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In this study, the carboxyl functional group (-COOH) saturated-carbon-felt (ACF) as functional cathode was
prepared and used in heterogenous (Fe*") electro-Fenton (EF) catalytic degradation of Congo red (CR) in waster.
As a heterogeneous catalyst, size-controlled magnetite (Fe304) nanoparticles (MNPs) were applied to the surface
of the ACF cathode. The selectivity of ACF toward the two-electron oxygen-reduction reaction was estimated
based on the proportion of HO, production; it was determined as >89 %. The removal efficiency of ACF for CR
dye was 94 + 2 % over 40 min reaction time, almost double that of a pristine CF cathode (48 + 3 %). The ki-
netics data fitted to a pseudo-second order (PSO) model with K, of 8.8 x 1074+ 1.72 x 107° mol ! cm® min~!
(0.88 + 0.02 M~ ! min~!). The mineralization current efficiency and TOC for CR were observed as 58 + 2 %, and
83 + 3 %, respectively. Overall, the results insight that the system could be a viable alternative method for

treating dye-contaminated water.

1. Introduction

Large amounts of organic dyes and water are used in the textile in-
dustry. Direct discharge of wastewater by industry into natural water
bodies can cause serious environmental pollution. If dyes were present
in water, even at a very low concentration less than 1 mg L™}, the
penetration of sunlight into the water environment would be blocked
and negatively affect the natural photo-degradation process. Since
traditional biological treatment technologies are insufficient in
degrading organic dyes in wastewater (Nakhate et al., 2020; Zuo et al.,
2021), various technologies such as electro-coagulation, adsorption,
membrane filtration, etc., have been employed to treat organic-dye-
contaminated water. Since organic dyes are purposefully designed to
resist being oxidized, treating them with traditional physiochemical and
biological processes remains difficult (Chandanshive et al., 2020; Per-
ecin et al., 2021).

Over the past a few decades, various advanced oxidation processes

* Corresponding author.
E-mail address: h_kim@uos.ac.kr (H. Kim).

https://doi.org/10.1016/j.ces.2024.120711

(AOPs) have been applied for degrading various organic dyes (Eq. (1)).
The working principle of all AOPs is related to the generation of hy-
droxyl radical (¢OH) (Hussain et al., 2020). The Fenton process, in
which H,0, reacts with Fe?" to produce ¢OH continuously (Eq. (2)), is
one of the most widely applied AOPs for degrading organic contami-
nants in wastewater. However, it requires a continuous supply of Fen-
ton’s reagents (H202 and Fe?*) and a low working pH, while generating
a large amount of iron-precipitate-containing sludge as a secondary
contaminant (de Oliveira Guidolin et al., 2021).

Organic contaminants + e OH —intermediates —CO, + 2H,0 (@))]

Fe*" 4 H,0,—Fe*" + OH™ + o OH, E° (vs SHE) = 2.80V (2)

In current years, wastewater engineers have been engaged in the
electro-Fenton (EF) process as an alternative to the traditional Fenton
system. Since EF overcomes the drawbacks of the traditional Fenton
process by in situ generating HyO and recycling electrons between Fe*
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and Fe3*, generates less sludge (Eq. (3)). Namely, H,0, is continuously
generated at cathode surface via two-electron oxygen-reduction reaction
(2e-ORR) (Eq. (4)) and reduced to ¢OH radical by Fe?* activation at the
cathodic surface. Then, it commences to degrade nearby organic dyes (Li
et al., 2021).

Fe*' 4 e —Fe*", E° (vsSHE) = 0.77V 3)

0, + 2H" + 2e”—>H,0,, E° (vs SHE) = 0.547 V “

The H30, generation rate, which is limited by the low water solu-
bility of Oy, limits in turn the whole EF process. As a result, gas diffusion
electrodes have been employed to improve Oy diffusion from the bulk
solution to the electrode surface and to generate HyO5 on the cathodic
surface (Hu et al., 2022). Among the factors affecting HoO5 generation in
an EF process for degrading organic pollutants, selecting the right
cathode material is the most essential. Due to its excellent electrolytic
capacity, high electrochemical strength, and conductivity as well as
biocompatibility, carbon electrodes (Huong Le et al., 2017; Zuo et al.,
2021) and carbon felts (CFs) have been applied as cathode materials for
EF processes (Qian et al., 2021; Yao et al., 2021). However, low
wettability and electrochemical stability of CF have been an obstacle in
wider CF applications (Xu et al., 2020). Therefore, many studies have
been performed to chemically modify the surface of CF for improving its
wettability and maintaining its electrochemical reactivity. For example,
introducing oxygen-carrying functional groups such as carboxyl
(-COOH), carbonyl (-C=0), and hydroxyl (-OH) groups into CF could
significantly boost the interfacial surface electro-activity and wettability
could enhance storage capacity and efficiency of a sodium-ion battery by
improving the electrical activity and wettability of CF (Xu et al., 2023).
Similarly, Kim et al. (2023) demonstrated that oxygen-containing
functional groups could enhance electrolyte wettability and electro-
chemical performance of their activated CF (ACF). These functional
groups also served as sites for HyO, production, resulting in a greater
rate of HyO, generation.

Like conventional Fenton oxidation, EF oxidation requires a low
working pH. As a result, heterogeneous EF oxidation based on the
magnetite-nanoparticle (FesO4, MNP) catalyst has lately gained popu-
larity in the treatment of organic dye wastewater because its working pH
is wider than those of conventional EFs (Bello et al., 2019). In fact,
insoluble MNPs have been shown to be an excellent heterogeneous
alternative to water-soluble iron catalysts employed in homogeneous
Fenton oxidation. Prominent attributes such as large surface area to
volume ratio, good biocompatibility (Medina-ramirez et al., 2019), and
ease of catalyst-recycling using an external magnet make MNPs a
promising catalyst for degrading organic contaminants in wastewater
(Hachemaoui et al., 2020).

