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Abstract

The use of foam electrodes as a cathode has proven its efficiency in wastewater treatment. In this study, methyl
orange (MO) was treated by Electro-Fenton technology (EFT) using a copper foam (Cf) as a cathode. EFT was
an advanced strategy for MO degradation, which accomplished excellent degradation efficiency (%Remo)
exceeded 98% over 35 min treatment period at prime conditions using 0.124 mM of iron salts (FeSO4.7H;0),
0.3 LPM of air flow, 0.2 mA/cm? of current density (CD), and initial pH of 3.0. The outcomes showed that the
air flow rate had the main impact on the %Rewmo. Furthermore, the contribution of anodic oxidation (AQO) to dye
removal was investigated to distinguish its role relative to the EFT mechanism, revealing that the MO
degradation was government by EFT. Additionally, iron waste (IW) demonstrated high efficacy as a
heterogeneous electro-Fenton catalyst, with both the IW and Cf cathode exhibiting excellent reusability and
stability. These findings highlight the potential for integrating sustainable materials and processes in dye removal
applications, advancing both efficiency and cost-effectiveness.
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1 Introduction in meeting rising water demands due to limited access

to sustainable water resources [2]. Additionally,

The increasing global demand for freshwater is one of
the most serious environmental challenges of our time.
This demand is driven by rapid population growth,
urban expansion, and industrial activities that require
significant volumes of water [1]. According to the
United Nations (2021), global water demand is
projected to rise by 55% by 2050, exacerbating water
scarcity and threatening ecosystems and local
economies alike. Population growth and urbanization
have placed immense stress on freshwater resources.
Urban expansion not only directly increases water
consumption through residential, agricultural, and
industrial needs but also affects natural hydrological
systems. For example, impermeable urban surfaces
reduce groundwater recharge, while increased
wastewater  discharge  contaminates  existing
freshwater reserves. Okafor et al., highlight that cities
in developing nations often face significant challenges

agriculture accounts for approximately 70% of global
freshwater usage, primarily for irrigation. However,
inefficient irrigation systems lead to significant water
waste [3], [4]. Moreover, certain industries play a
disproportionate role in water consumption and
contamination for example energy and mining
industries, power generation, especially thermal
plants, consumes large quantities of water for cooling
systems while mining operations contaminate water
with heavy metals and other pollutants. Textile and
dye industries are other examples of industries that
consume large amounts of water, as well as
wastewater that is highly contaminated with dyes,
metals and organics [5]. Furthermore, the water
sources are exposed to pollution due to the discharge
of untreated water, the widespread use of pesticides
and chemicals in agriculture [6]. Water pollution is a
critical problem facing the world because it causes
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significant harm to human health, aquatic life and the
environment [7], [8].

Dyes are among the most environmentally
polluting industrial wastes, they are widely used in
many industries such as food, paper, textile, plastics,
etc. [9], [10]. It is difficult to classify dyes under a
single system due to their vast diversity in sources,
chemical structures, and application methods. They
vary in their preparation methods; there are natural
dyes extracted from minerals, plants, or animals and
synthetic dyes produced chemically [11], [12].
Additionally, dyes differ in their chemical structures,
including Azo dyes, anthraquinone dyes, and
phthalocyanine dyes, among others [13]. Furthermore,
based on methods of application, dyes are categorized
as acidic (anionic), basic (cationic), mordant, and
direct dyes [14]. This wide range of diversity makes it
challenging to categorize dyes under a single
comprehensive classification system. Dyes pose a
threat to the environment and living organisms due to
their toxicity, which causes cancerous diseases [15],
[16] at lower concentrations. Dyes are still very
noticeable and can interfere with photosynthesis by
depleting the oxygen that is required by living
organisms [17], [18]. Therefore, there is an urgent
need to treat water contaminated with dyes [19].

Several reasons made Methyl Orange (MO, an
acidic Azo dye) the source of interest in this research,
as its structure having —~N=N- and aromatic groups
that cause great harm to human health and aquatic life
due to its high toxicity, solubility in water, and
difficulty in biological decomposition [20]. Besides it
was widely utilized in many industries and
applications such as leather, pH indicator, cosmetic,
and textile, thus causing greater amounts of pollutants
[21].

Many technologies have been utilized to treat
polluted water with dyes, which include liquid
membrane [22], filtration [23], adsorption [21],
biological process [24], electrocoagulation [25], and
advanced oxidation [26]-[28]. Although these
processes are efficient in removing dyes, they contain
some drawbacks, for example, the physical methods
(membrane, filtration, and adsorption) suffer from
fouling problems and toxicity of some of the
adsorbents used. Moreover, besides the requirement
for regeneration and the use of chemicals for
desorption processes [29], [30]. Biological technologies
limited by certain working conditions, need a longer
time for treatment in addition to the fact that most dyes
are resistant to biological degradation [31], [32].

Chemical and photodegradation treatments lead to the
generation of secondary pollutants and often involve
the use of costly catalysts [33], [10]. Therefore, it was
necessary to find a simple and effective way to remove
dyes, in addition to working on improving them to
become inexpensive and environmentally friendly.

Electro-Fenton technology (EFT) is an attractive
method that has proven its efficiency in removing and
degrading dyes [34], [35]. EFT is one of the
electrochemical advanced oxidation technologies
(EAQTS) that is based on the combination of Fenton’s
principles with electrochemical oxidation and
formation of a non-selective and strong oxidation
agent [hydroxyl radical (OH")] as shown in Equation
(1) [36]. EFT was distinguished from the traditional
Fenton by generating hydrogen peroxide (H207)
electrolytically using a suitable cathode to catalyze the
reduction reaction of the two electrons with oxygen
(0,) (Equation (2)). EFT is superior to the Fenton
method in several points: 1) continuous electrical
generation of H20, which leads to improved control of
oxidation reactions [37], 2) reducing the costs and
risks of transporting and storing H,O, as well as
maintaining its effectiveness by decreasing the
possibility of its immediate decomposition [35], and
3) continuous regeneration of Fenton catalyst (Fe?*)
by reduction of ferric ions (Fe**) on the cathode
surface (Equation (3)), which significantly reducing
iron sludge production while decreasing the amount of
(Fe?") required for reaction [38].

