Re % = 73.74 — 0.227 X I + 6.99 X [Fe] + 2807 x [Na,S0,] +
0.00455 x I X I — 5.55 X [Fe] X [Fe] — 93048 x [Na,S0,] X
[Na,S0,] — 0.0166 x I X [Fe] — 6.33 x I X [Na,S0,] —

213 x [Fe] X [Na,S0,] 9)

As illustrated in Table 4 the Re % range, as shown in
run (14) and run (3), was between 76.53 to 96.6814 %. As
shown in run (4) and run (1) the specific energy
consumption range was between 0.739321 to 6.892939
kWh/kg of dyes, and these values are considered to
represent low to medium energy consumption [25].

The Re % increased from 88.6755 to 95.2994 % by
increasing the current from 25 to 75 mA, with fixing the
concentration of Na,SO4 and Fe filings at 0.01 M and

W Spectrum 4

Weight %

\\\\\

Fig. 4. a) EDX and b) SEM of Iron Filings -

0.875 g/L respectively, as shown in run (6) and run (1).
That clarifies the proportional effect of current factor on
removal efficiency. Which can relate that to when the
current increases the electron transfer through electrodes
increases which leads to more production of OHe and in
turn increases the degradation of the dye's molecules [35].

By comparing run (7) and run (14) when Fe filings
concentration increases from 0.25 to 1.5 g/L and with
fixing the current at 50 mA and Na,SO4 at 0.02 M the Re
% decreases from 87.6658 to 76.53 %. This explains the
inverse relationship between the removal efficiency and
Fe filings. These can be attributed to the fact that Fe?" are
gradually released from the iron filings at a concentration
of 0.25 g/L in proportion to the amount of hydrogen
peroxide generated during the reaction, thus allowing the
Fenton reaction to proceed [16, 17].

However, when a concentration higher than 0.25 g/L is
used, the released Fe ions become so numerous that they
consume the generated hydroxyl radicals and produce
Fe3*, which hinders the completion of the Fenton reaction
and results in a decrease in the removal efficiency of dyes
mixture [22, 36].

By comparing two runs (1) and (11), when the current
and iron filings concentration were fixed at 75 mA and
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0.875 g/l respectively, and the sodium sulfate
concentration was increased from 0.01 to 0.02 M, the
removal efficiency decreased from 95.2994 to 87. 8707
%, i.e. with a difference of 7.4287%. This decrease is less
to 2.5674 % when the same range of sodium sulfate is
used and the current is fixed at 50 mA and the iron filings
at 0.25 g/L, i.e. run (5) and run (7). This can be attributed
to the fact that increasing the Na,SO4 concentration leads
to an increase in the system's conductivity, i.e., an
increase in H,O; production and consequently an increase
in hydroxyl radical generation. Due to the gradual release
of Fe?*, the amount of hydrogen peroxide accumulates in
the system, causing a decrease in hydroxyl radical
generation and thus delaying the completion of the
oxidation process of the dyes, and as a result, the removal
efficiency decreases [37, 38].

3.2. ANOVA analysis
The significance and suitability of polynomial quadratic

model that was recommended by BBD was evaluated by
studied analysis of variance (ANOVA). The ANOVA

specify by used degree of freedom (DF), contribution,
sum of squares (SS), mean of squares (MS), adjust sum of
squares (Adj. SS), Adjust mean of squares (Adj. MS), F-
value, and P-value.

The linear term contribution was 75.67%, while the
square term and 2=way interaction term contribution were
20.91 and 1.32 % respectively. The model is significant,
as demonstrated by low P-value (0.001) and high F-value
(25.89). F-value represented by the ratio of mean square
model (MS) to the mean square error. While the P-value
represents the probability value that evaluates the effect of
statistically significant. The low P-value (less than 0.05)
and high F-value (more than 4) represent the statically
significant of variables [39, 40]. 97.90 % of R? indicates
the good fitting of model with experimental data. The
ANOVA analysis, Table 5 illustrates that the factors
studied affect the Re% in the following order: iron filings
(X2) have the greatest impact on removal efficiency,
followed by current (X;), then NaySOj4 (X3), with P-value
0.000, 0.001, and 0.002, and F-value 98.40, 48.90, and
32.76, respectively.

