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Abstract

The 3D electro-Fenton technique is, due to its high efficiency, one of the technologies
suggested to eliminate organic pollutants in wastewater. The type of particle electrode
used in the 3D electro-Fenton process is one of the most crucial variables because of its
effect on the formation of reactive species and the source of iron ions. The electrolytic cell
in the current study consisted of graphite as an anode, carbon fiber (CF) modified with
graphene as a cathode, and iron foam particles as a third electrode. A response surface
methodology (RSM) approach was used to optimize the 3D electro-Fenton process. The
RSM results revealed that the quadratic model has a high R? of 99.05 %. At 4 g L iron
foam particles, time of 5 h, and 1 g of graphene, the maximum efficiency of phenol
removal of 92.58 % and chemical oxygen demand (COD) of 89.33 % were achieved with
32.976 kWh kg phenol of consumed power. Based on the analysis of variance (ANOVA)
results, the time has the highest impact on phenol removal efficiency, followed by iron
foam and graphene dosage. In the present study, the 3D electro-Fenton technique with
iron foam partials and carbon fiber modified with graphene was detected as a great
choice for removing phenol from aqueous solutions due to its high efficiency, formation of
highly reactive species, with excellent iron ions source electrode.

Keywords
Wastewater treatment; organic pollutants; removal efficiency; 3D-electrode system;
iron foam; response surface methodology; analysis of variance

Introduction

Phenol is one of the most significant bio-recalcitrant pollutants found in numerous chemical and
biochemical industries. It is created during the operation of manufacturing facilities for resins, coke,
pharmaceuticals, olive groves, and other food-related businesses [1,2]. Pesticides, herbicides, dye
molecules, phenolic compounds, antibiotics, medicines, and surfactants are a few examples of
organic pollutants that are typically exceedingly difficult to break down [3]. Phenolic compounds are
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among the substances that should be the most concerned due to their tendency to persist in the
environment for long periods and their potentially dangerous effects [4]. The presence of phenol in
drinking water and irrigation poses substantial health hazards to people as a possible carcinogen,
even at low dosages [5]. The health of people and all other living things are highly impacted by water
quality. Therefore, surface and groundwater contamination by harmful or persistent contaminants
became a significant issue [6,7].

Several aromatic and aliphatic intermediates that are more toxic than phenol are produced
during the electrochemical oxidation of phenol [8]. Since it is a clean process that produces high
concentrations of hydroxyl radicals (OH®) which can be used to oxidize, degrade, and mineralize a
variety of organic compounds, the electro-Fenton process has been identified as a particularly
attractive technology. It is a promising and emerging advanced oxidation process (AOPs) [9,10]. The
use of transition metals as heterogeneous catalysts will prevent the production of iron sludge and
increase the range of potential catalysts that may be employed in AOPs [11]. The proposed
heterogeneous electro-Fenton system exhibited high efficiency, stability and economy [12]. The
electro-Fenton method has many advantages; it is an appealing technology for wastewater
treatment because it does not create secondary pollutants. The power used is clean and pollution-
free, it uses no hazardous chemicals, which make this method to be an environmentally benign
procedure [13,14]. Electro-Fenton's fundamental idea is summarized in equation (1), where the
oxidation of Fe?* to Fe3* makes it easier for H20 to become the highly oxidizing OH*. The OH" radical
is a strong, non-selective oxidant that takes part in the degradation of organic contaminants [15].
Fe?* and H,0; are necessary for OHe to be continuously produced [16]. If Fe3* ions do not form
hydroxide precipitates in the solution phase, the Fe?* ions can be created by reducing the Fe3* at the
cathode (equation (2)), providing a nearly constant supply of Fe?*. The H20: is produced by the two-
electron reduction of dissolved oxygen, as shown in equation (3) [17]. The rate constant (k) for each
reaction is illustrated as follows [18]:

Fe?*+ Hy0z+ H* — Fe* + OH" + H,0; k = 55.0 M 5™ (1)
Fe3*+e — Fe?; k=0.15s" (2)
02+ 2H*+2e — H207; k=5.9 nM s? (3)

Due to the comparatively easy handling of the reagents needed for this process and the efficient
performance that can be obtained at a low cost, the electro-Fenton process has been widely used in
wastewater treatment [19]. Furthermore, no hazards are associated with the handling, storage, or
transportation of H;0; [20]. The electro-Fenton process is affected by several factors, including the
initial contaminant concentration, pH, current intensity, and reagent dosage [21].

Carbonaceous electrodes are often employed as anodes in wastewater treatment due to their
large surface area per volume [22]. To enhance the efficiency of electrochemical processes for
eliminating organic pollutants, the selection of cathode material is considered an essential factor.
The good characteristics of carbon fiber (CF), like high specific surface and low cost, make it a good
choice as a cathode for H,0; generation. The modification of carbon electrodes with graphene was
confirmed to exhibit better performance in producing H20; [23]. The modified electrode
demonstrated higher electron-transfer ability than the raw carbon felt electrode since the redox
current and charge-transfer resistance are increased [24].

Among sophisticated oxidation methods, the three-dimensional (3D) electrode reactor has
received attention for efficiently degrading organic pollutants due to its high efficiency, ease of
operation, and environmental compatibility, among other factors [25]. In comparison to standard
two-dimensional (2D) electrode technology, the electrocatalytic property of 3D particle electrodes
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is the core technology of the 3D electrode reactor [26]. In terms of current efficiency, energy
consumption (EC), and pollutant removal efficiency, the 3D electrode technology outperforms the
2D electrode technology. The overall 3D electrode system offers a large effective contact area as
well as a large number of micro-electrolysis cells, and the electrochemical reaction takes place not
only on the surface of the main electrode but also on the surface of each particle electrode [27,28].
On the other hand, using iron foam has two benefits. Iron foam functions as a 3D particle to offer
active sites and increase reaction efficiency and supplies the reaction with Fe?*, which reacts with
H.0; to create OH" that oxidizes phenol [29].