H,0, + Fe2* - OH* + OH™ + Fe3" (1)
0, + 2H* + 2e” - H,0, )
Fe3' + e~ - Fe?" 3

Another path that O, molecules can take is
through their reduction reaction with 4-electrons,
which reduces the electrochemically generated H,0,
and decreases the removal efficiency. Therefore,
choosing appropriate cathodes that promote the H,0;
formation is a critical issue, as illustrated in Equation (4)
[39]. Three-dimensional (3D) electrodes have attracted
the attention of many researchers because they are
characterized by their porous structure, which
improves the rate of O, mass transfer and enhances the
electrochemical processes by increasing the affectivity
of using space and time. In other words, they can treat
larger quantities of pollutants or produce more
products for the same space and time compared to 2D
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electrodes [19], [40]. To achieve maximum benefit,
metal foam electrodes were employed, which are
known for their high conductivity in addition to the
previously mentioned features [41]. Nickle foam (Nf)
[42], Copper foam (Cf) [39], and Iron foam [43] are
examples of metal foam service as efficient electrodes
in EFT. Goujun et al., [44] studied the employing of
Cf as a cathode in EFT and they found that Cf
promoted the generation of H,O, (Equation (2)) as
well as the reduction reaction of Fe3* (Equation (3)).
Also, Qian et al., [45] made a comparison between the
performance of Cf and Nf for the removal of p-
nitrophenol by EFT. They concluded that Cf improved
OH" production better than Nf. These reasons were
enough to choose Cf as a working electrode.

0, + 4H* 4+ 4e~ - 2H,0 (4)

Several characteristics must be possessed in the
electrodes, which are utilized as anodes, including
good conductivity and high stability in physical and
chemical terms, in addition to their resistance to
deterioration and corrosion, which leads to the
possibility of repeated use, and economic cost. The
most important characteristic is that they have a high
potential for O, evaluation (non-active anodes) [46].
Although Boron-Doped-Diamond (BDD) was known
for its high O overpotential that made it an effective
anode in EAOTS, its high cost limited its widespread
use [47]. In contrast, carbon electrodes have proven
their effectiveness as anodes, beside they are cheap,
available, non-toxic, and have high porosity with
enough surface area for improving the mass transfer of
treated solution [38]. Therefore, Porous Graphite (PG)
was employed as an anode.

According to the physical nature of the EFT
catalysts, this technology was classified as: 1)
homogenous EFT in which the catalyst is soluble in
solution (i.e. iron salts), and 2) heterogeneous EFT
where the catalyst is in solid form and insoluble (i.e.
iron particles, pyrite, iron-loaded zeolite, etc.) [48]
[49]. Heterogeneous EFT has attracted significant
attention because it is characterized by high catalytic
ability and also it facilitates efficient separation and
enhances the potential for iron recycling, which is a
key factor in maintaining the sustainability of the
process operation [50]. Iron waste resulting from
industries poses a major environmental threat, where
large quantities of iron waste are produced annually.
For example, iron casting is one of the largest sources
of iron scrape production globally, as studies indicate

that for every ton of product, production of one ton of
iron scrape and much of this waste is ultimately
discarded in landfills, exacerbating environmental
problems and squandering valuable resources that
could otherwise be reused [51]. In order to minimize
environmental damage, advancements in recycling
processes are being emphasized, aiming to reduce the
need for primary materials and improve the reuse of
iron scrap [52]. Therefore, part of this research aims to
study the ability to use iron waste (IW) as a cheap
alternative source to provide iron ions as IW corrosion
under acidic conditions in the effluent, along with the
presence of H,O,, generates Fe?* (Equation (5)) [53].
Utilizing IW not only mitigates environmental harm
but also presents a sustainable solution. Repurposing
IW as a Fenton catalyst can pave the way for both eco-
conscious practices and significant cost reduction.

Fe' + 2H* > Fe?" +H, (5)

In this work, MO degradation was used as a case
study to evaluate the efficiency of homogenous
electro-Fenton by utilizing Cu foam as cathode and the
impact of operating factors such as current density, air
flow rate, and iron salt concentration (Fenton catalyst)
was investigated. The response surface methodology
(RSM) was utilized to acquire the experimental
design, and the results were analyzed to attain the
optimum conditions. Moreover, the stability and
reusability of the cathode (Cf) were examined and
secondly, dependent on the optimal parameters, the
possibility of using IW as an alternative to the soluble
form of iron salts as a heterogeneous Fenton catalyst
and its reusability as well as iron leaching would be
studied.

2 Materials and Methods
2.1 Chemicals

All chemicals used in this work were of analytical
grade without the need for additional purification, as
well as deionized water was used to prepare aqueous
solutions at ambient temperature. Dimethylamino-
azobenzenesulfonate [Methyl Orange (MO)] was
obtained from BDH Company and its features with the
molecular structure were shown in Table 1. For
adjusting the pH of the electrolysis solution, 0.1 M of
H2SO4 (Sigma-Aldrich) or NaOH (ORPITAL) was
used. As an electrolyte, 0.02 M of Na;SO4 (SDFCL)
was utilized and a certain amount of FeSO4.7H,0
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(CDH, India) and served as a source of Fe?*. The iron
scraps utilized in heterogeneous EFT were sourced
from a nearby marketplace.

Table 1: The attributes of methyl orange Azo dye.

Synonyms Molecular Structure
Helianthine, Gold orange, Orange Il1 Ol“la
Chemical formula  CisH1sN3O; 0=8=10
Molar mass 327.34 g/mol @