Table 4. The obtained actual and predicted removal efficiency of dyes mixture and
the specific energy consumption of the process

Run C(l:::)n t Iro?gj'gl)ngs N?ﬁ;) ¢ Actual Re%  Predicted Re%  Voltage Speclﬁ(ck&l}f/rléggyocf(:;;sel;;nptlon

1 75 0.875 0.010 95.2994 95.2687 13.0 6.892939

2 25 0.250 0.015 89.0724 90.2068 5.4 1.021887

3 75 0.250 0.015 96.4591 96.6814 9.3 4.871196

4 25 0.875 0.020 84.4099 84.4406 3.7 0.739321

5 50 0.250 0.010 90.2332 90.0416 7.5 2.801648

6 25 0.875 0.010 88.6755 87.7327 5.0 0.950475

7 50 0.250 0.020 87.6658 86.5007 5.8 2.230792

8 75 1.500 0.015 88.8492 87.7148 9.9 5.634656

9 50 0.875 0.015 88.6020 88.5434 6.0 2.283053

10 25 1.500 0.015 82.5031 82.2808 3.7 0.756617

11 75 0.875 0.020 87.8707 88.8135 8.2 4.719658

12 50 0.875 0.015 88.5604 88.5434 7.7 2.93131

13 50 1.500 0.010 81.7630 82.9281 8.1 3.343115

14 50 1.500 0.020 76.5300 76.7216 53 2.339026

15 50 0.875 0.015 88.4677 88.5434 8.0 3.048744

Table 5. ANOVA analysis
Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value
Model 9 337.798 97.90 % 337.798 37.533 25.89 0.001
Linear 3 261.094 75.67 % 261.094 87.031 60.02 0.000
I (mA) 1 70.909 20.55 % 70.909 70.909 48.90 0.001
Fe filings (g/L) 1 142.680 41.35% 142.680 142.680 98.40 0.000
Na,S0O4 (M) 1 47.505 13.77 % 47.505 47.505 32.76 0.002
Square 3 72.156 20.91 % 72.156 24.052 16.59 0.005
I (mA)*I (mA) 1 37.464 10.86 % 29.922 29.922 20.64 0.006
Fe filings (g/L)* Fe filings (g/L) 1 14.712 4.26 % 17.373 17.373 11.98 0.018
Na,SO4 (M)*Na,SO4 (M) 1 19.980 5.79 % 19.980 19.980 13.78 0.014
2-Way Interaction 3 4.548 1.32% 4.548 1.516 1.05 0.449
I (mA)* Fe filings (g/L) 1 0.271 0.08 % 0.271 0.271 0.19 0.684
I (mA)* Na,SO, (M) 1 2.501 0.72 % 2.501 2.501 1.73 0.246
Fe filings (g/L)*Na,SO, (M) 1 1.776 0.51 % 1.776 1.776 1.23 0.319
Error 5 7.250 2.10 % 7.250 1.450 - -
Lack-of-Fit 3 7.240 2.10% 7.240 2.413 511.14 0.002
Pure Error 2 0.009 0.00 % 0.009 0.005 - -
Total 14 345.048 100.00 % - - - -
S R2% R*(adj.) %  Press R? (Pred.)%

Model summery 120415 97.90 94.12 115.868 66.42
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3.3. The effect of the factors studied

From Fig. 5 (a, and b) it is evident that increasing the
current leads to an increase in Re%. This is caused by an
increase in the generation of H,O,, by increase reduction
of O, on the cathode surface, and consequently an
increase in the production of hydroxyl radicals, and as a
result an increase in the oxidation process of the pollutant
(dyes mixture), which enhance the degradation of dyes
[41, 42].