In this study, an EF system was designed in which size-controlled-
MNPs were employed as electron transfer channels between reacting
solution and ACF cathodes for the degradation of Congo red (CR) dye,
chosen as an organic pollutant model. The ACF was prepared by acti-
vating CF chemically to obtain oxygen-containing functional groups
(such as -COOH, -C=0, and —OH), to remove inorganic contaminants
and to increase the interfacial surface area and wettability of the ACF for
electrochemical reduction of O5. The role of MNP addition was inves-
tigated to pull HoO5 which was generated on the electro-active surface of
the cathode to convert into eOH radicals. During experiments, various
operating parameters such as the initial pH, applied potential, catalyst
dose, and initial CR concentration were examined on the system per-
formance. Lastly, the EF system was applied in treating real wastewater
containing dye compounds and evaluated for its feasibility.
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2. Materials and methods
2.1. Materials and chemical reagents

All chemical reagents used to synthesize the catalysts and electrodes
were analytical grade and were used without further purification. Congo
red (purity > 89 %), (Table S1), ethanol (>99 %), para-Benzoquinone
(>98 %), tert-Butanol (>99.5 %), FeSO4-7H20 (>98 %), Fex(S04)3-6H20
(>99 %), NaySO4 (>99 %), ammonia solution (28 wt%), stainless steel
(SS; 6 cm x 2.5 cm; anode scientific-E160-0032), polyvinyl-cyanide-
based CF (carbon content of >99 %; bulk density of 0.11-0.15 g cm ™3,
tensile strength of 0.40 MPa) were purchased from Sigma-Aldrich
(Seoul, Korea). All the solutions were made with ultrapure water with
resistivity of more than 18 MQ cm at 25 °C. During the experiment, 0.1
mol L™! of H,SO4 and 0.1 mol L™! of NaOH were used to adjust the
initial pH of the solution.

2.2. MNPs synthesis and CF activation

Following the modified co-precipitation method described in Berhe
et al. (2022) (Text S1), MNPs were synthesized using 6.87 g Feq(S-
04)3-6H20 and 4.73 g FeSO4-7H20 To activate pristine CF chemically,
12 em? (4 em x 3 cm) surface area of CF was soaked in the solution
added with 0.75 mL of HySO4 (5 wt%) and 1.75 mL of HNO3 (5 wt%) for
30 min. Then, the material was soaked in DI water for 15 min, rinsed
multiple times to produce ACF. Finally, the synthesized ACF was dried
overnight at 105 °C in a drying oven to eliminate inorganic contami-
nants, if any, from the surface.

2.3. MNPs and ACF characterization

To estimate the crystalline size of the MNPs, powder X-ray diffraction
(XRD, Rigaku, Tokyo, Japan) was used at 35 kV of energy and 40 mA of
current with Cu K (A = 1.541 A) over the 20 range of 5°-85° operating
parameters. The oxygen-carrying functional groups on the surface of
ACF were determined using Fourier transform infrared (FT-IR, Thermo
Fisher Scientific, Nicolet iN10 mx, Seoul, Korea). The topological nature
of the materials was studied using a field emission scanning electron
microscope (FE-SEM, SU8010, Hitachi, Japan) at 15 kV. Energy
Dispersive X-ray spectroscopy (EDX) was used to investigate the map-
ping and elemental composition of MNPs and ACF (Thermo Fisher Sci-
entific Korea Ltd., Seoul, Korea).

X-ray photoelectron spectroscopy (XPS, Scienta-ESCA5500, Shi-
madzu, Kyoto, Japan) equipped with a high-resolution spectrometer
(Horiba Scientific, Kyoto, Japan) was used for the ACF cathode analysis.
A wide scan spectrum was obtained with binding energies ranging from
0 to 1400 eV and a pass energy of 185.75 eV. The Cls and Ols levels
were measured with a step of 0.05 eV and a 12.75 eV pass energy. For
data acquisition and data analysis, SCIENTA (Scienta Omicron, Lin-
dome, Sweden) was used. The residual carbon Cl1s peak was employed
to adjust the binding energy of each element (284.8 eV) (Greczynski and
Hultman, 2020; Hu et al., 2022). A magnetic-property measurement
system (MPMS-XL-7T, Quantum Design Inc., San Diego, CA, USA) was
used to measure the magnetic characteristics of the MNPs (Boutemedjet
et al., 2021). Cyclic voltammetry (CV, CHI660E, Chenhua, China) and
linear sweep voltammetry (LSV) was used to measure current density
ranging from —0.2 to +0.2 V (vs Ag/AgCl) at a scan rate of 10 mV s .
The synthesized cathodes were employed as a working electrode (1.2
cm x 0.96 cm), while Ag/AgCl (0.82 cm?) and platinum plate (2.92 cm?)
were used as the reference electrode and the counter-electrode,
respectively. The solution pH was adjusted to 4, and 0.5 mol L™! of
NaySO4 was used as electrolyte. Using the Koutecky-Levich plot of the
reciprocal square root of the angular velocity of the electrode vs the
reciprocal limiting current (Eq. (5)); Hu et al., 2022), the average
number of electrons transmitted (n) during ORR was calculated.
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where ij, is the limiting current (mA), n is the number of transferred
electrons, F is the Faraday’s constant (96,485.3 C mol’l), D is the
diffusion coefficient of O, (2.47 x 1075 m? s’l), A is the electrode area
(1.2 cm x 0.96 cm), v is the kinematic water viscosity (1 x 102 m? s’l),
C is the O, concentration at the electrode surface (1.67 x 10~° mol L’l),
and o is the rotation velocity (RPM) of the electrode.

2.4. Experimental and analytical methods

All the EF oxidation experiments were performed in a 500-mL cy-
lindrical Pyrex reactor with a reaction volume of 300 mL. Initially, Oy
was supplied to the reactor solution at a rate of 300 mL min~! for 10
min. Two stacks in the cathode-anode-cathode sequence (i.e., ACF-SS-
ACF) with SS arranged in the middle were connected parallelly at 2.5
cm (Fig. 4). Water containing CR of 5-30 mg L™ was treated under
various operating conditions: pHs of 3-6, applied potentials of 0.5-6.5
V, and catalyst dosages of 0.1-0.6 g. Samples of 2 mL were harvested at
every 5 min, and analyzed using UV-Vis spectrophotometer (Shimadzu
1900, Shimadzu, Kyoto, Japan) to determine the degradation efficiency
(Menon et al., 2021) (Eq. (6)). In addition, total organic carbon (TOC)
decay was analyzed using a TOC-Vcpy analyzer (Shimadzu, Kyoto,
Japan) to determine the CR mineralization (Eq. (7)).

Co—GC;

0

CRremoval (%) = x 100 (6)

(TOC), — (TOC),

(TOC), x 100 (@]

CR mineralization (%) =

where Cy and (TOC), as well as C; and (TOC), are the CR concentration
(mg L Y and TOC (mgC L~1) before the CR oxidation and those after the
oxidation, respectively.

Similarly, the electrochemical energy consumption (EEC, kWh g~1)
and mineralization current efficiency (MCE) were determined (Egs. (8)
and (9)), respectively (Ergan and Gengec, 2020).

