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The rapid and efficient mineralization of the chemotherapeutic drug busulfan (BSF) as the target pollutant has been investigated for the first time

by three different heterogeneous EF systems that were constructed to ensure the continuous electro-generation of HoO2 and “OH consisting of:
i) a multifunctional carbon felt (CF) based cathode composed of reduced graphene oxide (rGO), iron oxide nanoparticles and carbon black (CB)
(rGO- Fe304/CB@CF), ii) rGO modified cathode (rGO/CB@CF) and rGO supported Fe304 (rGO-Fe304) catalyst and iii) rGO modified
cathode (rGO/CB@CF) and multi walled carbon nanotube supported Fe304 (MWCNT-Fe304) catalyst. The effects of main variables, including
the catalyst amount, applied current and initial pH were investigated. Based on the results, H2O2 was produced by oxygen reduction reaction

(ORR) on the liquid-solid interface of both fabricated cathodes. ‘OH was generated by the reaction of H2O2 with the active site of EFeII on the

surface of the multifunctional cathode and heterogeneous EF catalysts. Utilizing carbon materials with high conductivity, the redox cycling

between EFeII and EFeIII was effectively facilitated and therefore promoted the performance of the process. The results demonstrated almost

complete mineralization of BSF through the heterogeneous systems over a wide applicable pH range. According to the reusability and stability
tests, multifunctional cathode exhibited outstanding performance after five consecutive cycles which is promising for the efficient mineralization
of refractory organic pollutants. Moreover, intermediates products of BSF oxidation were identified and a plausible oxidation pathway was
proposed. Therefore, this study demonstrates efficient and stable cathodes and catalysts for the efficient treatment of an anticancer active
substance.
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1. Introduction

The increasing use of drugs for cancer treatment and their poor
metabolism in the human body result in high concentrations of these
drugs and/or their metabolites in hospital and municipal wastewaters
(Kanjal et al., 2020; Kulaksiz et al., 2022). Effluents from wastewater
treatment plants are considered to be the main source of release of
these drugs and their metabolites into water resources (Zhang et al.,
2013; loannou-Ttofa and Fatta-Kassinos, 2020; Siedlecka, 2020).
Although effluent concentration of chemotherapeutic drugs are
generally at ng L~ ' level, they have been shown to have cytotoxic,
genotoxic, muta-genic, endocrine disrupting and/or teratogenic effects
in aquatic and terrestrial ecosystems (Li et al., 2016; Pieczyiska et
al,, 2017; Yang et al., 2020a). Recognition of the presence of these
drugs has prompted research into potential methods for removing them
from water bodies, including activated sludge aerobic bioreactors
(Kosjek et al., 2018), photocatalytic degradation (Calza et al., 2014;
Gonzlez-Burciaga et al., 2022), chlorination (Roig et al., 2014), UV/
Ho0o, UV/FeZ+/H202 and UV/TiO, processes (Gonzlez-Burciaga et
al., 2021; Lutterbeck et al., 2015), ozonation (Li et al., 2016), Fenton
reagent (Governo et al., 2017), photo-Fenton (Cavalcante et al., 2013),
anodic oxidation (AO) (Baris¢l et al.,, 2018) and EF (Kulaksiz et al.,
2022; Yang et al., 2019).

As one of the most widely studied electrochemical advanced oxida-
tion processes (EAOPs), electro-Fenton (EF) is considered as a
promising method owing to high oxidation/mineralization efficiency
against recalcitrant organic pollutants, low cost and simple operating
conditions (Camcioglu et al., 2022; Martinez-Huitle et al., 2022). In this
process, H2O, is electrochemically generated on-site by the two-
electron oxygen reduction reaction (ORR) at the carbonaceous
cathode (Eq. (1)) (Bar-houmi et al., 2016). Formed HO, is
decomposed by the externally added catalyst (Fe2+) promoting the
continuous generation of homo-geneous hydroxyl radical ("OH) via
Fenton reaction (Eq. (2)) (Zhou et al., 2018). Fe®* consumed in
Fenton reaction is regenerated electro-chemically of Fe®* at the
cathode (Eq. (3)) ensuring continuous for-mation of ‘OH (Yang et al.,
2019, 2020b).

0+ 2H* + 26~ —H,0, )
H,0, + Fe? — Fe®" + OH~ + 'OH &)
Fe* + e —Fe? ®)

However, some challenges are encountered during the application
of homogeneous EF such as low pH range (pH 2.5-3.5) requirement
for optimal process efficiency (Li et al., 2009; Wang et al., 2013; Chen
et al., 2015). Further, the catalyst Fe?* in homogeneous EF has to be
precipi-tated before discharge, which prevents the reusability and
recyclability of the catalyst in continuous processes and also generates
a sludge that requires a secondary process to be disposed (Ganiyu
et al., 2018; Poza-Nogueiras et al., 2018; Nidheesh et al., 2023b).