N
Melting point 179-182 °C I

N
hona 464 nm @
HSC—fil

Type Anionic CH3

2.2 System design and apparatus

All experiments were carried out in an undivided glass
batch reactor with 1 L capacity and equipped with 700
ml of 100 mg/L of MO solution. The solution was
stirred by using a magnetic stirrer at a speed of 250
rpm. The cell is equipped with a Perspex cover of 10
mm thickness, containing two slots for installing the
electrodes and three openings for inserting the
thermometer, air distributor, and sampling. Copper
foam [(Cf), Xiamen Top New Energy Technology,
China] with bulk density and porosity of 0.1-1.5 g/cm?3
and > 98%, repressively and dimensions of
130x50x10 mm?® was used as the working electrode,
and porous graphite (PG) with dimensions of
130x50x5 mm? served as an anode, with an active
surface area of 32.5 cm?. The gap between Cf and PG
was 3 cm. To clean Cf, acetic acid (10%) was utilized
and then rinsed with deionized water. Before starting
any run, an air pump (55 W) was used and contacted
to a glass tube with a distributor, through which the
electrical cell was supplied with air at a certain flow
rate for 20 min, and the air continued to be pumped
until the end of the time specified for the experiment
(35 minutes). A power supply (0-30 V, 0-5 A) was
utilized to equip the cell with a certain current density.
In the case of heterogeneous EFT (using iron waste as
a catalyst), one cubic piece of iron waste with size of
5x5x5 mm?® and mass of 1 g + 0.9x1073 was utilized.
In the beginning, the iron particle was cleaned by
using 0.5 M of H,SO4to remove any oxidation layers
and then rinsed with distilled water [54]. Figure 1
illustrates the EFT setup. The cell electrolyte solution
consisted of 0.02 M Na,SOsand used FeSO4.7H,0 as

a source of Fe?* ions (in the case of homogenous EFT).
All the runs were carried out at room temperature with
a fixed initial value of pH = 3.

There were numerous reasons for choosing 3 as
the optimum value for pH in this study. First, a value
greater than 3 would cause the formation of iron
precipitations in the form of Fe® and promote the
consumption of H,O, by OH (Equation (6)) [55]. On
the other hand, the case of lower pH led to stimulation
of the reaction of H; evaluation on the cathode surface
(Equation (7)). Thus, the proton (H*) that is needed for
generating H,O, would be consumed, in addition to
catalyzing its decomposition reaction (Equation (8))
[56]. H20; can also be depleted by its reaction with H*
to form H3O,* (Equation (9)) [34]. Finally, the too
acidic solution led to the exhaustion of the Fenton
catalyst (Fe?*) in the form of (Fe(H20)e)** [56].

H,0, + 20H™ = 0, + 2H,0 + 2e~ (6)
2H* + 2e~ - H, @)
H,0, + 2H* + 2e~ - 2H,0 (8)
H,0, + H* - H;0% 9)

The degradation efficiency of methyl orange
(%Remo) was determined by using UV-9200
spectrometers (UK) at 464 nm by applying Equation (10)
[35].

%Rey, = %xmo (10)
0

Where, Co and Css are the concentration of MO (mg/L)
at the starting and the ending time of the experiment
(35 min), respectively. Besides color detection, the
chemical oxygen demand (COD) detection would be
measured with the Lovibond Water Testing reactor to
approve organic removal. Therefore, at optimum
conditions, 2 mL of treated solution was mixed with
an oxidizing agent (K»Cr,07) and oxidized within 2 h
at 150 °C. The COD value for initial and final samples
would be measured with Photometer-System MD200.

The energy consumed during the treatment
process (EC, kWh/kg MO) was determined by using
Equation (11) [19].

EC = (Egn X t X I X 1000)/[(Co — C35) X V;] (11)

Where, Ec is the cell voltage in V, tis time in h, 1 is
applied current in A, Co-Css is the decay in MO
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concentration and Vs is the treated volume of the
solution in L.

To ensure the accuracy of the results and
minimize potential errors, each experiment was
replicated at least twice.

Figure 1: The setup of the Electro-Fenton process: (1)
power supply, (2) multimeter, (3) copper foam electrode,
(4) porous graphite electrode, (5) thermometer, (6)
magnetic stirrer, (7) air pump, (8) air flow meter.

2.3 Characterization of electrodes
The surface of the cathode (Cf) and the anode (PG)

was examined by utilizing a scanning electron
microscope (FEI-company) and the SEM images of

Map data 736
MAG: 100x HV: 30kV WD: 22 2mm

these electrodes before reaction are shown in Figures
2 and 3. It was clear from Figure 2 that Cf exhibited a
three-dimensional network structure characterized by
a regular distribution of multiple interconnected pores
and its colorful SEM photos displayed the elements of
the foam (Cu and C), while PG demonstrated a high
level of porosity, with large pores formed among the
interconnected structures as shown in Figure 3. The
Energy Dispersive X-ray spectroscopy (EDX) from
Bruker Company which operated at 100A, 25 kV and
XFlash-6110 was employed to identify and detect the
composition of electrode elements as illustrated in
Figure 4. EDX results showed that Cf and PG
consisted of copper and carbon respectively, with trace
impurities. For analyzing the crystal structure of three-
dimensional material (Cf and GP), an X-ray
diffractometer (XRD, Shimadzu) was employed
which operated at 40 kV and 30 mA using CuKa
radiation. XRD results are shown in Figure 5, which
revealed that Cf exhibited a face-centered cube
structure and three strong curving peaks at 43.5°,
50.6°, and 74.3°, which corresponded to the crystal
planes of copper structure (111), (200), and (220) in
accordance with JCPDS card No. 04-0836 [57].
Whereas the XRD pattern for PG showed a strong
diffraction peak at 20 = 26.382° according to the
graphite crystal plane (002) [40].

Figure 2: Colorful SEM photo of Cf (with a magnification of 200um) before reaction.
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Figure 3: SEM for PG before reaction (a) at magnification of 50 um, and (b) at magnification of 200 um.
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Figure 5: XRD results for Cf and PG.
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2.4 Experimental design

To identify the optimal conditions for achieving the
highest %Remo with the fewest number of
experiments, Response Surface Methodology (RSM)
was used. In this study, the Box-Behnken (BB) design
was the most effective approach to describe the
optimization process because it was well-structured
and financially efficient [58]. The impact of three
process variables (current density (CD), iron ion
concentration [Fe?*], and air flow) at three different
levels (-1, 0, and +1) was taken into account. The
coded variables with their levels are illustrated in
Table 2. Table 3 demonstrates the layout of BB
experimental design, and the experimental data were
analyzed with Minitab 19 software. The model is
outlined in Equation (12) characterizing the
mathematical relationship between the independent
factors and the response utilizing the least-squares
approach [35].

F(x) = Bo + XBix; + LB xf + 2Bixix; (12)
Where, F(x) is the removal efficiency of MO (the
response), B, is constant, f;, B;;, and ﬁi,- are the

regression coefficients, x; and x; are independent
factors.