The goal of the current study is to detect the enhancement of phenol removal efficiency by
utilizing CF modified with graphene as cathode and iron foam as the third electrode in a 3D electro-
Fenton system and optimizing results using Box-Behnken design.

Experimental

Materials

All agueous solutions were prepared using distilled water. All reagents were of analytical grade
and no additional purification was needed. The chemicals were: phenol crystals (CcHsOH, 99.5 %
purity, Alpha Chemical Reagent Company, India), SDFCL or ferrous sulfate heptahydrate FeS04.7H,0
(CDH Company, India), sodium sulfates (NazSOa, purity 299.0 %, SDFCL), and sulfuric acid (H2S0a,
with a concentration of 98 %, Sigma-Aldrich). CF (99.5 % Carbon content, China) was used as a
cathode that has a 0.111 mm thickness and a 12K yarn size purchased from Jiaxing ACG composites
Co. Ltd. (China) and iron foam was purchased from Xiamen Top new energy Technology (China) with
porosity of 110 (pores per cm)

Experimental methods

The electro-Fenton reaction was conducted in 1 L cylindrical beaker. The batch reactor contained
150 mg L! of a phenol solution and three electrodes that were fully submerged in the solution. A
cathode was made of carbon fiber felt modified with graphene (18x6 cm), and the anode was a
graphite plate (18x6x0.5 cm). Iron foam particles (1x1x1 cm) served as a third electrode and the
distance between anode and cathode was 3 cm. The iron foam was washed with 0.1 M H;S04and
deionized water in sequence to remove the oxide layer on its surface. To enhance the amount of
dissolved oxygen, the solution was aerated with (ACO-001 electromagnetic, China) for 20 minutes
before the reaction and continued until the completion of the experiment at a rate of 10 L h!. Before
each experiment, a pH value of 3 was achieved by adding 0.1 M H,S0s acid to the solution, and the
pH value was measured with a pH meter of HANNA (Romania). To achieve the desired concentration
of iron ions, they were released in a specific amount from iron foam particles into the solution. To
keep the ionic strength constant and increase the medium conductivity, 0.05 M of Na,SOs4 was
added to the solution. Electrolytes improve the effectiveness of electrodes and processes, such as
increasing the conversion of oxygen to hydrogen peroxide at the cathode surface due to an
acceleration in the speed of ion exchange and the electrostatic resistance between electrodes and
ions [30]. The electrodes were connected to a DC power supply type (UNI-T, UTP3315PE) which
operated at a constant current density of 4 mA cm2. A digital voltmeter (FLOWTECH, China) was
used to detect voltage and current values. Before the pH correction, a first sample of 10 ml of
aqueous solution with phenol was obtained. Before analysis, periodic samples of treated solution
were filtered through 0.45 um filter papers to eliminate any suspended contaminants. The
temperature throughout the 3D electro-Fenton process was kept constant at 27 +1 °C. Samples
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were taken and analyzed to determine COD and phenol concentration by the RD125, Lovibond, and
UV-9200 spectrometers, respectively. A schematic drawing of the 3D electro-Fenton system is
shown in Figure 1. The efficiency of phenol removal was evaluated using equation (4) [31].

REphenoI = [(Cl'CZ)/Cl] 100 (4)

where REphenol / % is phenol removal efficiency, C1 and C, / mg Lt represent the original and final
phenol concentrations, respectively.

The energy consumption (EC / kWh kg phenol) that defines the amount of energy required to
digest one kilogram of phenol was estimated by equation (5) [31]:

EC = 1000/Ut/ACphenolV (5)

where | / Ais the operating current intensity, U is voltage, V / L is the volume of the solution, t / his
the electrolysis time, and ACphenol / mg L is the difference in experimental phenol concentrations.

O+

Figure 1. Schematic drawing of the electro-Fenton system: 1) power supply, 2) multimeter,
3) magnetic stirrer, 4) iron particles, 5) cathode, 6) anode, 7) flow meter and 8) pump

Carbon fiber modification

Before each process, the commercial CF used as one of the working electrodes (cathode) was cut
into an 18x6 cm? rectangle piece. This CF piece was activated for 30 minutes at 80 °C with 5 % HNOs,
cleaned, and stored in distilled water. The CF cathode was then modified using a certain amount of
graphene. The slurry was created by combining 0.14 ml of polytetrafluoroethylene (PTFE), 3 ml of
ethanol, and 2 ml of deionized water. Using a brush, this mixture was applied to the two sides of the
CF. The CF was then allowed to dry at ambient temperature before being calcined for 30 minutes at
360 °C [32,33].

Characterization of electrodes

Graphite and CF modified with graphene were used as the anode and cathode, respectively. The
crystallographic characterization of the graphite, graphene, pure CF, and modified CF was examined
by X-ray diffraction (XRD) as shown in Figure 2. The XRD device characteristics were Model, XRD
6000, and Shimadzu, Japan. A scan speed of 5 degrees per minute was used with a 40 kV voltage
and 30 mA current for the X-ray tube. A scanning electron microscope (SEM) was employed to
investigate the electrodes surfaces as shown in Figure 3. Energy dispersive X-ray spectroscopy (EDX)
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data was also measured at a voltage of 25 kV for iron foam before and after the reaction, as shown
in Figure 4.