To overcome these drawbacks, the heterogeneous EF process,
which uses a solid catalyst for the decomposition of H,O, to ‘OH,
has been developed (Gopinath et al., 2022). Heterogeneous EF
process offers so-lutions such as preventing the generation and
disposal of iron-rich sludge, widening working pH range, catalyst
recovery and reusability by utilizing heterogeneous catalysts and
functionalized cathodes with enhanced durability, high conductivity,
and large surface area (Ganiyu et al., 2018; Nidheesh et al., 2022).

It is widely accepted that heterogeneous EF catalysis may fit the
Haber-Weiss mechanism, which is summarized by reactions in Eqgs

(4)-(9).

=Fe" OH+e —=Fe'— “)
OH

=Fe"— OH + H,0,» = Fe'l — OH(H:0,), (5)
= Fe'" - OH(H,0,), — = Fe' — OH(HO,), + H* ©)
= Fe'' - OH(HO;),— = Fe' — OH+HO, + H* ™
= Fe' — OH + H,0, = Fe'" — OH + ‘OH + OH~ ®)

"OH + organic pollutants — oxidation intermediates — CO, + H,O ©

When current is applied to the system, partial reduction of
=Fe'"OH to =Fe'-OH by gaining one electron at the surface of the
iron containing heterogeneous catalyst (Eq. (4)) accompanied with
generation of H,O5 in large amounts at the cathode (Eqg. (1)) initiates
the mechanism (Wang et al, 2013). HyO2 interacts with the
negatively charged catalyst surface, to produce a precursor
surface  complex (EFe'”—OH(Hgoz)) representing the surface
properties of H,O2 within the inner and outer surface of the cathode
matrix (Eq. (5)). Further, surface H,O, complex may be subjected to
a reversible ground-state electron transfer from the ligand to metal
(Eq. (6)) and the successor complex then would be deactivated
through Eq. (7) to form HO; and =Fe'—OH (Zhao et al., 2012). It is
obvious that the reaction in Eq. (6) is particularly active in alkaline
media since the consumption of H* will swiftly change the equilibrium,
resulting in the formation of more =Fe'-OH species (Ganiyu et al.,
2018; Zhao et al., 2012). The reduced iron sites (Fe''-OH) then again
react with H,0, (Eg. (8)) to regenerate Fe'"-OH sites and form "OH
that can oxidize the organic compounds until complete mineralization
to CO2 and H20 (Eq. (9)) (Zhao et al., 2012).

Iron oxides are the pillars of nanomaterials used in water treatment
due to their natural abundance, and relatively low toxicity towards
receiving environments (Rusevova et al., 2012; Xu and Wang, 2012;
Ganiyu et al., 2022). Fe304 is the most basic magnetic iron oxide with
inverse cubic spinel lattice structure. Fe3zO4 consists of two irons
sub-lattice including a tetrahedral coordination filled by Fe'' and an
octahedral coordination occupied by both Fe' and Fe" (Ganiyu et al.,
2022). The co-existence of Fe" and Fe'" increases the catalytic decom-
position of H,O, to form strong oxidizing agent "OH (Xue et al., 2009;
Gopinath et al., 2022). Although reducing the Fe3O,4 particle size may
increase the catalytic activity, Fe3O4 nanoparticles tend to agglomerate
and the surface area is reduced (Gao et al.,, 2007). To overcome
this problem, several studies are carried out on the support of Fe3O4
nano-particles on solids such as bentonite, alginate, zeolite, alumina,
chitosan and carbon nanotube (CNT) (Cleveland et al., 2014; Zhou et
al., 2014; Yu et al., 2015), porous carbon-based matrices (Chen et
al., 2023), activated carbon (Zhang et al., 2014) and graphene oxide
(GO) (Hua et al.,, 2014; Zubir et al.,, 2015). CNTs have high
chemical and me-chanical stability characteristics, high electrical
conductivity, high electroactive surface area (Gopinath et al., 2022).
The unique electronic characteristics of these particles have been
effectively taken into consideration in the electrochemical process as
a method to improve the electron transfer reaction (Sadeghi et al.,
2019). Graphene and graphene-based derivatives have
demonstrated that they are suitable support materials for improved
immobilization of nanomaterials that otherwise would be unstable.
Large surface area, enhanced electrical conductivity, and mechanical
stability can be listed as the properties of