Table 2: The coded process parameters and their
ranges.
Variables and their

Variables Ranges

Symbols -1 0 +1
A, CD (mA/cm?) 3 5.5 8
B, air flow (LPM) 0.1 0.2 0.3
C, [Fe**] (mM) 0.1 0.2 0.3

Table 3: The experimental array of BB design for MO
removal.

9 1 0 0 0 55 0.2 0.2
10 1 1 -1 0 8.0 0.1 0.2
11 1 -1 -1 0 3.0 0.1 0.2
12 1 0 1 1 55 0.3 0.3
13 1 0 0 0 55 0.2 0.2
14 1 1 0 1 8.0 0.2 0.3
15 1 -1 1 0 3.0 0.3 0.2

Coded Value Actual Value
Run Bk A B ¢ (mAC/(I:DmZ), fow ([r"r:ﬁ\j)],
A (LPM) C
B

1 1 0 -1 -1 55 0.1 0.1
2 1 -1 0 1 3.0 0.2 0.3
3 1 -1 0o -1 3.0 0.2 0.1
4 1 0 101 55 0.1 0.3
5 1 1 1 0 8.0 0.3 0.2
6 1 0 0 0 55 0.2 0.2
7 1 1 0 -1 8.0 0.2 0.1
8 1 0 1 -1 55 0.3 0.1

3 Results and Discussion

3.1 Formulation of a regression model and
implementation of comprehensive statistical analysis

According to RSM coupling with BB model via
Minitab-19, the impact of three EFT parameters for
MO removal including CD (A), air flow (B), and
[Fe2™] (C) were examined and analyzed. Table 4
demonstrates the experimental results that can be well
characterized by a quadratic model, which is
illustrated in Equation (13).

%Reyo = 7237 + 4440 A+ 83.0 B + 24.7C —
0.3996 A? — 68.7 B> —160.1 C?> - 3.61 AB +
648AC—63.1BC (13)

As seen in Table 4, the ranges of %Re,,and EC
were (88.5062 to 99.3988 %) and (3.6515 to 21.0460
kWh/kg MO), respectively. Analysis of variance
(ANOVA) is known as a very efficient statistical way
of testing the response of the process by determining
whether the variables significantly impact the
response and identifying, which variables or
interactions between variables have the most effect
[58]. The results of the model’s ANOVA are presented
in Table 5. The most important statistical elements in
the ANOVA table were P-value and F-value because
they determine the extent to which the model and its
parameters are statistically significant. An F-value
greater than 4 with a P-value less than 0.05 suggests
that there is a significant impact of factors on the
response, and the observed results are unlikely to be
due to random variation [19]. Therefore, as evident
from Table 5, the model was significant as the P-value
was 0.001 and the F-value was 33.36 with model
contribution% of 98.36%. The P-value of lack of fit
was 0.096 (P-value > 0.05), which means
insignificant, this indicates that the model is capable
of accurately predicting the response levels [59]. The
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air flow had the highest impact on the response
(%Reyp) as its contribution% was 32.32% followed

by [Fe2 "] (16.18%) and CD (14.63%).

3.2 The impact of working factors on MO
degradation

Based on RSM and for more investigation, Figures 6-8
illustrate contour with 3D surface, and 2D plots,
correspondingly to study the impact and the
interaction of each process parameter on the %Re,.
Figure 6 illustrates the effect of CD (3 to 8 mA/cm?)
on MO removal over a range of air flow (0.1 to 0.3

LPM) at a fixed [Fe2"] of 0.2 mM. As observed from
the contour graph in Figure 6(a), the MO reduction
efficiency > 98% can be potentially achieved at a
region where air flow varies in a range of 0.2 LPM to
0.3 LPM over a range of CD (4 to 7.5 mA/cm?). The
elimination efficiency increased with the increase of
the air flow as displayed in Figure 6(b), which means
that air flow had a significant effect on the response.
This can be seen by comparing the experiments 1 and 8
in Table 4, where at 5.5 mA/cm? of CD with 0.1 mM
of [Fe2+]. The removal efficiency improved from
93.8365% to 99.3988% when the air flow rose from
0.1 LPM to 0.3 LPM. This improvement came from

through the reduction reaction and thus increased the
amount of oxidizing agent (OH®) as mentioned in
Equation (1), which in turn improved the removal rate.
In addition, increasing the flow of air enhanced the
mass transfer rate within the electrical cell [59].
Figure 6(c) clearly shows the positive effect of
increasing CD on %Reyo to a certain extent, after
which any increase in CD led to an adverse impact on
the elimination efficiency. This outcome can be
attributed to the principle that a higher CD elevates the
potential of cathode, thereby intensifying oxygen
reduction at the surface of cathode. Moreover,
increasing CD improved the regeneration of Fe? "from
Fe3" reduction (Equation (3)) [60]. On the other hand,
at a higher value of CD (excessed the optimum), the
removal rate declined for all levels of air flow because,
at high CD, side reactions promoted such as H,
evolution at the cathode (Equation (7)), O, discharge
at the anode, and OH"side reaction, which is illustrated
in Equations (14) and (15), respectively [56]. In
addition, the high CD caused an increase in the EC as
can be seen in the results of Table 4. Therefore, the
adjustment of CD not only enhanced the removal
efficiency but also reduced the operating cost as CD is
the critical factor that affected EC [35].

the fact that increasing air flow led to an increase in  2H,0 — 4H* + 0, + 4e” (14)
the amount of dissolved oxygen, which is necessary
for the electrosynthesis of H,0, (Equation (2)) 2OH®— 0, +2H* + 2e” (15)
Table 4: The results of %Reyo and EC.
A, CD B, air flow C, [Fe*] %Reyo EC (KWh/kg
Run Bk Aicm?) (LPM) (mM) Real Prediced = (VO10 MO)

1 1 55 01 01 93.8365 94.140 47 10.2868

2 1 30 0.2 03 88.5062 88.833 3.2 4.6649

3 1 30 02 01 95.9273 95.337 33 3.6515

4 1 55 01 03 92.7545 92.141 49 11.2564

5 1 8.0 03 0.2 97.7898 97.503 6.3 18.9371

6 1 55 0.2 0.2 97.9089 97.734 49 9.201

7 1 8.0 0.2 01 95.5229 95.196 58 17.7318

8 1 55 03 01 99.3988 100.013 48 8.7447

9 1 55 0.2 0.2 97.4298 97.734 49 9.252

10 1 8.0 01 0.2 94.6731 94.696 55 21.0460

11 1 30 01 0.2 89.5038 89.791 34 4.2019

12 1 55 03 03 95.7923 95.489 46 10.7194

13 1 55 0.2 0.2 97.8623 97.734 49 9.207

14 1 8.0 0.2 03 94.5861 95.177 58 18.4413

15 1 3.0 03 0.2 96.2286 96.205 31 3.9981
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Table 5: The results of ANOVA for MO removal.