Figure 2 demonstrates that CF modified with graphene structure can be identified as the source
of the sharp diffraction peak visible at 28 of 26.99°, corresponding to the diffraction line C (002).
There is a weaker abrupt peak at 2 8 of 18.81° related to the PTFE as it is used in the modification
process. The pure graphite shows a sharp and tight peak at 26.5°, corresponding to the diffraction
line C (002) [34].
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Figure 2. XRD patterns of a - graphite, b - pure CF, c - graphene and d - CF modified with graphene

By utilizing SEM, the morphology of graphene on the CF was revealed. Figure 3 displays the SEM
images of the pure and modified cathode. The graphene flakes were thin sheets, and they were all
aligned on the CF surface. Figure 3a illustrates the CF without modification, while Figure 3b shows
the transparent layer of graphene developed on the CF. A definite penetration of graphene between
the CF threads can be detected in Figures (3a and b) which indicates an increase in the probability
of solution mixture penetration between the CF threads. This penetration of graphene between the
CF threads increases the surface area, enhances electrode performance, and produces more H,0,.
Figures 3c and d show the structure of the third electrode (the iron foam).
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ETDH

Figure 3. SEM images of: a - CF before modification, b to d - CF after modification with graphene and iron
foam before the electro-Fenton process

Design of experiment

With the aid of mathematical and statistical data collection techniques, including response
surface methodology (RSM), it is feasible to ascertain the relationship between a process response
and its contributing elements [35]. In order to detect the best conditions for higher phenol removal
efficiency in the 3D E-Fenton process, a Box-Behnken design (BBD) was employed. Using preliminary
data, this study used three main independent variables and three levels. Iron particles, graphene
dosage, and electrolysis time were selected as variables in the performed experiments. Table 1
displays the experimental range and levels of independent variables. Table 2 displays the Box-
Behnken design.

Table 1. Variables and different levels of experimental design

. levels
Independent variable a1 0 1
X1- mass of iron particles, g 2 3 4
X2- mass of graphene, g 0.5 0.75 1
X3 -time, h 3 4 5

The empirical quadratic polynomial model depicted by equation (6) can represent the
mathematical relationship between independent factors and response [36,37].

Y = ao + Zaixi + 2 aii X2 +Z aij XiXj (6)
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Table 2. Design of experiments with the level of each factor using Box-Behnken designs, Bk. = 1

Run Coded values Real values
X1 X2 X3 Mass of iron particles, g Mass of graphene, g Time, h

X1 X2 X3
1 -1 1 0 2 1.00 4
2 1 0 -1 4 0.75 3
3 0 -1 -1 3 0.50 3
4 -1 0 1 2 0.75 5
5 0 -1 1 3 0.50 5
6 0 1 1 3 1.00 5
7 1 1 0 4 1.00 4
8 -1 0 -1 2 0.75 3
9 0 0 0 3 0.75 4
10 0 1 -1 3 1.00 3
11 0 0 0 3 0.75 4
12 1 0 1 4 0.75 5
13 0 0 0 3 0.75 4
14 1 -1 0 4 0.50 4
15 -1 -1 0 2 0.50 4

Where Y represents the response (REphenal), i and j are the index numbers for independent
variables, ao is the intercept term, x1, x2 ... xx are the process variables (independent variables) in
coded form. ai is the first-order (linear) main effect, aii is the second-order main effect, and aj is the
interaction effect [36,37]. The Minitab-18 software was used to examine the results of phenol
removal efficiency.

Iron foam characterization

Figure 4a and b shows the surface compositions of the iron before and after the reaction which
were analyzed by EDX. The results showed that the highest elemental peak is for the Fe element
with a content of 72.32% before the reaction, and there are other peaks for other elements with
(Co of 24.67 wt.% and C of 4.01 wt.%). The results show a reduction in the Fe element to 69.32 wt.%
after the reaction due to the release of iron ions needed for the reaction.
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Figure 4. EDX results for iron foam: (a) before reaction, (b) after reaction

Iron foam is characterized by high surface porosity, where fluid can move easily through the
connections between porous structures, and it plays a vital role in the 3D electro-Fenton system as
a source of iron ions [29]. Based on the images of SEM for iron foam after the reaction, as illustrated
in Figures 5a and 5b, the structure was varied due to the iron ions releasing.
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Figure 5. SEM images of iron foam after reaction

Results and discussion

Statistical analysis
The following quadratic model of the phenol removal efficiency in terms of real values of process
parameters was obtained by evaluating the phenol removal effectiveness by the Minitab-18 program.

REphenol = -39.3 + 8.10X1 + 18.0X; + 27.19X3 - 0.960(X1)%+ 20.1(X2)? 2.940(X3)? -
- 9.90X1X2 + 2.794X1X3- 0.40X2X3 (7)

Table 3 displays the experimental phenol removal efficiency (REphenol) and energy consumption.

Table 3. Experimental results for phenol removal efficiency and power consumed obtained using the
Box-Behnken design, Bk. = 1

Run Mass, g Time, h REghenol / % Voltage,V  EC/kWh kg? phenol
Iron particles  Graphene Actual  Predicted
1 2 1.00 4 75.460  73.8532 3.98 31.012
2 4 0.75 3 62.290 60.5942 4.07 28.813
3 3 0.50 3 55.110  55.1990 4.25 34.009
4 2 0.75 5 70.216  71.9117 3.98 41.661
5 3 0.50 5 79.820  78.8905 4.25 39.134
6 3 1.00 5 87.220 87.1310 4.06 34,911
7 4 1.00 4 80.312  81.0782 4.09 29.944
8 2 0.75 3 53.330 54.0072 3.95 32.682
9 3 0.75 4 72.310 72.9467 4.25 43.559
10 3 1.00 3 62.910 63.8395 4.00 28.040
11 3 0.75 4 72.820 72.9467 4.25 34.317
12 4 0.75 5 90.350 89.6727 4.11 33.344
13 3 0.75 4 73.710  72.9467 4.23 33.743
14 4 0.50 4 75.980 77.5867 4.05 31.342
15 2 0.50 4 61.230 60.4637 3.94 37.845