graphene that make it a suitable choice as a support for the catalysts.
Also, the chemical reactivity at the edges of the graphene structure
and presence of functional groups facilitate functionalization of
graphene making it a potential candidate as a support material for
catalysts uti-lized in heterogeneous Fenton processes (Gopinath et
al., 2022). The properties of graphene strongly depend on the
reduction process of GO. The reduced graphene oxide (rGO) often
contains many defects, such as nanoholes and Stone—Wales defects
(heptagon/pentagon bonded carbon atom network). These defects play
a crucial role to improve the physical and chemical properties of
graphene-based nanomaterials (Le et al., 2015). Accordingly, the
electron-transfer ability of GO is restored through the reduction of
excess oxygen content present in GO sheets (Divyapriya and
Nidheesh, 2020). Loading of iron nanoparticles onto nanostructured
carbon materials such as rGO and CNTs not only limit the particle size
to the nanoscale but also enhance the chemical stability of the catalyst
(Wang et al.,, 2022). In addition to using as a support, graphene
enhances the oxygen transfer as well as generates hydrogen peroxide
in EF process (Gopinath et al.,, 2022). Utilization of a graphene
modified cathode and magnetic heterogeneous Fenton catalyst
sup-ported on a carbon material (e.g. rGO or CNT) duo can be
considered for combining enhanced H,0, production and easy catalyst
recovery and reuse in comparison with conventional homogeneous
Fenton catalyst.

In order to eliminate the necessities on the recoverability of the
catalyst as well as the limitations of pH range, heterogeneous EF using
a graphene modified-Fe3O4 doped cathode can be considered as
an alternative approach. The significance of cathode material selection
in the EF process depends on the generation of high amounts of H,O»
and the faster regeneration of the iron catalyst, whereas the iron-
loaded graphene electrodes could generate ‘OH as major product at
the interface due to the simultaneous decomposition of
electrogenerated HpO, (Divyapriya and Nidheesh, 2020). GO as a
monolayer carbon-based nanomaterial has abundant epoxy
groups, hydroxyl groups and carboxyl groups, which provide it more
active surface characteristics, higher specific surface area and higher
electron mobility. The sp2 hybrid structure of carbon in GO generates
the delocalized 1T conjugation on the surface of GO layer (Dang et
al., 2022). While preparing GO-Fe304 composite, the conjugated Fe—
O—C bond will form, which will promote the transfer of electrons, thus
accelerating the redox cycle of Fe'/Fe' and further decomposing
H,0, into 'OH. In addition, Fe3O4 nano-particles within the GO
nanosheets can effectively prevent the re-stacking of GO layers
and the agglomeration of magnetic nano-particles, contributing to
the specific surface area and exposing active sites (Dang et al., 2022).
Such a cathode can yield both higher H,O» production and its
conversion to "OH efficiency and therefore can be considered as a
promising approach (Scaria and Nidheesh, 2022; Mar-tinez-Huitle et
al., 2023; Nidheesh et al., 2023a). This Fe304 functionalized-
graphene supported cathode serves dual purpose as it effectively
generates H,O, and therefore "OH via the electrochemical reduction
of Oz and in-situ activation of HyO,, respectively. Modified
carbonaceous cathodes that have carbon black (CB) in their
composition provide 2e~ ORR active sites for in situ production of
H>0, and lower energy consumption per produced H,O,. High current
efficiency of CB containing cathode is attributed to the high
electrical conductivity property which is due to the low oxygen content
and crystal structure of CB (Dong et al., 2018; Zhang et al., 2019).

In this study, we investigated the mineralization of one of the
most used chemotherapy drug, busulfan (BSF, see chemical
structure in
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Fig. 1. Chemical structure of Busulfan (BSF).

Fig. 1) (Houot et al., 2013; Skoglund et al., 2013) solutions by the het-
erogeneous EF processes. To the best of our knowledge, this
constitutes the first work on the efficient removal of BSF from
contaminated water. We found only one work from Li et al. (2016) in
which degradation of eight chemotherapeutic drug was examined by
ozonation resulting in lower oxidation kinetics and mineralization
rates. Among these chemotherapeutic drugs, BSF was the most
recalcitrant to oxidation; only about 20% degradation was achieved
with a 1 mg Oz mg DOC™ ' ozonation dose.