Source DF Seq. SS Contr. Adj. SS Adj. MS F-Value P-value
Model 9 129.365 98.36% 129.365 14.3739 33.36 0.001
Linear 3 83.026 63.13% 83.026 27.6754 64.23 0.000
A 1 19.239 14.63% 19.239 19.2386 44.65 0.001
B 1 42.512 32.32% 42.512 42.5116 98.66 0.000
Cc 1 21.276 16.18% 21.276 21.2761 49.38 0.001
Square 3 30.980 23.56% 30.980 10.3265 23.97 0.002
AA 1 20.336 15.46% 23.028 23.0284 53.44 0.001
BB 1 1.183 0.90% 1.745 1.7450 4.05 0.100
CcC 1 9.460 7.19% 9.460 9.4602 21.96 0.005
2-WaylInteraction 3 15.359 11.68% 15.359 5.1198 11.88 0.010
AB 1 3.255 2.47% 3.255 3.2546 7.55 0.040
AC 1 10.512 7.99% 10.512 10.5115 24.40 0.004
BC 1 1.593 1.21% 1.593 1.5933 3.70 0.113
Error 5 2.154 1.64% 2.154 0.4309 - -
Lack-of-Fit 3 2.015 1.53% 2.015 0.6716 9.62 0.096
Pure Error 2 0.140 0.11% 0.140 0.0698 - -
Total 14 131.520 100.00% - - - -
S R? R?%(adj.) Press R?(pred.)
Model Summary 0.65641 98.36% 95.41% 32.5513 75.25%

The interaction effect of [Fe2 '] with CD on MO
reduction at fixed air flow (0.2 LPM) was investigated
as displayed in Figure 7. The peak in the contour graph
shown in Figure 7(a), demonstrated that the best
removal efficiency was attained within the range
found within this circular area. It revealed a distinct

interaction between [Fe2+] and CD on%Rey,. From
Figure 7(b), the elimination efficiency sharply
dropped as [Fe2+] raised and this can be detected from
the comparison between runs, 2 and 3 in Table 4 in
which at constant CD and air flow at values of 3
mA/cm? and 0.2 LPM, respectively, as [Fe? "] dropped
from 0.3mM to 0.1 mM, the %Re,,, increased from
88.5062% to 95.337%. The excess of [Fe?"] would
consume OH* as illustrated in Equation (16) [37] [59].
Figure 7(c) depicted that even at the highest value of
CD, the negative effect of increasing [Fe2+] can be
observed, but at a slower pace, as shown by the results
of experiments 7 and 14, where at a fixed CD (8
mA/cm?), which is the upper limited value, and at the
same constant air flow rate (0.2 LPM), the removal
efficiency decreased from 95.5229% to 94.5861% as

[Fe2™] rising from 0.1 mM to 0.3 mM [61], [60].
Fe?" + OH® > Fe3" + OH" (16)
At a constant CD (5.5 mA/cm?), Figure 8

demonstrates the influence of [Fe2+] and air flow
on %Reyo. The contour plot (Figure 8(a)) confirmed
that MO removal efficiency between 98% and 100%
was confined to a specific range where air flow
fluctuated between 0.19 LPM and 0.3 LPM, and

[Fe2+] levels range from 0.1 to 0.24 mM. Figures 8b-
¢ showed that %Re,,, increased with air flow growth

with a slight improvement on %Rey, as [Fe2+]
increased to 0.15 mM and then %Re,,, dropped for
any increase beyond this value (0.15 mM). This effect
can be observed through the results of runs 1 and 8
from Table 4, where at a fixed value of CD (5.5
mA/cm2) and [Fe?*] (0.1 mM) the %Re,,, enhanced
from 93.8365% to 99.3988 with a decrease in EC from
10.2868 to 8.7447 kWh/kg MO when air flow was
increased from 0.1 to 0.3 LPM. While, at runs 4 and
12, the improvement in the peak of %Re,;, was less
(from 92.7545% to 95.7923%) and a decrease in the
EC value (decreased from 11.7545 to 10.7194 kWh/kg
MO). Although CD value was constant at 5.5 mA/cm?

and air flow increased from 0.1 to 0.3 LPM, the [Fe2+]

was 0.3 mM. The effect of the high value of [Fe2+] on
EC was small [35]. As the runs 2 and 11 have the
lowest %Reyovalues compared to the other
experiments, a comparative analysis was done to
address the reason behind this difference. In run 2, the
higher [Fe?*] (0.3 mM) would increase the availability
of iron ions for hydroxyl radical (OH") generation.
However, excess Fe?* acts as a scavenger, reacting
with OH" to form Fe®*, thereby reducing the oxidative
efficiency as shown in Equation (16). This scavenging
effect could explain the slightly lower efficiency
compared to run 11. While in run 11, a lower [Fe?*]
(0.2 mM) minimized scavenging, allowing more OH*
to contribute to MO degradation, resulting in slightly
better removal efficiency [35]. Therefore, scavenging
effects in run 2 due to higher [Fe?*] (0.3 mM) resulted
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in OH"* scavenging, reducing efficiency despite better
aeration. In terms of air flow rate, as seen in run 2, a
0.2 LPM is adequate for oxygen supply, which is
essential for H,O, generation at the cathode as
illustrated in Equation (2). Whereas in run 11, the
reduced air flow rate (0.1 LPM) likely limits H>O;
production and reduces OH" generation [62]. Limited
aeration in run 11 due to lower air flow rate (0.1 LPM)
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Figure 6: The removal of MO as a function of CD and

air flow at [Fe2+]: 0.2 mM, (a) contour, (b) 3D
surface, and (c) 2D surface plots.