The results show that the efficiency of phenol removal is in the range of 53.33 to 90.35 % and the
specific energy consumption is in the range of 28.040 to 41.661 kWh kg phenol. The impact of time
on phenol removal was superior, as shown by the comparison of runs 2 and 12. Thus, at the constant
graphene dosage of 0.75 g and iron particles of 4 g, phenol removal increased from 62.29 t0 90.35 %,
making a difference of 28.06 % as time increased from 3 to 5h. Also, based on this comparison, it is
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clear that increasing the electrolysis time from 3 to 5 h led to an increase in EC from 28.813 to
33.344 kWh kg phenol. Phenol removal efficiency increased from 70.216 to 90.35 % with a
difference of 20.134 %, as shown in runs 4 and 12 results by increasing the iron particles dosage
from 2 to 4 g. This indicates that increasing the dosage of iron particles has the second influence on
phenol removal. Also, by comparing the values of EC, it is obvious that by increasing the iron
particles dosage from 2 to 4 g, the EC decreased from 41.661 to 33.344 kWh kg phenol due to an
increase in the removal of phenol by increasing the iron particles dosage. Additionally, when the
graphene dosage increased from 0.5 to 1 g as shown in runs 15 and 1, an increase in phenol removal
from 61.23 to 75.46 % with a 14.23% difference was attained. Also, based on this comparison, it is
clear that increasing the graphene from 0.5 to 1g led to an increase in EC from 31.012 to 37.845
kWh kg phenol due to a decrease in phenol removal.

Analysis of variance (ANOVA)

The influence of three variables (electrolysis time, graphene dosage, and amount of iron particles)
and their interactions can be examined comprehensively by the ANOVA analysis. ANOVA was used to
examine the model's significance. The results of ANOVA are presented in Table 4. The terms "sum of
the square" (Seq. SS), "adjusted sum of the square" (Adj. SS), and "adjusted mean of the square" (Ad;.
MS) are used to represent statistical terms. Contr. denotes the contribution of each variable, and DF
represents the degree of freedom of the model and its parameters [38]. Table 4 displays the low
probability value (P value = 0.0001) and high F model value (57.87), these two values denote the
significance of the obtained model [39]. The P-values lower than 0.05 specify that the terms of the
model are significant [40]. The multiple regression models can be used to predict the effectiveness of
phenol removal in the 3D electro-Fenton reactor, as evidenced by the high value of R?(0.9905). High
values of adjusted R? and predicted R? confirmed that the model fit is sufficient for the regression of
experimental data. Electrolysis time had the highest significant effect on the phenol efficiency with a
high F-value = 350.29 and Contr. of 66.6 %, the iron particles had lower Contr. = 17.89 %, and finally
the graphene dosage had the lowest effect on the phenol removal efficiency with Contr. of 8.60 %.

Table 4. ANOVA tests in removing phenol by electro-Fenton process

Source DF Seq. SS Contr., % Adj. SS Adj. MS F-value P-value
Model 9 1641.09 99.05 1641.09 182.34 57.87 0.0001
Linear 3 1542.60 93.10 1542.60 514.20 163.20 0.000
X1 1 296.41 17.89 296.41 296.41 94.08 0.000
X2 1 142.48 8.60 142.48 142.48 45.22 0.001
X3 1 1103.70 66.61 1103.70 1103.70 350.29 0.000
Square 3 42.74 2.58 42.74 14.25 4.52 0.069
X1X2 1 2.63 0.16 3.40 3.40 1.08 0.346
X2X2 1 8.19 0.49 5.85 5.85 1.86 0.231
X3X2 1 31.92 1.93 31.92 31.92 10.13 0.024
2-Way interaction 3 55.75 3.36 55.75 18.58 5.90 0.043
X1X2 1 24.49 1.48 24.49 24.49 7.77 0.039
X1X3 1 31.21 1.88 31.21 31.21 9.91 0.025
Xa2X3 1 0.04 0.00 0.04 0.04 0.01 0.915
Error 5 15.75 0.95 15.75 3.15 - -
Lack-of-fit 3 14.75 0.89 14.75 4.92 9.79 0.094
Pure error 2 1.00 0.06 1.00 0.50 - -
Total 14 1656.84 100.00 - -
S R*/ % R? (adj.) / % Press R? (pred.) / %

Model
odel summary 1.77504 99.05 97.34 238.256 85.62
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Effect of studied factors

RSM makes it feasible to identify the best available selection for the examined parameters and
provides fundamental data on actual interactions between them. The contour and its related 3D
surface plots can be investigated in order to more extensively understand the interaction between
studied parameters on phenol reduction [41]. The effectiveness of phenol elimination was
investigated by changing electrolysis time (3, 4 and 5 h) and amount of iron particles (2, 3 and 4 g)
under constant graphene dosage, as shown in Figure 6. The contour plot in Figure 6a shows that
high REphenol > 85 % is obtained over a narrow range of iron particles (3.5- 4 g). According to the 3D
surface Figure 6b, when iron particulates increased from 2-4 g, the effectiveness of phenol removal
increased progressively before essentially remaining constant as time increased to 5 h. The surface
plot makes it obvious that at the time of 3 h, the efficiency of phenol removal dramatically dropped
as the amount of iron particles dropped from 4 to 2 g. The effectiveness of phenol elimination
increased linearly as the amount of iron particles raised to 4 g at a longer electrolysis time (5 h). So,
the results showed that increasing the reaction time would improve the phenol removal efficiency.
These results are in agreement with Zhang et al. [42], who also demonstrated that an increase in
the reaction time improves COD removal from the landfill leachate by the EF process, and also-Umar
et al. [10], who described how the removal of landfill leachate is mostly dependent on H,0; dose.
The generation of OH® increased by increasing H,0; in the electrolytic solution and the ferrous ions,
which led to an increase in phenol removal efficiency [43].