The present study reports fast and complete mineralization after 4 h
treatments by means of three heterogeneous EF systems:

e rGO and CB modified carbon felt (CF) cathode (rGO/CB@CF) was
fabricated and higher H,O, production efficiency was obtained in
comparison with CF cathode.

e Heterogeneous Fenton process using multi walled carbon nanotube

(MWCNT) supported iron oxide (MWCNT-Fe30,4) and rGO-Fe3Oq4
catalysts with magnetic properties were fabricated. High efficiencies
were achieved for the mineralization of BSF with heterogeneous EF
process by using rGO/CB@CF cathode and heterogeneous Fenton
catalysts.
e Fe304 functionalized-rGO modified CF cathode (rGO-Fe304/
CB@CF) was fabricated for generation of H;O, and its
simultaneous conver-sion to ‘OH to avoid the addition of external
catalyst. The application of this multifunctional cathode in
heterogeneous EF process exhibi-ted remarkable results in terms of
mineralization of BSF. Furthermore, the reaction intermediates
formed during the oxidation process, the short-chain carboxylic
acids as i~ nal by-products before complete mineralization and
mineral end-products were identified using HPLC, GC-MS and IC.
These data allowed us to propose a plausible mineralization
pathway of BSF by °OH generated in the EF process.

2. Material and methods
2.1. Chemicals

Details of the chemicals used in this study are provided in Supple-
mentary Information file (SI-Text S1).

2.2. Analytical procedures

The mineralization degree of BSF solutions was determined
from their TOC decay measurements on a Shimadzu TOC-VcsH
analyzer ac-cording to the thermal catalytic oxidation principle.
Reproducible TOC values are obtained using the non-purgeable
organic carbon method with an accuracy of +2%.

The mineralization current efficiency (MCE) was calculated from
TOC values using Eq. (10) at given electrolysis time based on
complete electrochemical oxidation of BSF (Brillas et al., 2009; Dos
Santos et al., 2020; Dos Santos et al., 2021):

n F VsA(TOC
MCE(%)=M 100 (10)

432x107mlit -

Here F is the Faraday constant (96,485 C mol™ "), Vs is the solution
volume (L), A(TOC)exp is the experimental TOC decay (mg L™ 1), 4.32 x
107 is a conversion factor for homogenization of units, m is the number
of carbon atoms of BSF, | is applied current (A), t is the electrolysis time
(h). n is the number of electrons consumed per mole of target molecule
during its mineralization. The number of electrons are 38 for minerali-
zation of BSF to CO, and SO3 as given in Eq. (11).

C6H140632+ 14H20 g 6C02 + 280427 + 42H+ + 3837 (1 1)

The specific energy consumption (EC) per unit TOC mass removed for
each experiment was calculated by using Eq. (12) (Mérquez et al.,



Ecell I't (1 2)

EC(kWh(g TOC) ")= VSA(TOC)
exp

where Eq is the mean potential difference of the cell (V). The
concentration of H,O, was measured via the potassium titanium oxalate
method as detailed in SI-Text S2. Short-chain carboxylic acids,
inorganic ions and the degradation intermediates formed during
treatment were analyzed by HPLC, IC and GC-MS analyses,
respectively. The detailed analytical procedures of the methodologies
were introduced in SI-Text S2.

2.3. Synthesis, preparation and characterization

Synthesis and characterization of GO, rGO, Fe3O4, rGO-Fe304
and MWCNT-Fe3z04 composites and preparation of modified cathodes
are provided in SI-Text S3.

2.4. Electrolytic system

Heterogeneous EF experiments were performed in a 100 mL undi-
vided cylindrical glass cell with 80 mL aqueous solution containing 0.1
mM target pollutant and 50 mM Nay;SO4 as supporting electrolyte. BDD
(16 cm2) and modified electrode (8 cm2) were used as anode and
cathode, respectively. Experiments were performed under constant
current conditions ranging from 100 mA (6.25 mA cm™ 2) to 1000 mA
(62.5 mA cm™ 2). Compressed air bubbling (starting 5 min prior to the
experiments) was used to provide saturated oxygen condition in the
solution for H,O5 generation. The pH was measured with a CyberScan
pH 1500 pH-meter from Eutech Instruments. The electrochemical cell
was powered by a Hameg HM8040 triple DC power supply. Samples
were taken at pre-set time intervals to evaluate the concentration for
degradation and mineralization.

The H20,; electro-generation experiments were performed in an un-
divided cell (250 mL) in 50 mM Na»SO;4 solution at room temperature
and pH = 3. Experiments were performed under 100 mA (6.25 mA
cm™ 2) constant current electrolysis condition. The unmodified and
modified CF cathodes and a Pt sheet of the same geometric area (4cm
x 2 cm) were used during these experiments.