restricted oxygen availability and slowing H0;
production. However, the reduced [Fe?*] mitigated
scavenging, leading to slightly better efficiency.
Moreover, both runs operated at a low CD (3
mA/cm?), which limits the electrochemical generation
of H,O, and OH", and reducing efficiency compared
to the other experiments [63].
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3.3 The optimization of the EFT and verification of
the outcomes

One of the most important goals of employing BB
design for studying and analyzing the results of MO
degradation in this work was to find the optimal
working conditions to achieve the highest removal
with the lowest EC [19]. Table 6 illustrates the
optimum value for %Rey,. To validate the
performance of BB, a confirmation test was carried out
with optimal variables levels as shown in Table 7. The
average %Rey,, Was 98.86% with EC of 7.87 kwWh/kg
MO at electrolysis time of 35 min, while earlier study
by Adachi et al., [63], who used graphite as a cathode
in EFT 94.5% removal efficiency of MO was achieved
in 60 min with using larger amount of chemicals. This
indicates how efficient the Cf electrode was in the
degradation of MO. The initial value of COD was

53 mg/L which increased to 154 mg/L within 15 min
of electrolysis, and its final value at optimum
conditions was 6 mg/L at the end of the experiment.

3.4 Reusability and stability of cathode electrode (Cf)

In order to evaluate the reusability of the copper foam
(Cf) electrode, consecutive experiments were
conducted for the degradation of MO under the
optimum conditions (without regeneration treatment).
The results showed that the %Remo was 97.86% after
five successive cycles with a slight decrease from the
first run (%Remo = 99.03%) as demonstrated in Figure
9 and Table 8. The reasons for this decrease might be
due to 1) accumulation of reaction by-products, such
as iron hydroxides and organic intermediates which
reduces active sites for H,O, generation [64], 2)
adsorption of reaction intermediates on the cathode
surface which hinders catalytic performance [65], 3)
electrochemical reactions lead to gradual erosion of
the copper foam thus copper ions (Cu?*) are leached
from the cathode under the process conditions, which
are secondary pollutants at specific rates [39] because
copper ions are toxic to aquatic organisms even at low
concentrations. Copper ions can interfere with enzyme
systems, disrupt osmoregulation, and accumulate in
tissues, leading to  bioaccumulation  and
biomagnification along the food chain. The maximum
allowable concentration for Cu?" in drinking water is
1.3 mg/L according to EPA standards [66], [67].
Moreover, copper ions might consume H,O; as shown
in Equation (17) [44].
Cu?" + H,0, > Cu* + HO, + H* (17)
Therefore, the concentration of leached Cu?* was
examined after each run. As seen in Figure 9, the [Cu?*]
was increased with each cycle until reached final
concentration of 0.36 mg/L at the fifth cycle. According
to River Maintenance System No. (25) of 1967 of the
state of Iraq, the permissible limits for [Cu?"] in
wastewater discharged into the water source should not
exceed 0.2 mg/L. Therefore, Cf as cathode had good
reusability for 3 runs with excellent elimination
efficiency and acceptable concentration of Cu?*. The
SEM analysis in Figure 10 for Cf before and after 5 runs
revealed high stability for Cf cathode which had a
similar structure as before reaction concentration of
Cu?*, The SEM analysis in Figure 10 for Cf before and
after 5 runs revealed high stability for Cf cathode which
had a similar structure as before reaction.
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Table 6: The optimum conditions for the maximum removal efficiency of MO.

Response Goal lower Target Upper Weight Important
Max. 88.05 Max. 99.39 1 1
Solution of parameters Multiple response prediction
CD, mA/cm? A'[;',SIW' [Fe?*], mM | MO% fit SE fit 95% ClI 95% PI
5.22 0.3 0.124 100.18 0.481 (98.944,101.415) (98.089,102.271)

Table 7: The verification of the optimal result.

Run CD, mA/cm? AIIfF]:II\(;IW’ [Fe?'], mM E, volt EC, ll\(/lvgh/kg ACt;ZL/OMO Average
1 5.22 0.3 0.124 4.7 7.72 99.03 98.86
2 5.22 0.3 0.124 4.7 8.03 98.67
=) [ : e LY dyes [42]. Moreover, EFT was more efficient and
—=— Cu concentrution (gL | 9 achieved higher rates of dye removal due to the
9.0 Lo o continuous generation of highly reactive (OH") in the

T
9

Cu concentration (mg/L]

EFT, which accelerates the degradation of dyes. In
contrast, AO primarily releases the generated oxygen
species at the anode, which may not be as reactive or
effective in breaking down certain complex dye
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fLaad molecules as quickly as the EFT [68], [69]. Therefore,
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Figure 9: Reusability of Cf cathode and Cu leaching i
from cathode at the optimum condition for 5
successive runs.

Table 8: The %Rewmo over 5 reuse cycles under
identical operating conditions.
Efficiency Loss Relative to

Cycle  %Rewo Initial Cycle (%)
1 99.03 0
2 98.6 0.43
3 98.68 0.35
4 97.9 113
5 97.86 117

3.5 The comparative degradation of MO by anodic
oxidation (AO) and EFT

Since the degradation of pollutants in EFT is achieved
by the action of Fenton’s reagents combined with AO,
which takes place on the anode surface, the
elimination of MO was investigated through AO and
EFT separately under the optimum conditions without
using any source for Fenton catalyst in case of AO.
The outcomes displayed in Figure 11 showed that the
%Rewmo at the end of 35 min was 76.7% by AO while
it was 98.6% by EFT. These results are consistent with
the findings of Bocos et. al., who established that AO
exhibits a constrained capacity for the degradation of

o~ 5

Figure : SEM for Cf at a magnification of 200um
(a) before reaction and (b) after 5 successive runs.
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Figure 11: The comparison of EFT and AO for
degradation of MO at optimum conditions (CD = 5.22

mA/cm?, air flow = 0.3 LPM, and [Fe?*] = 0.124 mM).