Figure 7 shows the contour and 3D surface plots obtained by changing the graphene dosage over
a range of electrolysis times (3, 4 and 5 h). The highest phenol removal efficiency (85 %) was attained
at an electrolysis time of 5 h and 1 g of graphene. Graphene has a high surface area and strong
conductivity, which boosts the electron transfer rate and enhances the formation of H,0, from the
oxygen reduction reaction that takes place on the cathode electrode (equation (3)) [44,45]. At
modified cathodes, the effectiveness of phenol removal is increased. The rate of the Fenton reaction
and, consequently, the rate of homogenous OH® production in the medium are controlled by the
yield of H,03 generation [46,47]. So, the results approved that increasing graphene dosage leads to
an increase in phenol removal efficiency.
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Figure 6. Effect of time and amount of iron particles on REgrenoi at hold value of graphene 0.75 g: (a) contour
plot and (b) 3D surface plot
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Figure 7. Effect of time and graphene dosage on REyneno at hold value of iron particles of 3 g: (a) contour
plot and (b) 3D surface plot

Figure 8 shows the contour and 3D surface plots by changing iron particles (2, 3, and 4 g) over a
range of graphene dosages (0.5, 0.75, and 1 g) at a constant electrolysis time of 4 h. The highest
phenol removal efficiency (>85 %) was attained at iron dosage of 4 g, and 1 g of graphene. Graphene
is very appropriate for electrochemical methods, such as its application in the electro-Fenton
systems to generate H,0; by the reduction of dissolved oxygen. Using carbon or graphite felt coated
with graphene as a support for cathodes is one of the most common approaches due to low cost,
high surface area, excellent conductivity, and high porosity [32].
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Figure 8. Effect of graphene dosage and amount of iron particles on REpneno at hold value of time 4h: (a)
contour plot, and (b) 3D surface plot

Optimization of 3D electro-Fenton process

Outlining the optimal values of parameters to maximize phenol removal efficiency is the primary
objective of the optimization. There are five options for the target field of the variables: maximize,
objective, minimize, within the range, and none. The maximum removal of phenol with a
corresponding weight of 1.0 was chosen as the goal. The results of the optimal values are presented
in Table 5. Two confirmation experiments were conducted under optimal values of operating
variables to obtain the highest value of phenol removal efficiency and the corresponding value of
COD. The average phenol removal efficiency attained at optimum conditions was 92.83 %, as shown
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in Table 6, and the COD value at these conditions was 89.33 % with consumed energy of 32.976 kWh
kg phenol. Previous study by Zheng et al. [29], who utilized the 3D electrode with iron foam
particles, gave 70.4 % of folic acid removal efficiency in 6 h, while in the present study, the
modification of the cathode electrode increased the efficiency of the 3D electro-Fenton process in
removing 92.58 % of phenol in 5 h, what which signifies the enhancement obtained in the present
electrolytic cell.

Table 5. Optimal results of system parameters for the maximum elimination of phenol

Response Goal Lower Target Upper Weight Importance
REphenol / % Maximum 53.33 90.35 1 1
Solution of parameters Multiple response prediction
Mass of iron Mass of Time. h REphenol / % Standard  Confidence Prediction Composite
particles, g graphene, g ! fit error fit  interval 95 % Interval 95 %  desirability
4 1 5 92.58 2.10 (87.19;97.97) (85.51; 99.64) 1

Table 6. Confirmation tests for phenol removal efficiency and consumed energy

Mass, g . REphenol, %
R ’ Time, h Voltage, V EC/ kwh kg* phenol ’
un Iron particles Graphene 'me oftage / g pneno Actual Average
1 4 1 5 4.15 33.076 92.66
2.
2 4 1 5 4.16 32.876 93.01 92.835
Conclusion

3D electro-Fenton reactor for phenol elimination with the carbon fibers (CF) modified by
graphene cathode and graphite anode was assessed in the presence of iron foam particle electrode.
The response surface methodology (RSM) was employed to ascertain the impact of electrolysis time,
graphene dosage, and iron foam dosage on the phenol removal efficiency and how these factors
interact. The predicted multiple regression correlation showed a high value of R?(0.9905), which
confirmed that the model sufficiently fits the regression of experimental data. High F-values and low
P-values indicated that all variables influence phenol removal efficiency. The highest phenol removal
efficiency of 92.835 % was achieved at 5 h, iron foam dosage of 4 g, and graphene of 1 g. CF approved
its effectiveness in the present study as one of the most favored cathodes for H,O; generation. This
is due to the high specific surface and low cost of CF, which modification with graphene-enhanced
its performance in producing H2O. Iron foam functions were a good choice since 3D particles offer
active sites, serve as iron ions source, and increase removal efficiency. Finally, the results of the
experiments clarified that the 3D electrodes technology approved its high efficiency in the
degradation of phenolic compounds as an innovative option.

References

[1] Q.S. Liu, T. Zheng, P. Wang, J. P. Jiang, N. Li, Adsorption isotherm, kinetic and mechanism
studies of some substituted phenols on activated carbon fibers, Chemical Engineering
Journal 157 (2010) 348-356. https://doi.org/10.1016/j.cej.2009.11.013

[2] A.Babuponnusami, K. Muthukumar, Degradation of Phenol in Aqueous Solution by Fenton,
Sono-Fenton and Sono-photo-Fenton Methods, Clean - Soil, Air, Water 39 (2011) 142-147.
https://doi.org/10.1002/clen.201000072

[3] M. hui Zhang, H. Dong, L. Zhao, D. xi Wang, D. Meng, A review on Fenton process for organic
wastewater treatment based on optimization perspective, Science of the Total Environment
670 (2019) 110-121. https:/doi.org/10.1016/j.scitotenv.2019.03.180

[4] R.Sun,Y.Wang,Y. Ni, S. Kokot, Spectrophotometric analysis of phenols, which involves a
hemin-graphene hybrid nanoparticles with peroxidase-like activity, Journal of Hazardous