1 UjAt
EEC =250 (TOC), — (TOC),V ®
MCE (%) = 167 x \(10C) = (TOC))nFV ©)

mjAt

where U is cell voltage (V), n is the number of electrons transferred
during CR oxidation (178e, Eq. (10)), assuming mineralization products
would be NO3 and SO?{, Fis the Faraday’s constant (96,485.3 C mol ™),
V is the solution volume (cm_s), m is the carbon atoms in CR (32 atoms),
j is the current density (mA cm’z), A is the area of the electrode (cmz),
and t is the contact time (min).

[Cs2H25N606S5] 2 + 84H,0—32C0, + 6NO; + 2502 + 190H" + 178e"
10$)

If the MNPs would not interact with the active species of ACF, and
the space for CR degradation could occur only within the double layer,
diffusion was considered as the only way of mass transport. Mathe-
matically, the CR degradation rate was expressed as a function of eOH
radical and CR concentration leading to a diffusional mass flux (Eq.
(11)). The concentration of eOH radicals was assumed to be constant.
The apparent rate constant (kapp) and the diffusion coefficient (D) were
determined from Eq. (12).

% = —kC,ouC'c = —kp(C’ —C',), wherek, = g an
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Kepp = 16.67 x j,ll—f/ (12)
where C, is the molar concentration of CR at any time ¢ (mol L’l), k is the
second-order rate constant (mol ! cm? min’l), kapp is the pseudo-first-
order rate constant (min™1), C.oH is the concentration of eOH radicals
(mol L’l), C*; is the concentration of CR at the electrode surface (mol
L_l), D is the diffusion coefficient of CR in water (1.95 x 10~ cm? s_l),
§ is double-layer thickness (2.5 x 10~%cm), nis the number of electrons
transferred, A is the electrode area (2.5 cm x 3.5 cm), V is the reactor
volume (300 cms), and C° is the initial CR concentration at the electrode
surface (15 mg L1-2.2x 10° mol L’l).

The residual iron content of the treated solution was quantified by
inductively coupled plasma emission spectrometer (ICPE-900, Shi-
madzu, Kyoto, Japan). The chemical scavenging method was performed
to determine the oxygen-reactive species involved in the CR oxidation
(Guo et al., 2022). The intermediate products from the CR oxidation
were analyzed by liquid chromatography-mass spectrometer (LC-MS,
Shimadzu, Kyoto, Japan). In addition, the mineralized inorganic by-
products (i.e., NO3 and SOF~ ions) were quantified by ion chromatog-
raphy (IC; ICS-90, Thermo Fisher Scientific, Seoul, Korea). Before per-
forming LC-MS and IC analysis, the samples were filtered through a
0.45-um membrane filter (PTEF, ADVANTEC, Hp045an, Dublin, USA)
(Zuo et al., 2021). To evaluate the capability of the process in treating
real wastewater, wastewater was collected from the outlet of a second-
ary clarifier of a local wastewater treatment plant in Seoul, Korea. The
wastewater sample was characterized (Table S2) and diluted ten times.
To the diluted wastewater sample, proper amounts of CR, methylene
blue (MB), and acid orange (AO) were added to make the concentration
of each dye 5 mg L. Then, the prepared wastewater was stored in a
refrigerator until used. Each EF oxidation was performed for 120 min.

3. Results and discussion
3.1. Synthesis of size-controlled MNPs

Firstly, MNPs to be used in this study was synthesized by modifying
with the classical co-precipitation method (Wu et al., 2011). In the
beginning, HNO3 was added (Eq. (13)) into ferric solution to form Fe
(OH)s. Separately, NaOH solution was carefully added (Eq. (15)) to
ferrous solution to form Fe(OH),. When the two solutions were mixed, a
black color precipitate could be observed as soon as reducing agent (20
mL NHj3 solution, 28 wt%) was added to the solution (Zanchettin, 2021)
(Eq. (16)). A rod-shape magnet was used to remove the black precipitate
from the solution for further investigation. The reactions forming
different iron-water complexes, which are presented in Egs. (13)
through (16), are considered the key factors for size-distribution of
MNPs (Liu et al., 2022; Menon et al., 2021).

[Fe(H;0),(OH),]* (aq) + HsO* <Fe(OH),(s) + 3H,0 + 3H' 13)
Fe(OH), (s)—»FeOOH(s) + H,O 14
Fe?" 4 20H —Fe(OH),(s) (15)
FeOOH -+ Fe(OH), »Fe;0, + H,0 16)

3.2. Characterization of MNPs, CF, and ACF

The XRD technique was performed to determine the crystal size of
MNPs and structures of ACF cathodes. Various diffraction peaks were
obtained at 19.3°, 31.4°, 35.3°, 43.5°, 53.7°, 57.3°, 62.1° and 74.3°,
which are corresponding to (111),(220),(311),(400),(422),(51
1), (4 4 0), and (6 2 2) lattice planes of MNPs, respectively (Fig. 1a); all
the peaks were matched according to JCPDS No-19-0629 Standard (Cai
et al., 2022). A higher diffraction peak was observed at 36.1° which is
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Fig. 1. XRD diffraction patterns (a) and FT-IR spectra (b). The insertion in (a) is ACF to show clear diffraction peaks.

attributed to the lattice plane of (3 1 1), and corresponding to it, the
crystallite size and atomic layer distance within MNPs were calculated
using Scherrer’s and Bragg’s laws (Text S2) (Jiang et al., 2021), and
found to be 10.73 nm and 2.28 A, respectively. The absence of any
impurity peak, along with the peaks observed in Fig. 1a (blue), reveals
the high purity of the synthesized MNPs crystal face of spinel structure

groups

(Liu et al., 2020). Higher anionic strength of SO‘Z;’ contributed to the
formation of small-sizes MNPs (Jafari et al., 2021). The crystalline na-
ture of pristine CF and ACF was also investigated. At around 17.5° and
26.9°, two large curved shapes were identified in pristine CF, which
would pertain to the shapeless carbonization process of CF (Rahmani
etal., 2021) (Fig. 1a, black). In the case of ACF, a tight peak was detected

Il S-MNPs T curve it
Model
Mean D

Chi-squar
R-square

Gaussian
7.50001  606.30
06

7266.81533
0.98168

4 6 8 10 12 14 16 18 20|
Bin centers

2 4 6 8 10 12
Diameter (nm)

14 16 18

Fig. 2. Topographical structures of MNPs (a), pristine CF, and (c) ACF (d) in FE-SEM, and a plot of the MNPs size distribution (b). The structures in (e) and (f) defined

the skeletal arrangement of carbon atoms in pristine CF and ACF, respectively.
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at 26 of 25° (0 0 2), which indicates the formation of the crystal structure
of carbon (Fig. 1a, red, insert). Additional diffraction peaks observed at
20s of 35.7° and 43.3° were attributed to the disordered graphite layer of
amorphous carbon formed during the chemical treatment process (Jang
et al., 2021). The additional diffraction peaks observed in ACF indicated
that the CF was interracially activated, and oxygen-containing func-
tional groups were formed.