3. Results and discussion

3.1. Characterization of GO, rGO, rGO-Fe304, MWCNT and MWCNT-
Fe30y4

UV-VIS spectra of GO, rGO and rGO-Fe30y is given in Figs. Sl-1a.
Two characteristic peaks were observed in UV spectra of GO. One of
these characteristic peaks at 230 nm was related to T—1T* transitions of
aromatic C—C bonds. The other peak at around 300 nm is attributed to
n—T1r* transitions of C=O bonds (Xu et al., 2011). As seen from the
figure, reduction of GO resulted in disappearance of n—Tr* transition
and shifting of T—1T* transition peak to 267 nm indicating the removal
of oxygen containing functional groups from GO and restoration of
T network structure (Kavinkumar et al., 2015), hence an
extensive reduction process. According to the UV spectra of rGO-Fe304,
absorption peak between 350 and 480 nm resulted from the
scattering and ab-sorption of UV radiation of magnetic Fe3O4
nanoparticles (Radai et al., 2017). The peak due to the m—T*
transitions of aromatic C—C bonds at ~270 nm was diminished. This
result suggests that rGO layers may be almost uniformly coated by
Fe304 nanoparticles.

The Fourier transform infrared (FTIR) spectra provide information
regarding the changes in surface functional group of the samples. The
characteristic FTIR functional groups for GO, rGO and rGO-Fe304 are
presented in Figs. Sl-1b. As it is seen from the FTIR spectra of GO, a
broad peak at a range of 3000 cm™ "t0 3700 cm~ " ascribed to the O-
H

stretching vibration (Xie et al., 2022). The typical peaks of GO can also
be observed at 1721 cm™ ' (C=0 carboxylic stretching vibrations), 1618
cm™~ ' (C=C stretching vibrations), 1369 cm~ ' (— OH stretching vibra-
tions), 1221 cm™ L (C—O-C vibrations of epoxy groups), 1040 cm™ ! (C-
O stretching vibrations) (Wang et al.,, 2018). As given in the rGO
spectrum, after chemical reduction via hydrazine hydrate, several
characteristic peaks of GO were significantly weakened or completely
disappeared which implies the elimination of oxygen-containing
functional groups during reduction. The weak peak at 1560 cm™ !
which belongs to the skeleton vibration of less-oxidized graphitic
materials (Kocijan et al., 2021), C=C, was still existed. Comparison
between GO and rGO spec-trums revealed that partial functional
groups in GO had been effectively eliminated by the reduction process.
Compared to rGO, the character-istic peak located at 516 cm™ "in rGO-
Fe3z04 nanocomposite is assigned to the Fe-O bond stretching
vibration of Fe3zO4 nanoparticles which indicates a C—O-Fe linkage
between graphene nanosheets and Fe3zO4 nanoparticles (Es’
haghzade et al., 2017; Zhang et al., 2016). The FTIR results confirmed
the formation of Fe3O4 nanoparticles and reduction of some functional
groups from GO in rGO-Fe304 nanocomposite via the in-situ co-
precipitation process.

FTIR spectra of MWCNT, Fe3O4 and MWCNT-Fe3O4 are given
in Figs. Sl-1c. The presence of carboxylic groups of MWCNT was
confirmed by C=0 stretching vibrations at 1722 cm~ ! as well as O-H
stretching vibrations at 3448 cm™ 1 (Yuan et al, 2016). The
characteristic graphite structure peak at 1573 cm™ ' which was
assigned to the C=C groups of the MWCNT (Li et al., 2015) is also
present in the FTIR spectrum of MWCNT-Fe3O4 nanocomposites
(Yuan et al., 2016). The peak located at 525 cm™ Tin MWCNT-Fe304
nanocomposite is assigned to the Fe—O bond stretching vibration
indicating the presence of Fez04 in the MWCNT-Fe3O4
composite. Compared to MWCNT, the FTIR spectrum of MWCNT-
Fe3z04 showed the disappearance of C=0 stretching at 1722 cm™ !
which designated the utilization of —COOH of MWCNT by co-
precipitation with Fe3zO4 particles. This may also indicate the prep-
aration of the MWCNT-Fe304 composite is achieved successfully (Yuan
et al., 2016; Zhou et al., 2016).