Fig. 6 (a, and b) shows that increasing the concentration
of IF in the process is undesirable because the Fenton
reaction fundamentally depends on the availability of the
catalyst, i.e., Fe (II), and generation of hydroxyl radicals.
Since iron filings are a heterogeneous source of Fe?,
meaning that the release of Fe** occurs gradually during
the reaction time, the low IF concentration releases
enough ions for the Fenton reaction. However, increasing
the amount of IF leads to an increase in the release of ions
for the catalyst. Consequently, the available Fe?*
concentration competes with the production of OHe,
which Fe?' react with H,O; to produce ferric ions. This
resulted in a decrease in the amount of hydroxyl radicals
needed for the Fenton reaction. Furthermore, this step
inhibits the continuation of the EF reaction [16, 17, 37].

As can be seen from Fig. 7 (a, and b), the best Re%
occurs at a NaSO4 concentration below 0.015 M. This is

a) b)

95

Re %

Re% 90

80

85 60

40 1 (mA)
0.010

0.015

0020
Na2504 (M)

Fig. 5. (a) 3D plot (b) 2D plot for dyes mixture Re % at IF

a)

95

Re% 90 o

85

80 - f;l-
20 5 Fe filings (g/L)

40

60

I (mA) 80

because the electrolyte improves the system's
conductivity, leading to increased oxygen reduction at the
cathode surface, i.e. Ni Foam, and consequently,
increased H,O, generation. Since the IF releases Fe?"
gradually, disproportionate to the amount of generated
hydrogen peroxide, this causes an increase in
concentration and accumulation of H>O, in the solution.
This, in turn, slows down the Fe*'/Fe?* cycle and leads to
hydroxyl radical generation [42, 43].

3.4. Test of optimization and confirmation

The optimal conditions of factors used in this study
were predicted by using the Minitab-22 software with
BBD analysis methods. Table 6 shows the predictions of
this analysis, and Table 7 illustrates the results obtained
by applying the predicted values, which were within the
expected response of the Minitab-22 program, which in
turn proves that the program is analytical and statistical
and can be relied upon in analyzing the results of
experiments. COD testing was also performed, before and
after experiment, under these optimal conditions, and
these values were 17 and 0 mg/L, respectively, indicating
a 100% COD removal. The comparison with the previous
study as illustrated in Table 8 emphasized that the present
study has an excellent results.

100

0 0.005 0.01

Na2504 (M)

0.015 0.02

—8—I(mA)=25 —8—I(mA)=50 —@—I(mA)=75

=0.875 g/L, and different concentrations of Na,SO4 and I

b) 10

Re %

75
30

8
&8
]

70
I (mA)
~—8—Fe filings (g/L)=0.25

~8—Fe filings (#L)=0.875  —@—Fe filings (/L) = 1.5

Fig. 6. (a) 3D plot (b) 2D plot for dyes mixture Re % at Na,SO4 = 0.015 M, and different concentrations of IF and I
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a) b)
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Fig. 7. (a) 3D plot (b) 2D plot for dyes mixture Re % at I = 50 mA, and different concentrations of IF and Na,SO4

Table 6. Variables performance of optimal system for maximum dyes mixture removal

Response Goal Lower Target Upper Weight Importance
Dyes mixture Maximum 76.53 % 96.6814 % 1 1
Re%
Solution of parameter Prediction of multiple response
. Desirability of
0, 0, 0,
1 (mA) Iron filings (g/L) Na,SO4 (M) Re % fit. 95 % CI 95 % PI1 Composite
75 0.2878 0.0122 97.39 95.60 93.23 1
Table 7. Dyes removal experiment confirmation
Run I (mA) Iron filings (g/L) Na;SO04 (M) V (volt.) SEC (KW/Kg) Re % Average
1 75 0.2878 0.0122 7.5 4.044871103 93.71 94.335 %
2 75 0.2878 0.0122 7.7 4.097488293 94.96 ) ‘

Table 8. Comparison the results of current study with some of previous studies

Dye Electrodes Process conditions Re % References
Anode: Na,S04: 0.05 M
Iron Current: 78 mA