Any functional group at the surface of MNPs and oxygen-containing
functional groups formed during the CF activation were determined
using FT-IR analysis. A strong peak at around 525 cm ™! was attributed to
Fe-O bonds’ stretching and vibrational modes; the vibration of the Fe-O
is observed within 500-600 cm™! (Mehdizadeh et al., 2021). The
magnitude of the spectrum of MNPs that is drawn between 500 and 650
em ™! would indicate the purity of the synthesized MNPs (Magro et al.,
2020) (Fig. 1b, blue). In both CF and ACF, the peaks that were observed
at about 2920 and 2241 cm™!, were attributed to the symmetric and
asymmetric vibration of ~C-H and the bending vibration of adsorbed
water (H-O-H), respectively. The peak at 1643 cm ' was considered
due to the -C=C stretching vibration. The peaks at approximately 1326
and 1164 cm ™! would be caused by the symmetrical bending vibration
of C-H in pristine CF (Fig. 1b (black)). Moreover, small peaks were
observed at around 1655 and 1554 cm™! in ACF, which were assigned to
stretching vibrations of carboxyl functional groups (-COOH) (Hassan
and Tzedakis, 2020) and carbonyl functional groups (-C=0), respec-
tively. The peaks at 1446 and 1246 cm ™! were considered mainly due to
the -N-O groups and hydroxyl functional groups (-OH) (Kim et al.,
2021), respectively (Fig. 1b, red). However, the peak at 2360 cm L, a
characteristic one for the stretching vibration of CO3, might be due to
the adsorbed CO; during the sample preparation. The presence of new
absorption peaks in ACF suggested that the material was successfully
activated with oxygen-containing functional groups.

The topographical nature and structure of MNPs, CF, and ACF were
determined by FESEM. The crystal size and structure of MNPs are dis-
played in Fig. 2a, and their mean diameter and their size distribution
were determined using ImageJ software (Fiji is Just) (Cui et al., 2021)
(Fig. 2b). An obvious difference was observed between the average
crystallite size calculated by XRD (10.71 nm) and the average diameter
calculated from FESEM images. It was clear that XRD analysis showed
the crystallite size of MNPs not the size of the particles as a whole
(Sheikhmohammadi et al., 2021); the difference was attributed to the
agglomeration and magnetization of the particles during FESEM anal-
ysis. Since the particles possess high surface energy, they tend to
aggregate to minimize the surface energy (Cui et al., 2021). Comparing
the surface roughness of pristine CF (Fig. 2c) to that of ACF (Fig. 2d),
rough walls of carbon fiber were observed in ACF. The formation of
these scratched and rugged faces on the wall of the ACF was attributed to
oxygen-containing functional groups on the ACF; these faces serve as a
site for 2e-ORR. The chemical composition of the functional groups on
the outer face wall of the pristine CF and ACF was determined as pre-
sented in Fig. 2e and f, respectively.

The EDX analysis was performed to determine the elemental
composition of the synthesized materials (i.e., MNPs and ACF) as shown
in Fig. S1. The clear and sharp peaks of Fe and O were observed from
MNPs. Theoretically, the weight percent of O and Fe in 100 % pure
Fe304 should be 27.6 % and 72.4 %, respectively. However, we found
that those of our synthesized MNPs were 28.3 % and 71.7 %, indicating
the purity was 99.1 % (Fig. Sla (Table)). In fact, other signals also could
be observed from the MNPs, which was attributed to the impurities in
the particles (Dash et al., 2019). Similarly, EDX and elemental mapping
analysis were employed to further check the existence of other func-
tional elements on the wall of ACF. Since pristine CF is an acrylonitrile
compound, soaking it in a mixed HoSO4 and HNOs solution can change
the surface chemistry of the material. As shown in Fig. S1b (1-6), the
ACF cathode was found to contain carbon, oxygen, nitrogen, and sulfur
elements in a uniform elemental distribution (Fig. S1b, Table).

To further confirm the formation of oxygen-carrying functional
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groups, i.e., carboxyl, carbonyl, nitro, and hydroxyl ones via activation
of pristine CF, XPS studies were performed. The effect of the wet acti-
vation on pristine CF determines the surface chemistry and activity of
the ACF cathode. The Cls and O1s spectral peaks of both pristine CF and
ACF occurred at around 285 and 530 eV, respectively (Fig. 3). The
spectral peaks for the pristine CF were considered due to the surface
modification of the carbon structure and heteroatom molecules of oxy-
gen which was attributed to the intrinsic water adsorbed to pristine CF
(Greczynski and Hultman, 2020) as depicted in Fig. 3a. However, as
demonstrated in Fig. 3b, high resolution spectra of Cls that were
observed for the surface of ACF at the binding energies of 286.2, 284.8,
and 283.9 eV were matched to carbonyl (-C=O0) or hydroxyl (-OH),
carboxyl (-COOH), and nitro (-N-O) functional groups, respectively
(Hong et al., 2021; Hu et al., 2022). These oxygen-carrying functional
groups indicated that the pristine CF was successfully activated.
Furthermore, O1s peaks of pristine CF at 532.5 and 529.9 eV correspond
to C-O species (Fig. 3c). To analyze the changes of C-O species after the
activation of pristine CF, however, a comprehensive deconvolution of
the peaks at 533.2, 531.1, and 530.3 eV was carried out (Fig. 3d). These
peak-binding-energy positions correspond to N-C—=0O, -COOH and
—C=0, respectively, which suggests the formation of active oxygen-
carrying functional groups (Hong et al., 2021). Generally, the FT-IR,
EDX spectra, and XPS data indicated pristine CF was successfully acti-
vated, and the oxygen-carrying functional groups were formed on the
surface of CF without significant structural changes. The N1s spectral
peak of ACF located at around 400.5 eV attributed to spz—hybrid N atoms
of -C=N-C (Greczynski and Hultman, 2020; Hu et al., 2022) (Fig. S2).
The N1s signal of ACF originated from pristine CF and the activation
process did not change the chemical position of the N atom (Hu et al.,
2022).