The crystalline structure of rGO, Fe3O4 and rGO-Fe3O4 were char-
acterized by XRD (Figs. SI-1d). It is known that GO shows a very sharp
characteristic diffraction peak at around 26 = 10.74° which corresponds
to planar reflection (002) of the GO layers indicates that the distance
between the graphene layers (d-spacing) is 0.822 nm (Ciplak et al.,
2020). As seen from the XRD results of rGO from Figs. SI-1d, after
chemical reduction, the intense peak of GO at around 26 = 10.74°
completely disappeared and a broad peak occurred at 26 = 24.26° with a
d-spacing of 0.366 nm which is close to d-spacing value of unoxidized
graphite (0.34 nm) (Khan et al., 2019). The decrease in the distance
between the graphene layers and a d-spacing value close to the
graphite structure, and the disappearance of the characteristic GO peak
are the proof for the reduction of GO indicating that the oxygenated
functional groups are significantly removed. As seen from the results for
Fe304 in Fig. S1d, diffraction peaks at 26 = 30.30°, 35.53°, 43.33",
53.65°, 57.18°, 62.74° which are in strong accordance with Fe3Og4
nanoparticles are observed and could be indexed as the characteristic
(220), (311),(400), (422), (511) and (440) reflections of the pure cubic
spinel crystal structure of Fe3O4 (Zong et al., 2013). XRD pattern of
rGO-Fe304 in Fig. S1d shows a presence of mixed phase (Fe;O3 and
Fe3z04), similar to the XRD pattern of standard Fep,O3 (hematite,
JCPDS-04-003-2900) and Fe3O4 (magnetite, JCPDS-04-007-2718)
(Bhuvaneswari et al., 2014). No obvious typical diffraction peaks of rGO
are observed in the XRD spectra of the nanocomposite. This can be
attributed to the intense iron oxide peaks, overwhelming the weak rGO
peak due to exfoliation (Saipha-neendra et al., 2017).

The morphologies and structures of Fe304, rGO, rGO-Fe3O4
and MWCNT-Fe3O4 were investigated by TEM. Figs. Sl-2a presents
a size distribution of nearly spherical shaped Fe3O4 nanoparticles with
particle size less than 10 nm. As can be seen from TEM image, the
Fe3z04 nano-particles are quite agglomerated which may be due to
the stronger



magnetic coupling between particles. Figs. SI-2b shows a low magnifi-
cation TEM image of rGO indicating a typical wrinkled morphology with
nanosheets that are less than 5 nm thick. Since the reduction process
occurred chemically and caused a change in the structure due to the
removal of hydrophilic oxygen-containing functionalities such as hy-
droxyl, epoxy, and carboxyl groups, rGO presented crumpled and
roughed sheets (Geraldino et al., 2020; Wang et al., 2016). The
morphological structure of rGO-Fe304 was demonstrated by TEM anal-
ysis in Figs. Sl-2c. It was clear that mostly spherical Fe3O4
nanoparticles with different diameters are distributed on translucent
rGO sheets with some agglomeration. Almost no FezO4 nanoparticles
are found outside of the rGO nanosheets, indicating that rGO-Fe30O4
composite was effi-ciently synthesized by co-precipitation. Since the
Fe3z04 particles are successfully wrapped inside the rGO layers,
agglomeration, oxidation, and corrosion by acidic media were
prevented and magnetic property was maintained. Microstructure of
the MWCNT-Fe3zO4 composite is revealed in Figs. SI-2d. MWCNTs
have a tubular structure with a small diameter that are entangled with
each other. Fe3O4 nanoparticles show a spherical morphology, their
sizes are in the range of 10-30 nm and are captured unevenly on the
surface of MWCNTs. No Fe3O4 particles are present outside of the
MWCNTSs, which indicates that the prepared particles are stable in
the composite and the interaction between MWCNTs and Fe3O4
nanoparticles are strong. Some agglomerations have observed due
to interactions attributed to magnetic properties of Fe304 nanoparticles.

3.2. Electrochemical characterization of rGO/CB@CF and rGO-
Fe304 CB@CF cathodes

LSV (linear sweep voltammetry) and CV (cyclic voltammetry) tests
were carried out in the three-electrode cell with the modified cathodes
acting as the working electrode in order to explore the effect of modi-
fication on the cathode electrochemical activity (Figs. SI-1). LSV was
used to quantify ORR for the electrogeneration of H,O, by measuring
the peak current at the working electrode at constant scan rate by
varying the potential range. Figs. SI-3a depicts LSV of CF, CB@CF,
rGO/ CB@CF and rGO-Fe304/CB@CF modified cathodes. The
range of po-tential of LSV was fixed between 0 and — 1.5 V to observe
the reactions that could occur on the surface of the cathodes. It is clear
from the figure that all modified cathodes showed higher current for
ORR compared to CF which points out the increase of the catalytic
activity towards O reduction and conductivity in the presence of CB
and rGO. According to Figs. SI-3a, modification of CF with rGO-Fe304
nanocomposite has no significant influence on current response
compared with rGO modified cathode. It can be explained by the fact
that Fe3O4 nanoparticles were acted as the heterogeneous Fenton
catalyst to decompose H,O, and did not provide ORR active sites in
this composite cathode, as indicated by another study (Cui et al.,
2020).