3.6 Iron waste (IW) as an alternative source for
ferrous ions

3.6.1 The performance of iron waste

Depending on the optimal conditions, the
effectiveness of using iron waste as a cheap source of
Fenton catalyst was tested and Table 9 displayed the
results of the comparison between the use of
FeS04.7H,0 (1S) and iron waste (IW) to eliminate MO
over time. In the first minutes, it was noted that the
removal efficiency using IS was higher than in the case
of using IW. The reason for this was that the release of
iron ions (Fenton catalyst) from IW was slow at first,
but as the electrolysis continued, the removal rate
increased and became comparable to or even higher
than the removal efficiency with IS due to the release
of larger quantities of iron ions [70], [71]. The
reusability of the IW catalyst was tested by assessing
its ability to remove MO over multiple cycles in the
EFT without any regeneration treatments between
cycles. This method helps in determining how
effectively the catalyst can maintain its performance
in degrading contaminations through successive uses
without requiring chemical or physical restorations.
The results in Figure 12 showed that > 98% of %Remo
was achieved after four successive runs by utilizing
IW. Additionally, the leaching of iron from IW was
tracked over the four runs. The results illustrated that
as the reaction time increased, the concentration of
iron leaching also increased, eventually reaching a
final value of 0.872 mg/L at the end of the fourth cycle,
which was substantially lower than the discharge
limits set by River Maintenance System No. (25) of
1967 of the state of Irag (iron concentration <5 mg/L)

and the standards of the European Union in which iron
concentration is less than 2 mg/L [52].

Table 9: MO degradation by using IS and IW.

Time(min) %Repyo With IS %Reyo With IW
0 0 0
5 39.19+0.69 38.92+3.51
10 67.33+£2.26 64.97 £2.73
15 83.76 + 1.36 82.81+2.62
20 92.01+2.75 91.78 £+ 1.77
25 96.01 £1.06 96.06 £ 0.39
30 97.88 +0.78 97.96 +0.19
35 98.68 + 0.2 98.82 +0.23
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Figure 12: Reusability of IW and Fe leaching from IW
at the optimum condition for 4 successive runs.

3.6.2 The characterization of IW

Iron waste, derived from various industrial processes,
contains a mixture of iron oxides (Fe?*/Fe®*), metallic
iron, and sometimes impurities such as carbon or
silicates. As the chemical composition is an important
factor that affects its catalytic activity in the electro-
Fenton process, EDX analysis was conducted for IW
and the results are illustrated in Figure 13(a). The
results clearly highlighted iron as the dominant
element (Fe= 87.3%), as evidenced by its higher peak
appearing in the elemental profile. Iron-rich wastes
with minimal impurities (e.g., copper or zinc) typically
exhibit higher activity. Rattanachueskul et al., showed
that para-rubber wood ash, rich in iron oxides,
provided high catalytic efficiency due to its chemical
composition [72]. Moreover, Scanning Electron
Microscopy (SEM) was utilized to provide
information about the morphology and microstructural
features. In Figure 13(b), the SEM image shows a
rough and uneven surface, indicating high surface
area, which is beneficial for catalytic reactions as it
enhances the dissolution rate of iron ions (Fe?*/Fe®")
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into the solution. This ensures a steady supply of
reactive iron species for the Fenton reaction. Kazmi et al.,
demonstrated that iron-enriched biochar derived from
pistachio shells achieved superior catalytic activity
due to increased surface area from reduced particle
size [73]. XRD results are shown in Figure 13(c),
which revealed that IW exhibited a body-centered
cube structure and three strong curving peaks at
43.67°, 65.02°, and 82.34° which corresponded to the
crystal planes of iron structure (110), (200), and (211),
respectively. Crystalline iron confirms the presence of
metallic Fe as the active phase for the Fenton reaction.
Additionally, the dominance of a-Fe suggests that the
material is mostly pure iron, with minimal secondary
phases. Finally, high crystallinity ensures good
electron transfer and stability in the EFT.
Inchaurrondo et al., reported that slag enriched with
magnetite  and  hematite  provided  superior
performance in Fenton-like oxidation due to its
crystalline structure [74].

3.7 Comparison between IW performance and
traditional homogeneous EFT with iron salts

The reaction kinetics in the electro-Fenton process are
influenced by the availability and cycling of Fe**/Fe**
ions, which act as catalysts in generating hydroxyl
radicals (OH"). For iron waste systems (EFIW), iron
waste provides a gradual release of Fe2* ions into the
solution through dissolution, which contributes to
continuous OH" generation [75]. However, the
dissolution rate is influenced by factors such as pH,
particle size, and composition of the waste. In addition
to homogeneous reactions, surface reactions occur at
the waste material, enabling a combined
heterogeneous-homogeneous mechanism that can
enhance reaction rates. While in a homogeneous EF
system with iron salts (EFIS), soluble iron salts (e.g.,
FeS0..7H,0) provide readily available Fe?" ions,
leading to faster reaction Kinetics initially.
Additionally, Fe?* ions are consumed quickly, and the
cycling to Fe** requires a stable applied potential,
which can limit long-term efficiency if not optimized
[71].

In terms of efficiency, The MO removal
efficiency using iron waste reached 98.82% after 35
minutes, which is comparable to that achieved by
Fe*salts under similar operating conditions. In
addition, the presence of impurities in iron waste, such
as carbon, may enhance the efficiency by facilitating
electron transfer during the reaction. Furthermore,

using iron waste avoids the need for synthetic iron
salts, reducing costs and environmental impact. Also,
the gradual release of Fe2* minimizes the risk of excess
Fe?* in treated water, improving compliance with
effluent discharge standards [76]. On the other hand,
homogeneous EF systems with Fe?* salts typically
exhibit higher initial removal rates due to the
instantaneous availability of Fe**ions. However, the
excessive use of Fe?* salts can lead to secondary
pollution and increased sludge production, which is a
drawback compared to the slower iron release in the
waste-based system [77], [71].
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3.8 Comparison of earlier studies for MO
degradation using Fenton-based advanced oxidation
processes (AOPs)

Table 10 presents a summary of the findings from
previous studies on the degradation of MO using
AOPs based on the Fenton principle. The comparison
highlights key factors like the MO initial
concentration [MQOq], the type and dosage of utilized
catalysts, the presence or absence of externally added
H20, reaction durations, and the overall efficiency in
dye removal, to offer a clear overview of the
performance of each method. It could be perceived
that the completed removal of 100 mg/L of MO, which
was achieved by heterogeneous photo-Fenton needed
60 min of treatment [78] and by using heterogeneous

Fenton-like it required 180 min for degrading 92.8%
of 15 mg/L of MO [27]. Therefore, EFTs had proven
their activity for removing MO at high concentrations
with low treatment time compared to photo-Fenton
and Fenton processes. Furthermore, our system (EFT
with Cf cathode) was superior to the rest of the EFTSs
mentioned in Table 10, where it achieved more than
98% degradation of MO from a high concentration
(100 mg/L) in a time of 35 min. For higher MO
concentration, the lower degradation efficiency would
be accomplished and the treatment would require a
longer time to perform higher removal [78], [60].
Moreover, the current work generated H;0,
electrically and also iron salts (Fenton catalyst) could
be replaced with iron waste as an economically
efficient alternative.