Using a VSM device, the magnetic properties of MNPs were measured
at room temperature within the sweeping field ranging between —7.95 k
and 7.95 k Oe. The hysteresis curve in Fig. 4a indicated that the syn-
thesized MNPs exhibited ferromagnetic characteristics with magneti-
zation saturation (Mg) of 74 emu/g, which was in accordance with Gang
et al. (2021). Since the Mg value is dependent on the phase composition,
crystallinity, and size of the synthesized particles (Boutemedjet et al.,
2021), MNPs with a larger size would present a higher Mg value than
smaller MNPs (Perecin et al., 2021). The observed VSM result for the
synthesized MNPs confirmed that they could be easily separated from
the aqueous medium using an external magnet after their use, e.g., in CR
oxidation.

The electrochemical functionality of CF and ACF were tested using
an electrochemical workstation to determine the electrochemical per-
formance of both CF and ACF cathodes in a three-rotating-disk electrode
system in Os-saturated solution at 300-RPM angular speed. As described
in Fig. 4b, the electrochemical property of the ACF electrode showed
higher peak current densities in both oxidation (higher positive value,
6.79 + 0.17 mA cm2) and reduction (higher negative value, —5.96 +
0.14 mA cm2) than that of the pristine CF electrode, which could be
attributed to porous surface-chemistry modification of the ACF
(Greczynski and Hultman, 2020; Hu et al., 2022). Specifically, the
oxygen-containing functional groups such as -COOH available on the
surface would serve as a site for ORR and contribute to the higher cur-
rent density. The higher current density of ACF indicated the better
performance of ACF in electrochemical activity of the system, compared
to that of pristine CF. To check ORR indirectly, the electrochemical
analysis was repeated under Nj-saturated solution. Thus, a very limited
magnitude of current density (approximately + 0.15 mA cm™2) was
observed as described in Fig. S3a. The molecular ORR expression in O,-
saturated solution and ORR suppression in Nj-saturated solution
confirmed the catalytic activity of ACF. The higher ORR catalytic per-
formance of ACF in Os-saturated solution was attributed to the high
surface area to volume ratio of ACF; the high surface area in turn acted
as a reservoir for HyO, generation.

During the ORR mechanism, both convective-limiting and diffusive-
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limiting currents were affected by the angular speed and could be
determined using a Koutecky-Levich plot (Xia et al., 2019). The angular
speed contributed to a smaller diffusion layer and a lower concentration
gradient of electroactive species at the ACF surface. The sigmoidal curve
in Fig. 4c explains the dependence of limiting current density on angular
speed when the current density was solely controlled by mass transport
(i.e., steady-state condition of active species on ACF). The limiting
current density is directly related to the angular speed of the disk. The
Koutecky-Levich plot (Fig. 4d; Eq. (5)) describes the kinetic contribution
of electroactive species on ACF, which is used to determine the number
of electrons transferred (n). Taking the Faraday’s constant (F, 96,485.3
C mol’l), diffusion coefficient of oxygen (D, 2.47 x 107° m? s’l),
electrode area (A, 1.2 cm x 0.96 cm), kinematic viscosity of water (v, 1
x 1072 m? s71), concentration of oxygen at the electrode surface (C,
1.67 x 10~° mol L_l), and rotation speed (w, RPM) at —0.15 V of cell
potential, the number of electrons transferred were estimated to be 2.1

+ 0.01 (Gao et al., 2021; Hu et al., 2022). The number of transferred

electrons (2.1 + 0.01 e) during the ORR mechanism confirmed the
selectivity of ACF toward 2e-ORR. The number of transferred electrons
could be determined at various potentials (—0.2 to +0.2 V) using the
slope of the Koutecky-Levich plot (Fig. 4e). The 2e-ORR reaction effi-
ciency could be measured directly by the percent concentration of HyO5
generated at the surface of ACF (Zhang et al., 2022). The HyO, produced
at different cell potentials (—0.2 to +0.2 V) was plotted as described in
Fig. 4f, and about 89 =+ 3 % H,0, generation was estimated according to
Eq. (17) (Hu et al., 2022).

H,0,(%) generation = 200 x ﬁ a7)
where N is the electron collection efficiency of the rotating disk and ring
(0.27, equipment specification), which is the ratio of current in the ring
to current in the disk, and ig and ip are the values of the ring and disk
current densities at different cell potentials (—0.2 to +0.2 V).

The LSV analysis of pristine CF and ACF in Oy-saturated solution was

performed as presented in Fig. S3b. The current response of the pristine
CF cathode (3.75 4 0.54 mA cm~2) was less than that of ACF (more than
10 mA cm™2). The result confirmed that the electrochemical catalytic
activity of ACF was due to the contribution of surface modification (Qian
etal., 2021). Again, the higher ORR in ACF was attributed to the oxygen-
containing functional groups formed during the activation process,
which was supported by the FTIR and XPS spectra results.

3.3. EF oxidation analysis

The degradation performance of ACF as a cathode was compared
with that of pristine CF; in both cases, a stainless-steel (SS) electrode was
used as an anode. The SS anode could facilitate to dissolve MNPs as
heterogeneous Fe?" catalyst in the solution and enhance the oxidation
rate. To the reactor, CR of 10 mg L™} was added along with 0.2-g het-
erogeneous catalyst (MNPs). Then, the solution pH was adjusted to 3.0
and the potential of 4.5 V was applied. The EF catalytic degradation
efficiency of the prepared cathodes for CR degradation was determined
based on the change of the maximum absorbance at 500 nm (Fig. 5). The
height of absorption peak for CR continuously decreased over the re-
action time, and finally disappeared after 40 min (Menon et al., 2021).
Fig. 5a shows the catalytic (with MNPs) and non-catalytic (without
MNPs) degradation of CR using the cathodes (pristine CF and ACF). Over
40-min EF reaction time, the CR removal efficiency of non-catalyst,
pristine CF, and ACF reactions were 16 + 2 %, 48 + 3 %, and 94 + 2
%, respectively. Fig. 5b and 5d show the EF stack cell before and after
the CR degradation. The Cr-removal efficiency of ACF was two times
higher than that of pristine CF and six times than that of non-catalyst as
described in Fig. 5c.