[Fe(CN)e]S’ /[Fe(CN)6]4’ redox wave was employed owing to its
well-known sensitivity towards the surface properties of carbonaceous
electrodes (Wang et al., 2023) to examine the electrochemical surface
area of the modified cathodes. As shown in Figs. SI-3b well-defined
redox peaks are observed on CVs. The anodic peak centered at ca.
0.4 V ascribed to the oxidation of [Fe(CN)6]4’ and the cathodic peak at
ca. 0.175 V points out the reduction of [Fe(CN)G]S’ (Zhai et al.,
2019). Compared with CF, 2.30-fold increase of the peak current was
observed with rGO/CB@CF which demonstrates much more active
sites, since the higher electroactive surface area of electrode is, the
higher increase of the peak current (Le et al., 2015). According to Eq.
(S2), electrochemical surface areas of rGO/CB@CF and rGO-Fe304/
CB@CF were found as 27.22 cm? and 25.62 cm?, respectively while it
was 11.67 cm? for CF. The CV curve of the rGO-Fe304/CB@CF was
obtained very close to rGO/CB@CF which is consistent with the
results of LSV test. It is clear that modification increases the
electroactive surface of CF indicating that much more active sites are
available for electrochemical reaction due to the more facile electron
and mass transfers (Zhai et al., 2019).

3.3. Effect of cathode modification on electrochemical H,O, generation

Electrochemical H,O, generation performance and TOC removal
rate of different cathodes are given in Fig. 2. Compared with the un-
modified CF (Fig. 2a), H2O» production increased 9.6-fold for CB@CF
and 23.4-fold for rGO/CB@CF due to the improved mass transfer ki-
netics of oxygen and enhanced electrocatalytic properties. H,O gener-
ation rate of rGO/CB@CF was obtained as 10.96 mg h~ ' cm™2 (10.32
mmol L~ "h™ 1), which was significantly higher than the rate yielded by
CB@CF as 4.48 mgh™ "cm™ 2 (4.22 mmol L™ "h™ ). The introduction
of CB and rGO on the cathode not only accelerated the rates of
electrons transfer without changing the mechanism of ORR but also
increased the cathode surface hydrophilicity to promote mass transfer
between the active sites of the cathode and O in the solution for more
efficient H,O» electro-generation (Du et al., 2021; Le et al., 2015; Tao
et al., 2021). Furthermore, the electroactive surface of the
cathode was also improved, which increased the active sites on the
cathode for ORR (Yang et al., 2017). Addition of PTFE to CB@CF and
rGO/CB@CF cathodes aids the formation of gas-solid-liquid three-
phase interfaces similar to gas diffusion electrode; this thus enabling
the effective use of both dissolved and gaseous O, (Cui et al., 2021).
When the cathode is modified hy-drophobic partially and hydrophilic
partially, the O, bubble could be confined to the hydrophobic location
and enables the formation of a gas-liquid-solid interface (Sheng et al.,
2011). The hydrophilic location functions as active sites for HyO,
production by utilizing the neighboring O,. The advantage of
hydrophilicity-hydrophobicity regulation is that the more efficient H,O»
production could be enabled by using simple electrode structures
(Zhou et al., 2021). The higher H,O, production performance of rGO/
CB@CF over CB@CF can be explained by contri-bution of above
mentioned factors. HyO, accumulation of rGO--Fe304/CB@CF
was found to be decreased in comparison to CB@CF and rGO/
CB@CF which means a large amount of electrogenerated H>O»
decomposed onsite into "OH in consequence of Fe304 activation (Cui
et al., 2021). Heterogeneous EF performance of the modified cathodes
was also determined by comparing TOC mineralization rates (Fig. 2b).
Mineralization of BSF within 1 h reached 98.2% with rGO/CB@CF
cathode and MWCNT-Fe3O4 catalyst system and 99.1% with
rGO--Fe304/CB@CF cathode, which was higher than that of CF
cathode (81.2%). TOC removal rate of CF cathode was found as the
lowest due to the fact that it has a weaker performance of ORR to
generate HyO,. Modification of the cathodes by rGO contributed to
the higher H,O, accumulation (Xie et al., 2022) and thus higher
TOC mineralization yield. Onsite decomposition of H2O» into "OH on
the multifunctional rGO-Fe304/CB@CF cathode was also confirmed
by obtaining a very close mineralization yield in comparison with the
rGO/CB@CF cathode and MWCNT-Fe304 catalyst system.