MB Cathode: Catalyst source: electrolysis of iron electrode. 938 [44]
Iron Time: 8.5 min.
Anode: Na,S0,4: 0.05 M
Pt Current: 150 mA

MB Cathode: Catalyst source: Sep/FeS, 9.6 [43]
Graphite Time: 75 min.
Anode: Na,S04: 0.5 M
Stainless steel meshes Current: 100 mA

MB Cathode: Catalyst source: Iron Salt (FeSO4.7H20) %9 [46]
Stainless steel meshes Time: 80 min.
Anode: Na,S04: 0.2 M
Titanium Current: 2 A

MV Cathode: Catalyst source: Iron-biochar (pistachio shells) 9838 [47]
Graphite Time: 60 min.
Anode: Na,SO,4: 0.02 M
Porous Graphite Current: 339.3 mA

MO Cathode: Catalyst source: Iron Waste. 98.82 (171
Copper Foam Time: 35 min.
Anode: Na,S04: 0.015 M

. Carbon Feber Felt Current: 75 mA
+ + -

Eosin + MB+ MV Cathode: Catalyst source: Iron Filings. 964591 Recent work

Ni Foam Time: 30 min.

3.5. Electrode characterization

Fig. 8 (a) shows that after using Ni foam as a cathode,
some components of the reaction solution, such as Fe, C,
and Na, are deposited on its surface, along with a slight
change in the surface resulting from the passage of
current and the reduction of O, on the nickel foam surface
as shown in Fig. 8 (b).

Fig. 9 (a, and b) shows the EDX and SEM of CFF,
which clarify the deposition of the reaction solution
components on the CFF capillaries structure during the
reaction, with slight scattering of the electrode structure
resulting after its use as an electrode for the process.
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Element

B Spectrum 1

Weight %

Fig. 8. a) EDX and b) SEM of Ni Foam after using as cathode in EF system

I Site 2 (105 813 counts)

Element Weight %
(o] 84.4
(0] 11.7
Na 3.5
Fe 0.5
Total 100.0

20 keV

Fig. 9. a) EDX, b) refers 10 um, and c) refers um SEM of CFF after using as anode in EF system

4- Conclusion

This work investigated the effect of several factors, i.e.
current, IF, and Na,SO4 concentrations, on the removal of
a dye mixture using the EF technique with Ni foam as the
cathode and CFF as the anode, relying on IF as the source
of Fe?* as a catalyst for this process. RSM using a Box-
Benken design was employed to Optimize and analyze the
data for the studied variables. The results showed that IF
had the greatest effect on the removal efficiency, as
increasing the concentration of IF consequently reduced
the Re% of dye mixture due to the gradual release of Fe?".
The effect of current was the second most important
factor in the removal efficiency, showing a direct
correlation between current and Re%. Increasing the
current leads to fast degradation of dyes, thus improving
the removal efficiency. The highest removal rate was
achieved at the highest current used in this study, i.e., 75
mA. The best Re% was achieved at Na,SO, concentration

below 0.015 M, as increasing the electrolyte
concentration leads to an enhancement of H»O»
production and accumulation of H>O, at low

concentration of IF, resulting in decreased of Re%.
Furthermore, using IF as available and inexpensive
alternative to costly iron salts reduces the cost of the

process and makes it easier to implement and more
environmentally friendly.

Nomenclature
EF Electro-Fenton
RSM  Response Surface Methodology
BBD  Box-Behnken Design
CFF  Carbon Fiber Felt
Re %  Removal Efficiency of Dyes Mixture
Co Initial Concentration of Dyes Mixture (mg/L)
Cr Final Concentration of Dyes Mixture (mg/L)
SEC  Specific Energy Consumption (kWh/kg)
I Current (mA)
v Voltage (v)
AC Different in Dyes Mixture Concentration (mg/L)
IF Irin Filings

X1 Current Coded Value (mA)
X2 Iron Filings Coded Value (g/L)
X3 Na»SO4 Concentration Coded Value (M)
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