548 (ec) T


https://doi.org/10.1016/j.cej.2009.11.013
https://doi.org/10.1002/clen.201000072
https://doi.org/10.1016/j.scitotenv.2019.03.180

H. H. Thwaini and R. H. Salman J. Electrochem. Sci. Eng. 13(3) (2023) 537-551

(5]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Materials 266 (2014) 60—67. https://doi.org/10.1016/j.jhazmat.2013.12.006

D. Gumds, F. Akbal, Comparison of Fenton and electro-Fenton processes for oxidation of
phenol, Process Safety and Environmental Protection 103 (2016) 252—-258.
https://doi.org/10.1016/j.psep.2016.07.008

M. A. Oturan, Electrochemical advanced oxidation technologies for removal of organic
pollutants from water, Environmental Science and Pollution Research 21 (2014) 8333—-8335.
https://doi.org/10.1007/s11356-014-2841-8

H. Adil Sabbar, Adsorption of Phenol from Aqueous Solution using Paper Waste, Iraqi Journal
of Chemical and Petroleum Engineering 20 (2019) 23-29.
https://doi.org/10.31699/ijcpe.2019.1.4

A. S. Abbas, M.H. Hafiz, R.H. Salman, Indirect Electrochemical Oxidation of Phenol Using
Rotating Cylinder Reactor, Iraqi Journal of Chemical and Petroleum Engineering 17 (2016)
43-55, http://www.iasj.net

H. He, Z. Zhou, Electro-fenton process for water and wastewater treatment, Critical Reviews
in Environmental Science and Technology 47 (2017) 2100-2131.
https://doi.org/10.1080/10643389.2017.1405673

M. Umar, H. A. Aziz, M. S. Yusoff, Trends in the use of Fenton, electro-Fenton and photo-
Fenton for the treatment of landfill leachate, Waste Management 30 (2010) 2113-2121.
https://doi.org/10.1016/j.wasman.2010.07.003

S.0. Ganiyu, M. Zhou, C. A. Martinez-Huitle, Heterogeneous electro-Fenton and
photoelectro-Fenton processes: A critical review of fundamental principles and application
for water/wastewater treatment, Applied Catalysis B: Environmental 235 (2018) 103-129.
https://doi.org/10.1016/j.apcatb.2018.04.044

F. Ghanbari, A. Hassani, S. Wactawek, Z. Wang, G. Matyszczak, K.Y.A. Lin, M. Dolatabadi,
Insights into paracetamol degradation in aqueous solutions by ultrasound-assisted
heterogeneous electro-Fenton process: Key operating parameters, mineralization and
toxicity assessment, Separation and Purification Technology 266 (2021) 118533.
https://doi.org/10.1016/J.SEPPUR.2021.118533

P. V. Nidheesh, R. Gandhimathi, Trends in electro-Fenton process for water and wastewater
treatment: An overview, Desalination 299 (2012) 1-15.
https://doi.org/10.1016/j.desal.2012.05.011

E. Rosales, M. Pazos, M. A. Longo, M.A. Sanromdn, Electro-Fenton decoloration of dyesin a
continuous reactor: A promising technology in colored wastewater treatment, Chemical
Engineering Journal 155 (2009) 62—-67. https://doi.org/10.1016/j.cej.2009.06.028

A. Shokri, K. Mahanpoor, Removal of Ortho-Toluidine from Industrial Wastewater by UV/TiO
2 Process,Journal of Chemical Health Risks 6(3)(2016) 213-223.
https://doi.org/10.22034/jchr.2016.544149

N. Oturan, M. A. Oturan, Electro-fenton process: Background, new developments, and
applications, Wastewater Treatment (2018) 193-221. https://doi.org/10.1016/B978-0-12-
813160-2.00008-0

S. Qiu, D. He, J. Ma, T. Liu, T.D. Waite, Kinetic Modeling of the Electro-Fenton Process:
Quantification of Reactive Oxygen Species Generation, Electrochimica Acta 176 (2015) 51—
58. https://doi.org/10.1016/j.electacta.2015.06.103

A. Eslami, M. R. Khavari Kashani, A. Khodadadi, G. Varank, A. Kadier, P.C. Ma, S. Madihi-
Bidgoli, F. Ghanbari, Sono-peroxi-coagulation (SPC) as an effective treatment for pulp and
paper wastewater: Focus on pH effect, biodegradability, and toxicity, Journal of Water
Process Engineering 44 (2021) 102330. https://doi.org/10.1016/J.JWPE.2021.102330

G. Busca, S. Berardinelli, C. Resini, L. Arrighi, Technologies for the removal of phenol from
fluid streams: A short review of recent developments, Journal of Hazardous Materials 160

http://dx.doi.org/10.5599/jese.1806 549



http://dx.doi.org/10.5599/jese.1806
https://doi.org/10.1016/j.jhazmat.2013.12.006
https://doi.org/10.1016/j.psep.2016.07.008
https://doi.org/10.1007/s11356-014-2841-8
https://doi.org/10.31699/ijcpe.2019.1.4
http://www.iasj.net/
https://doi.org/10.1080/10643389.2017.1405673
https://doi.org/10.1016/j.wasman.2010.07.003
https://doi.org/10.1016/j.apcatb.2018.04.044
https://doi.org/10.1016/J.SEPPUR.2021.118533
https://doi.org/10.1016/j.desal.2012.05.011
https://doi.org/10.1016/j.cej.2009.06.028
https://doi.org/10.22034/jchr.2016.544149
https://doi.org/10.1016/B978-0-12-813160-2.00008-0
https://doi.org/10.1016/B978-0-12-813160-2.00008-0
https://doi.org/10.1016/j.electacta.2015.06.103
https://doi.org/10.1016/J.JWPE.2021.102330