Table 10: Comparison of Fenton-based AOPs performance for MO degrading.

[MO],,

Time,

Type of AOPs mg/L Catalyst/dose [H202]o min %Remo Ref.
Photo-Fenton 25 a-Fe,03 /30 mg 30 uL 120 76.5 [79]
Heterogeneous photo-Fenton 100 Fe-sand /1.5 g/L 200 mg/L 60 100 [78]
Homogenous electro-Fenton 75 Fe?* /10“M 5x102M 30 99.37 [60]
Homogenous electro-Fenton 60 Fe?* /0.232 mM 8.8 mM 60 94.5 [63]
Heterogeneous Fenton-like 15 WO, / 2.44 mg/L 0.179 mM/L 180 92.8 [27]
Homogenous electro-Fenton 100 Fe?* /0.124 mM - 35 98.68 This work
Heterogeneous electro- 100 Iron waste - 35 98.82 This work
Fenton
Table 11: Comparison of EFT performance for dye removal in terms of EC.
Dye [Dye],, mg/L Electrolysis Time, min Removal Efficiency (%) EC, kWh/m® Ref.
Diperse Red 1 163.46* 40 90 (in 360 min) 24 [80]
(DR1)
Diperse Yellow 3 143.03 ® 60 90 (in 360 min) 3.6 [80]
(DY3)
Textile wastewater 94 (COD) 30 89 16 [81]
MO 20 15 98 39.4 [82]
Erthrosine B (EB) 100 120 >90 >20 [83]
Erthrosine B (EB) 100 30 98.15 0.74 [35]
MO 100 35 98.86 0.7833 This work

As an important notification, the units of some values have been changed for the purpose of harmonizing them with the rest of the values
for comparison, where: a: [DR1],= 0.52 mmol/dm?’, b: [DY3],= 0.558 mmol/dm?, and c: EC = 7.87 kWh/kgMO.

3.9 The energy consumption (EC) comparison with
other EFT for dye removal

Energy consumption (EC) is a critical parameter when
evaluating the efficiency of Electrochemical
Advanced Oxidation Processes (EAOPs). To highlight
the effectiveness of this study, Table 11 summarizes an
overview comparison of the EC of this work versus
other batch mode EFT reported in the literature for dye
removal.

As seen in Table 11, the range of EC was (0.74
to 39.4 kWh/m®). Clearly, the superiority of the system
in this study over the rest of the EF systems is evident,

as it removed dye (MO) with high efficiency and
minimal EC. Compared to the study conducted by
Kacem et al., for removing EB dye by EFT, it can be
noted that the EC was slightly more efficient than the
system used in this study. The reason is due to the
operational conditions used, where a high air flow rate
(3 LPM) and a larger mixing speed (500 rpm) were
utilized besides using higher electrolyte concentration
(0.5 M). All these factors lead to an increase in the
dissolved oxygen concentration, thus increasing the
electrical generation of H>O,, which is an essential
factor in the process of OH" generation [62].
Furthermore, increasing the mixing speed improved

Z. M. Hameed and R. H. Salman, “Optimizing Methyl Orange Degradation via Electro-Fenton with Copper Foam Cathode: A
Comparative Approach Using Iron waste vs. Iron Salts and Exploring Catalyst and Cathode Durability.”



16

Applied Science and Engineering Progress, Vol. 18, No. 4, 2025, 7728

the mass transfer of the treated solution and the higher
concentration of the electrolyte improved the
conductivity of the solution and finally reduced EC
and electrolysis time to achieve high removal
efficiency [56], [60].

4 Conclusions

The current work studied the influence of various
operating parameters such as current density (CD), air
flow rate, and the concentration of catalyst [Fe?'] on
the degradation of methyl orange (MO) through
Electro-Fenton technology (EFT) using anode and
cathode of porous graphite (PG) and copper foam (Cf)
respectively. Optimization method achieved using
Box-Behnken (BB) approach. The best removal
efficiency (%Remo) was 98.86% with energy
consumption (EC) of 7.88 kWh/kg MO, which was
performed at optimal conditions (CD = 5.22 mA/cm?,
air flow = 0.3 LPM, and [Fe*] = 0.124 mM).
Furthermore, the present study revealed that the use of
Cf as a working electrode in EFT was very successful
as it achieved high degradation of MO in a relatively
short time (35 min) with the possibility of reusing the
cathode for 3 consecutive cycles with no need for
regeneration process and at acceptable concentrations
of copper leaching from Cf cathode. To further
mitigate leaching beyond three cycles and enhance
cathode stability, some measures can be followed such
as rinsing the cathode with diluted acidic solutions or
ultrasonic cleaning to remove fouling or applying thin
oxide layers on the copper foam to prevent corrosion
or integrating copper foam with carbon nanotubes or
metal oxides to enhance durability. On the other hand,
the outcomes proved that EFT was the dominant
process for the removal of MO, as %Rewmo was 98.6%
while anodic oxidation (AO) attained 76.7% at the
same conditions. The utilization of iron waste
(heterogeneous EFT) instead of iron salts
(homogenous EFT) as an economical source of Fenton
catalyst revealed great %Rewmo (98.82%) besides, the
heterogeneous catalyst (IW) demonstrated excellent
reusability, showing only minor iron leaching, and
preserving its stability throughout 4 successive runs.
However, this system shows great potential as an ideal
choice for developing EFTs that run continuously. On
the other hand, while the system performed effectively
under controlled conditions, the real wastewater may
present challenges due to its variable pH, ionic
composition, and organic load. Further investigations
with real wastewater are necessary to validate the

system’s scalability and adaptability. Moreover, future
research should focus on elucidating the MO
degradation mechanism and reaction pathways to
further enhance the system’s efficiency and
applicability.
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