The higher degradation efficiency of the ACF cathode could be due to
its functional groups on its surface. These oxygen-containing active
species facilitate easy transfer of electrons from and to the cathode
surface (Xing et al., 2020). The easy transfer of electrons from and to the
active cathode surface led to higher generation of current density.
Similarly, changing the surface chemistry of the material contributes to
the wettability issues that triggers rapid diffusion of DO to the cathode
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used electrolyte was NaySO4 (0.5 mol L.

surface which facilitated 2e-ORR for Hy05 generation (Chen et al.,
2021). However, the hydrophilicity of the cathode material could lower
the generation of HoO. Depending on the morphology of the MNPs on
the CF or ACF electrode, the EF process showed different performance in
CR degradation. In fact, the CR degradation relied on the particle size
and iron content of MNPs. The iron content of MNPs is directly related to
the amount of Fe?" released into bulk solution, bringing about homog-
enous EF oxidation, which would subsequently produce higher H;O, on
the surface of the ACF.

3.4. Effects of operational parameters on CR degradation

The pH of the reaction medium is the main factor for Fenton’s re-
action and recycling of Fe>t/Fe?™ during EF oxidation. In fact, lower
removal efficiency is expected at more acidic conditions (pH < 3). Fe>*
could form an iron-water complex ([Fe(H20)6]3+) which could be hy-
drolyzed to [Fe(H,0)5(OH)12*. The presence of [Fe(H,0)g]>* and [Fe
(H0)5(0H)]?* could hinder recycling of Fe>*/ Fe3" to react with HyO,.
In addition, Hy05 could be surrounded by protons to produce oxonium
ions which are stable molecule that could prevent or reduce the activity

of Hy0, toward Fe?", which in turn would blocks the generation of ¢OH
radicals (Berhe et al., 2023; Hussain et al., 2020).

The highest catalytic degradation of CR (95 + 3 %) was observed at
acidic medium (=~ pH 3). The removal efficiency dropped to 70 + 3 %
when the pH value was adjusted to 6. Interestingly, 94 + 3 % removal
efficiency was achieved at pH 4 (Fig. 6a). However, at pH value higher
than 4, auto-decomposition of HyO, and formation of iron precipitates
occurred, eventually leading to excessive sludge generation. These re-
sults were also reported by Sheikhmohammadi et al. (2021). After
comparing the CR-removal efficiency of the EF oxidation at pH 3 and
that at pH 4 and considering the associated chemical cost for pH
adjustment, pH 4 was adopted for further experiment.

The driving factor for electron transfer within the bulk solution and
the electrodes is the applied voltage (Gao et al., 2020), which eventually
determines the performance of the EF oxidation process. In this case, the
dependence of CR oxidation on applied voltage was determined by
varying the voltage from 0.5 to 6.5 V. As the applied potential step-up
from 0.5 to 3 V, the CR removal rate also sharply improved from 76
+ 2 % to 96 + 3 % (Fig. 6b). It was hypothesized that application of a
higher voltage would enhance the generation of HoO5 and the electron
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Fig. 5. Spectroscopic analysis before and after CR degradation (a), degradation kinetics (c), cell-configurations before (b) and after EF oxidation (d). Operating
conditions: pH 3, applied potential of 4.5 V, catalyst dose of 0.2 g, initial CR concentration of 10 mg L™, and NaySO4 of 0.5 mol L™! as electrolyte.
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recycling between Fe>* and Fe?*

in the system, resulting in a higher

degradation efficiency. However, when the applied potential was over
5.5V, an insignificant increase of the CR removal rate (95 + 2 to 98 + 2
%) was observed. This might be associated with scavenging effects of
Fe?" and H,0, for eOH-radicals generation (Menon et al., 2021; Zou
etal., 2020). Consequently, applied voltage of 2.5 V was identified as the

optimal voltage for subsequent experiments.

The performance of EF oxidation was also affected by catalyst
dosage. The effect of the addition of MNPs as heterogeneous catalyst to
the EF system for CR degradation was investigated. When 0.1 g of MNPs
was added to the EF system with an ACF electrode, the CR removal ef-
ficiency dramatically increased to 86 + 2 % compared to the non-
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catalyzed system (15 + 1.2 %) (Fig. 6¢). With an additional dosage of
heterogeneous catalyst (0.4 g of MNPs) to the system, the CR degrada-
tion efficiency further increased to 96 =+ 2 %. More Fe?* would trigger
the rapid generation of H2O» and subsequent eOH radicals on the
cathode surface (Nordin et al., 2020). The role of homogenous Fe®" ions
in the system acted as a channel for electron transfer to pull off the HoO5
from the active sites of the ACF cathode. This pull system might
contribute to the release of HyO- in the system; then, HoO, was allowed
to react with Fe?' ion to generate eOH radicals (Ergan and Gengec,
2020). However, additional increase of the MNPs dose to 0.5 or 0.6 g
could not further improve the removal rate. It was hypothesized that
Fe?", if added excessively, might also consume eOH radicals (i.e., in-
hibition effect). The result could also be due to the maximum limit of the
active sites of the ACF for HoO, generation. A similar result was also
reported (Cui et al., 2021) in the Fenton process for CR degradation.
From the analysis in this study 0.3 g MNPs dosage was enough to
facilitate the heterogeneous EF CR degradation. The degradation of CR
relied on the particle size and iron content of MNPs as confirmed by
FESEM and EDX analysis (Boutemedjet et al., 2021). Similarly, smaller
particles have a higher surface area to volume ratio, which contributed
to higher degradation of CR through catalyst-CR molecule interaction.
Lastly, the effect of the initial CR concentration on the EF oxidation
process was determined. When the initial CR concentration was
increased while keeping the other parameters constant, the degradation
efficiency declined (Sun et al., 2020). As the concentration of CR
increased from 5 to 20 mg L™}, the degradation efficiency was main-
tained above 94 4+ 1.5 % over a 40 min. reaction time. However, the
removal efficiency deteriorated when the CR concentration was
increased to 30 mg L™ (73 + 2 % removal efficiency) as described in
Fig. 6d. From the result, it was assumed that all the active sites of MNPs
would be occupied if the initial CR concentration was extremely high,
resulting in incomplete CR degradation. If it is the case, more MNPs
should be added. The EF oxidation process having the operational pa-
rameters, which resulted in the CR removal efficiency of more than 90
%, was considered as the optimum concentration. Therefore, 15 mg L™
was used as the initial CR concentration in the subsequent analysis.

3.5. Rate constant and dominant oxygen-reactive species

Using the measured current density (14.5 + 1.23 mA cm~2) and
other constants n (78 e), F (96,485.3 C mol™1), kp (0.078 cm s’l), A
(8.75 cmz), c® (15 mg Lt CR), and V (300 cm3), the apparent rate
constant (kapp) at optimal parameters (pH value 4, voltage 2.5 V, and
catalyst dose 0.3 g) was determined (Egs. (11) and (12)). As a result, the
EF-based CR degradation was governed by pseudo-second-order rate
kinetics, with an approximate value of 8.78 x 107% + 1.72 x 107°
mol~! em® min~! (0.878 + 0.017 M! min’l) rate constant.