J. Electrochem. Sci. Eng. 13(3) (2023) 537-551 PHENOL REMOVAL BY ELECTRO-FENTON PROCESS

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

(2008) 265-288. https://doi.org/10.1016/j.jhazmat.2008.03.045

G. Pliego, J. A. Zazo, P. Garcia-Mufioz, M. Munoz, J.A. Casas, J.J. Rodriguez, Trends in the
Intensification of the Fenton Process for Wastewater Treatment: An Overview, Critical
Reviews in Environmental Science and Technology 45 (2015) 2611-2692.
https://doi.org/10.1080/10643389.2015.1025646

R. N. Abbas, A. S. Abbas, Kinetics and Energetic Parameters Study of Phenol Removal from
Aqgueous Solution by Electro-Fenton Advanced Oxidation Using Modified Electrodes with
PbO2 and Graphene, Iraqi Journal of Chemical and Petroleum Engineering 23 (2022) 1-8.
https://doi.org/10.31699/ijcpe.2022.2.1

R. H. Salman, A. H. Abbar, Optimization of a combined electrocoagulation-electro-oxidation
process for the treatment of Al-Basra Majnoon QOil field wastewater: Adopting a new
strategy, Chemical Engineering and Processing - Process Intensification 183 (2023) 109227.
https://doi.org/10.1016/j.cep.2022.109227

G. Divyapriya, P.V. Nidheesh, Importance of Graphene in the Electro-Fenton Process, ACS
Omega 5 (2020) 4725-4732.%20https:/doi.org/10.1021/acsomega.9b04201

T.X.H. Le, M. Bechelany, S. Lacour, N. Oturan, M.A. Oturan, M. Cretin, High removal
efficiency of dye pollutants by electron-Fenton process using a graphene based cathode,
Carbon 94 (2015) 1003-1011. https://doi.org/10.1016/j.carbon.2015.07.086

Y. Xiong, H.T. Karlsson, An experimental investigation of chemical oxygen demand removal
from the wastewater containing oxalic acid using three-phase three-dimensional electrode
reactor, Advances in Environmental Research 7 (2002) 139-145. https://doi.org/10.1016/
$1093-0191(01)00124-1

N. R. Neti, R. Misra, Efficient degradation of Reactive Blue 4 in carbon bed electrochemical
reactor, Chemical Engineering Journal 184 (2012) 23-32. https://doi.org/10.1016/j.cej.20
11.12.014

H. Z. Zhao, Y. Sun, L. N. Xu, J. R. Ni, Removal of Acid Orange 7 in simulated wastewater using
a three-dimensional electrode reactor: Removal mechanisms and dye degradation pathway,
Chemosphere 78 (2010) 46-51.https:/doi.org/10.1016/j.chemosphere.2009.10.034

Y. Sun, P. Li, H. Zheng, C. Zhao, X. Xiao, Y. Xu, W. Sun, H. Wu, M. Ren, Electrochemical
treatment of chloramphenicol using Ti-Sn/y-Al203 particle electrodes with a three-
dimensional reactor, Chemical Engineering Journal 308 (2017) 1233—-1242. https://doi.org/
10.1016/j.cej.2016.10.072

Y. Zheng, S. Qiu, F. Deng, Y. Zhu, G. Li, F. Ma, Three-dimensional electro-Fenton system with
iron foam as particle electrode for folic acid wastewater pretreatment, Separation and
Purification Technology 224 (2019) 463—-474. https://doi.org/10.1016/j.seppur.2019.05.054
A. Shokri, S. Karimi, Treatment of Aqueous Solution Containing Acid red 14 using an Electro
Peroxone Process and a Box-Behnken Experimental Design, Archives of Hygiene Sciences 9(1)
(2020) 48-57. http://dx.doi.org/10.29252/ArchHygSci.9.1.48

Z.1. Abbas, A.S. Abbas, Oxidative degradation of phenolic wastewater by electro-fenton
process using MnO2-graphite electrode, Journal of Environmental Chemical Engineering 7
(2019). https://doi.org/10.1016/j.jece.2019.103108

T. Yu, C.B. Breslin, Graphene-modified composites and electrodes and their potential
applications in the electro-fenton process, Materials 13 (2020). https://doi.org/10.3390/
mal3102254

G. Li, Y. Zhang, Highly selective two-electron oxygen reduction to generate hydrogen
peroxide using graphite felt modified with N-doped graphene in an electro-Fenton system,
New Journal of Chemistry 43 (2019) 12657-12667. https://doi.org/10.1039/c9nj02601k

R. Siburian, H. Sihotang, S. Lumban Raja, M. Supeno, C. Simanjuntak, New route to
synthesize of graphene nano sheets, Oriental Journal of Chemistry 34 (2018) 182—-187.

550

(ec) T


https://doi.org/10.1016/j.jhazmat.2008.03.045
https://doi.org/10.1080/10643389.2015.1025646
https://doi.org/‌10.31699/ijcpe.2022.2.1
https://doi.org/10.1016/j.cep.2022.109227
https://doi.org/10.1021/acsomega.9b04201
https://doi.org/10.1016/j.carbon.2015.07.086
https://doi.org/10.1016/‌S1093-0191(01)00124-1
https://doi.org/10.1016/‌S1093-0191(01)00124-1
https://doi.org/10.1016/j.cej.20‌11.12.014
https://doi.org/10.1016/j.cej.20‌11.12.014
https://doi.org/10.1016/j.chemosphere.2009.10.034
https://doi.org/‌10.1016/j.cej.2016.10.072
https://doi.org/‌10.1016/j.cej.2016.10.072
https://doi.org/10.1016/j.seppur.2019.05.054
http://dx.doi.org/10.29252/ArchHygSci.9.1.48
https://doi.org/10.1016/j.jece.2019.103108
https://doi.org/10.3390/‌ma13102254
https://doi.org/10.3390/‌ma13102254
https://doi.org/10.1039/c9nj02601k