To determine the superior free active species generated in the EF
system, the process was applied for oxidizing 15-mg L™! CR in the
presence of alcohols and p-benzoquinone (p-BQ) to quench e¢OH and
superoxide ion (O3 ") radicals, respectively (Hussain et al., 2020). Excess
concentration of scavenging chemicals was used to ensure a complete
trapping of radials from the bulk solution in the system. As demon-
strated in (Fig. S4a), the percentage CR removal declined sharply to 17

+ 1 % from 94 + 2 % after the addition of an excess of ethanol con-

centration (0.25 mol L) to the reactor. The 17 + 1.2 % removal effi-
ciency of CR could be attributed to a non-radical reaction mechanism
such as singlet oxygen, which might be generated from the transfer of a
single electron through the surface of ACF during the EF process (Guo
et al., 2022). Similarly, an addition of excess concentration of tertiary
butyl alcohol (TBA) (0.25 mol L™1) to the reacting system, the degra-
dation of CR declined to 28.5 % due to less inhibition effect of TBA on
oOH radicals than that of EtOH. The EtOH and TBA quenching analysis
indicated that eOH radicals played a crucial role in CR degradation in
the EF system. The number of electrons transferred (2.16 + 0.02 e) and
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the approximate HyO, generated (90.0 + 1.3) were checked in the
presence of chemical quenching (Figs. S4b and S4c, respectively),
indicating the system followed 2e-ORR. However, addition of 0.25 mol
L1 of p-BQ to the reacting system resulted in a slight change in the CR
removal efficiency; 88 + 2 % removal efficiency was obtained. This
result clearly indicated that the role of O3 ion radicals was not as sig-
nificant as ¢OH. Instead, ¢OH radicals were found to be the superior free
active oxygen species in this system. An insignificant amount of super-
oxide radicals might be formed via the reduction of oxygen on the
cathodic surface according to Egs. (18) or (19) and consumed for HyO4
formation in acidic bulk system (Eq. (20)). It was concluded that the
dominant free reactive oxygen species generated in the EF system were
oOH radicals.

0,+2e -0y (18)
Fe(Il) + O,—Fe(Il) + O 19
0, +2H'—>H,0,+ 0, (20)

3.6. Mineralization efficiency and energy consumption

The extent of CR mineralization was measured based on the presence
of the TOC in the treated solution. The values of TOC have been related
to the total organic carbon of the CR solution. The TOC analysis at
different time intervals indicated the degrees of mineralization (Ergan
and Gengec, 2020). Performing at optimal operating parameters, a
reasonable TOC removal of about 56 4 2 % was observed over 40 min,
while the color removal was 94 + 2 %. However, when the reaction time
was increased to 120 min, the mineralization efficiency could reach 83
+ 3 % with the complete color removal, confirming that the chromo-
phore of CR, i.e., azo bond (-N—N-) would be easier to destroy than an
aromatic ring (Fig. S5a). EF mineralization of high-molecular-weight
dyes such as CR (MW-697 g mol’l) over short-time reaction was not
possible due to the confinement of quite-stable benzene ring molecules
that could not break apart in the system.

The primary cost associated with the EF process is incurred by
electricity and its consumption should be analyzed. The degradation
rate of CR at different cell potential (0.5-6.5 V) was related to the energy
consumption (kWh (g TOC)™ 1) of the system (Ergan and Gengec, 2020;
Menon et al.,, 2021). The main requirements for electrochemical
advanced oxidation processes in breakdown of organic contaminants are
high mineralization efficiency and low energy consumption. Here, an
innovative and energy-efficient EF system was required to minimize the
cost energy consumption. Within 40 min., a satisfactory CR minerali-
zation (i.e., 57 £+ 2 % TOC removal) could be achieved when the system
was run at an applied potential of 2.5 V. increasing the applied voltage
to 6.5V, a 61 + 3 % TOC removal was observed accounting to an in-
crease of 4 % in TOC removal. At larger applied voltages, relatively
higher mineralization efficiency was noted. However, when the applied
voltage increased to 6.5 V, a small TOC removal enhancement was
observed. It was noteworthy that when the applied voltage was
increased from 2.5 V to 6.5 V, the TOC removal increased by 4 % only,
but the energy consumption increased by 53 % (from 0.032 to 0.051
kWh (g TOC)’l). The result indicates that it would not be cost-effective
to achieve a higher mineralization efficiency at a higher applied voltage.
Comparing the above applied voltages in terms of their energy con-
sumption and CR mineralization efficiency, the latter (2.5 V) would be
considered as the optimal applied voltage for CR mineralization.
Therefore, the applied voltage of 2.5 V was an energy-efficient and cost-
effective voltage to mineralize CR to approximately 83 + 2 % over 120
min. While CR was degrading at an applied potential of 2.5V, 14.5 + 3
mA cm ™2 current density was measured and the mineralization current
density efficiency of about 58 + 2 % was estimated.
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3.7. Stability and reusability

Stability and reusability are another important parameters in eval-
uating the performance of the catalysis and electrodes (i.e., MNPs and
ACF) which are evaluated by their repeated use in the EF oxidation.
These parametric analyses were helpful in determining the extended loss
of an active species of MNPs. The catalyst was isolated from the reacting
medium of the CR degradation using an external magnet, which was
repeated ten times. The quantity of dissolved iron in the reaction solu-
tion was determined via ICP-OES analysis. About 0.021 mg L™} iron
residuals were detected, indicating 98 % recovery, which is comparable
to the amount of iron residual obtained in the first EF oxidation (i.e.,
negligible compared to 0.3 g of MNPs initially added. However, the CR
degradation capability of the catalysts decreased significantly (from 94
+ 2 % to 52 + 3 %) over ten cycles as shown in Fig. S5b. A negligible
amount of iron residuals in the reacting solution indicated that the
magnetic characteristics of the MNPs were not altered. Nevertheless, the
XRD result showed the crystalline characteristic peaks of MNPs (after
ten cycles) disappeared compared to the XRD result before use, as shown
by XRD analysis in Fig. S6a (blue). Only the major characteristic peaks at
20.4°, 36.7°, and 63.3° that correspond to (11 1), (31 1), and (4 4 0)
lattice planes (Cai et al., 2022) were observed, which indicate the MNPs
crystal deformation. Although, the Fe-O vibrational mode with a smooth
curve was observed at approximately 500-600 cm !, the FT-IR result of
MNPs showed a deformed structure compared to the FT-IR result before
used for EF oxidation (Fig. S6b, blue). Thus, the gradual decline of the
CR degradation efficiency over ten cycles (54 + 3 %) could be due to the
deformation crystalline structure of MNPs. Despite their high degrada-
tion efficiency, iron-based catalysts have low reusability due to crys-
talline structural deformation (Zuo et al., 2021).

The amorphous nature of the ACF cathode was detected at 25.3° after
several cycles of EF CR degradation (Rahmani et al., 2021) (Fig. S6b,
red). The narrow peak of the ACF that was observed before degradation
process were diminished, indicating that the crystal structure of the ACF
was altered, and the active species (oxygen-containing functional
groups) were eroded. Additionally, the FT-IR technique was employed
to locate pertained functional groups on the ACF surface. The functional
groups that were at 1655 cm? (-COOH) and 1554 cm! (-C=0) on
ACF before the experiment disappeared as seen in Fig. S6b (red). The
broad and loose absorption peaks of the material suggested that the
surface-active groups were worn out through the degradation process.
Similarly, the CV curve of ACF showed a —1.3 + 0.36 mA cm 2 cathodic
peak for 2e-ORR and a 0.9 + 0.037 mA cm ™2 anodic peak for water
oxidation (Fig. Séc, red). The LSV analysis also showed 1.4 + 0.25 mA
em 2 of water oxidation reaction on the system (Fig. S6d, red). The
results indicated that the ACF cathode activity for 2e-ORR was declined
and confirmed the structural change of the cathode (i.e., depletion of
active oxygen-containing functional groups from the cathode surface).
Thus, after ten cycles of CR degradation, 54 + 3 % efficiency was
observed over 40 min. under the optimal operating conditions. Gener-
ally, the strong reactive species generated gradually lowered the selec-
tivity of ACF for 2e-ORR.

3.8. Degradation mechanisms and intermediate products

As aforementioned, CR could not be completely mineralized by the
EF oxidation, although the CR color disappeared over 40 min. This
indicated the destruction of the azo group (-N—N-) of CR and release of
the intermediates formed by the eOH radicals attack (Cai et al., 2022).
However, extending the reaction time to 120 min. contributed to the
release of intermediate by-products. Eventually, the intermediates
products were converted to inorganic ions through a continuous expo-
sure to eOH radicals (Ergan and Gengec, 2020). To understand how the
degradation mechanism and the possible degradation pathways of the
intermediates in the system work, LC-MS and ICS techniques were
employed. The degradation intermediates might be either aromatic with
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different substituents or aliphatic organic compounds (Fig. S7); thus, the
possible and dominant reaction intermediate products of CR with their
chemical structures are proposed in Fig. 7. Using LC-MS, the identified
reaction products are listed along with their m/z values and molecular
structures in Table S3. After 120 min. of CR degradation, 6.3 + 0.17 mg
Lt NO3 concentration and 3.46 + 0.1 mg L! SO?{ concentration were
determined. About 83 + 3 % of the nitrogen and sulfur atoms contained
by CR were oxidized and released into bulk water as described in Fig. S8.
The material balance calculations and experimental results of CR EF
degradation are demonstrated in Table S4.

3.9. Oxidation assessment on dye-containing real wastewater

EF degradation assessment for different dye-containing wastewater
was performed to confirm the potential application for real wastewater
treatment (Chandanshive et al., 2020; Nakhate et al., 2020). We fol-
lowed similar procedures and mechanisms to the CR degradation as
mentioned above, where we used two stacks of ACF-SS-ACF in which
ACF and SS were used as the cathode and anode, respectively (Figs. S9a
and S9b). In the real textile wastewater oxidation assessment, the
effective working volume of the reactor was 300 mL and adjusted to pH
value of 4. The reactor was employed with the applied voltage of 2.5V,
catalyst dosage of 0.3 g, and the total dye concentration of 45 mg L ™" at
optimum operating conditions. As demonstrated in Figs. S10a and S10b,
the initial concentration of individual dyes and the mixture of the
wastewater was analyzed at their maximum absorbance. However,
while mixing with real wastewater, the absorbance peak of each dye was
not clear compared to the individual absorbance peaks. This could be
due to the shielding effect of the wastewater matrix on the chromo-
phores of dyes. After 120 min. of EF degradation, 3 mL of samples were
harvested and filtered for UV-Vis, TOC, LC-Ms, and IC analysis. As
shown in Fig. S10c, the UV-Vis of absorption peaks of each dye dimin-
ished, indicating that the chromophore bonds were broken apart, and
the maximum degradation efficiency for CR, MB, and AO II were
calculated to be 72 + 2 %, 82 + 2 %, and 93 + 2 %, respectively (Cai
et al., 2022; de Oliveira Guidolin et al., 2021). The detection of high
concentrations of inorganic ions (NO3 and SO%’) in the IC analysis and
decreasing the TOC concentration confirmed the mixture of the waste-
water was degraded into inorganic compounds COy and H30. The
measured values of the dye-containing wastewater are described in
Table S5. The overall CR oxidation and dye-containing real wastewater
decontamination confirmed that the proposed EF oxidation system was
capable of degrading and mineralizing a complex matrix of real
wastewater.

4. Conclusion

In accordance with the soaking principle, active functional groups
such as carboxyl (-C—=0-OH), carbonyl (-C=0), hydroxyl (-OH), and
nitrous (-N-O) were generated on the surface of ACF. Using size-
controlled MNP catalysts, EF oxidation of CR-containing wastewater
was conducted using an ACF cathode. The oxygen-containing functional
groups served as sites for HyO generation, and the heterogeneous Fe"
acted as a driving force to detach the HoO, from the site to generate ¢OH
radicals. An approximate 89 + 3 % of HyO4 generation was determined
following the 2e-ORR mechanism. Using the model contaminant (CR),
degradation efficiency of >94 % and mineralization efficiency of >82 %
were obtained in 40 min and in 120 min, respectively. Finally, the
oxidation system was applied for treating dye-containing real waste-
water. Over 2 h of EF oxidation, the removal efficiency of the system to a
mixture of wastewater of CR, MB, and AO II were calculated to be 72 &
2 %, 82 + 2 %, and 93 + 2 %, respectively. These satisfactory results of
EF oxidation indicated that the system could be applied for treating
industrial wastewater.
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Fig. 7. Possible fate of CR degradation using an ACF cathode in the EF process, at optimal operating conditions (pH, 4), applied potential (2.5 V), catalyst dose (0.3
), initial CR concentration (15 mg LY, and electrolyte (NaySO4, 0.5 mol L™1) and 120 min.
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