H. H. Thwaini and R. H. Salman J. Electrochem. Sci. Eng. 13(3) (2023) 537-551

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

https://doi.org/10.13005/0jc/340120

M. A. Bezerra, R. E. Santelli, E.P. Oliveira, L. S. Villar, L.A. Escaleira, Response surface
methodology (RSM) as a tool for optimization in analytical chemistry, Talanta 76 (2008) 965—
977. https://doi.org/10.1016/j.talanta.2008.05.019

C. Demirel, A. Kabutey, D. Herdak, A. Sedlagek, C. Mizera, O. Dajbych, Using Box—Behnken
Design Coupled with Response Surface Methodology for Optimizing Rapeseed Oil Expression
Parameters under Heating and Freezing Conditions, Processes 10 (2022) 490. https://doi.org/
10.3390/pr10030490

R. Q. Al-Khafaji, A. H.A.K. Mohammed, Optimization of Continuous Electro-Fenton and Photo
electro-Fenton Processes to Treat Iraqi Oilfield Produced Water Using Surface Response
Methodology, IOP Conference Series: Materials Science and Engineering 518(6) (2019)
062007. https://doi.org/10.1088/1757-899X/518/6/062007

H. M. Ibrahim, R. H. salman, Study the Optimization of Petroleum Refinery Wastewater
Treatment by Successive Electrocoagulation and Electro-oxidation Systems, Iraqi Journal of
Chemical and Petroleum Engineering 23 (2022) 31-41. https://doi.org/10.31699/ijcpe.20
22.1.5

Z. M. Issa, R. H. Salman, Chromium lons Removal by Capacitive Deionization Process:
Optimization of the Operating Parameters with Response Surface Methodology, Journal of
Ecological Engineering 24 (2023) 51-65.https:/doi.org/10.12911/22998993/155953

A. Shokri, Employing electro coagulation for the removal of acid red 182 in aqueous
environment using box-Behenken design method, Desalination and Water Treatment 115
(2018) 281-287. https://doi.org/10.5004/dwt.2018.22451

R. Davarnejad, A. Sahraei, Industrial wastewater treatment using an electrochemical
technique: an optimized process, Desalination and Water Treatment 57 (2016) 9622—-9634.
https://doi.org/10.1080/19443994.2015.1030776

H. Zhang, D. Zhang, J. Zhou, Removal of COD from landfill leachate by electro-Fenton
method, Journal of Hazardous Materials 135 (2006) 106—111. https://doi.org/10.1016/
j.jhazmat.2005.11.025

C. Zhang, M. Zhou, G. Ren, X. Yu, L. Ma, J. Yang, F. Yu, Heterogeneous electro-Fenton using
modified iron-carbon as catalyst for 2,4-dichlorophenol degradation: Influence factors,
mechanism and degradation pathway, Water Research 70 (2015) 414—424. https://doi.org/
10.1016/j.watres.2014.12.022

Z. Pan, K. Wang, Y. Wang, P. Tsiakaras, S. Song, In-situ electrosynthesis of hydrogen peroxide
and wastewater treatment application: A novel strategy for graphite felt activation, Applied
Catalysis B: Environmental 237 (2018) 392-400. https:/doi.org/10.1016/j.apcatb.20
18.05.079

Y. Wang, Y. Liu, K. Wang, S. Song, P. Tsiakaras, H. Liu, Preparation and characterization of a
novel KOH activated graphite felt cathode for the electro-Fenton process, Applied Catalysis
B: Environmental 165 (2015) 360—368. https://doi.org/10.1016/j.apcatb.2014.09.074

W. Yang, M. Zhou, N. Oturan, Y. Li, M.A. Oturan, Electrocatalytic destruction of
pharmaceutical imatinib by electro-Fenton process with graphene-based cathode,
Electrochimica Acta 305 (2019) 285-294. https://doi.org/10.1016/j.electacta.2019.03.067
Z.Zhang, H. Meng, Y. Wang, L. Shi, X. Wang, S. Chai, Fabrication of graphene@graphite-
based gas diffusion electrode for improving H,0; generation in electro-Fenton process,
Electrochimica Acta 260 (2018) 112-120. https://doi.org/10.1016/j.electacta.2017.11.048

©2023 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article
distributed under the terms and conditions of the Creative Commons Attribution license
(https://creativecommons.org/licenses/by/4.0/)

http://dx.doi.org/10.5599/jese.1806 551



http://dx.doi.org/10.5599/jese.1806
https://doi.org/10.13005/ojc/340120
https://doi.org/10.1016/j.talanta.2008.05.019
https://doi.org/‌10.3390/pr10030490
https://doi.org/‌10.3390/pr10030490
https://doi.org/10.1088/1757-899X/518/6/062007
https://doi.org/10.31699/ijcpe.20‌22.1.5
https://doi.org/10.31699/ijcpe.20‌22.1.5
https://doi.org/10.12911/22998993/155953
https://doi.org/10.5004/dwt.2018.22451
https://doi.org/10.1080/19443994.2015.1030776
https://doi.org/10.1016/‌j.jhazmat.2005.11.025
https://doi.org/10.1016/‌j.jhazmat.2005.11.025
https://doi.org/‌10.1016/j.watres.2014.12.022
https://doi.org/‌10.1016/j.watres.2014.12.022
https://doi.org/10.1016/j.apcatb.2018.05.079
https://doi.org/10.1016/j.apcatb.2018.05.079
https://doi.org/10.1016/j.apcatb.2014.09.074
https://doi.org/10.1016/j.electacta.2019.03.067
https://doi.org/10.1016/j.electacta.2017.11.048
https://creativecommons.org/licenses/by/4.0/)