3.4. Heterogeneous EF treatment of BSF

3.4.1. The effect of catalyst dosage on mineralization rate of BSF
It is well known that catalyst concentration plays a fundamental role in
the efficiency of heterogeneous EF process, since it controls the rate of

«OH production. To determine the optimal value of the heterogeneous
catalyst concentration, BSF solutions were treated by employing
MWCNT-Fe304 and rGO-Fe304 catalysts in the range of 0.2-1.0 g L™ !
at 100 mA and the results were shown in Fig. 3a-b. A much slower
mineralization was observed during AO (0 g L™ 1) with BDD anode
because of the mass transport limitation of BSF from the bulk to the
electrode surface (Fig. 3a—b). Faster mineralization of BSF in heteroge-
neous EF processes are ascribed to a much more favorable mass
trans-port conditions for reactions of BSF with “OH formed in the bulk,
compared to reaction with BDD (‘OH) generated at the anode surface.
Maximum mineralization efficiency was achieved with 0.2 g L™ T of
MWCNT-Fe304 and rGO-Fe304 resulting in a TOC removal of 89.4%
and 96.9%, respectively (Fig. 2a and b). It can be seen that
mineralization rate of BSF is decreased with increasing catalyst
concentration from 0.2



800

@ CF

700 qzcB@cF
= 600 A rGO/CB@CF
- @rGO-Fe,0,/CB@CF
o 500 | oo Te0/cEe (a)
£
= 400 -
(@)
< 300 -

200 4

100 4

0 Lmm 7 7)) PP

1.0
—@—CF-Fe**
0 rGO/CB@CF/MWCNT-Fe;0,
0.8 1 —o—rGO-Fe;0,/CB@CF
S (b)
0.6 -
e
3 0.4
=
0.2
0.0

Time (h)

Fig. 2. Electrochemical generation of H,O, (a) and TOC removal rate (b) using different cathodes at pH = 3 in 50 mM Na,SO4 solution. (a):t=2h, V=250 mL, / =
100 mA (6.25 mA cm™ 2). (b): [BSF] = 0.1 mM, V = 80 mL, / = 500 mA (31.25 mA cm~ 2). For CF (homogeneous EF): [Fe?*] = 0.1 mM. For heterogeneous EF with
rGO/CB@CF cathode/MWCNT-Fe;0, catalyst system: [MWCNT-Fe30, catalyst] = 0.5gL™ 1).

to1glL ' The lowest efficiency was observed at the highest catalyst
load (1 gL~ 1) as 57.05% for MWCNT-FezO4, whereas it was 0.5 g L™
" for rGO-Fe304 (86.5%). It is reported that the amount of catalyst has a
direct effect on the reaction kinetics, since Fe is the catalyst for
decomposition of H,O, to form “OH. However, when iron oxide is in
excess, the scav-enging effect of Fe?" is enhanced and results in
consumption of “OH through Eq. (13) (Lin et al., 2017; Sadeghi et al.,
2019; Chen et al., 2016; Geraldino et al., 2020).
Fe**+OH — Fe® + OH" (13)

Therefore, 0.2 g L~ 1 catalyst dosage was chosen as the
optimum value for further experiments, considering the mineralization
efficiency and catalyst cost.

3.4.2. The effect of applied current on mineralization rate of BSF

In order to explore the performance of heterogeneous EF process
for complete mineralization of BSF solution, TOC removal
experiments were conducted and results are depicted in Fig. 3c—e.
Current density is the driving force for electron transfer between the
surface of electrodes and the bulk aqueous solution, which controls the
amount of H2O» and therefore ‘OH generation. Fig. 3c shows that BSF
is completely removed at 1 h of electrolysis at applied current values
of 500 mA (31.25 mA cm™ 2) and 1000 mA (62.5 mA cm™ 2) in rGO-
Fe304/CB@CF cathode system, while TOC removal efficiency was
92.3% at applied current of 100 mA (6.25 mA cm™ 2) at the end of 4 h.
When rGO/CB@CF cathode/ MWCNT-Fe304 catalyst system was
used, complete mineralization of BSF was achieved at 500 mA (31.25
mA cm~ 2) and 1000 mA (62.5 mA cm™ 2) at 1 h of electrolysis,
whereas mineralization rate reached 81.7% and 95.5% at 100 mA (6.25
mA cm™~ 2) and 300 mA (18.75 mA cm™ 2), respectively after 2 h of
treatment. For rGO/CB@CF cathode/rGO-Fe3O,4 catalyst system,
TOC mineralization efficiency was increased from 81.3% to 97.3%
by increasing current density from 100 to 500 mA (31.25 mA cm™ 2)
after 2 h of electrolysis time. Increasing the applied current further to
1000 mA (62.5 mA cm™ 2) did not have a considerable effect on the
mineralization rate. Considering the results for three sys-tems, TOC
removal efficiency increased regularly with increasing applied
current density up to 500 mA (31.25 mA cm™ 2) owing to the promotion
of heterogeneous EF in three ways. First, the electro-
regeneration of the =Fe' catalyst increases at high currents due to the
cathodic reduction of =Fe'" (Eq. (4)), resulting in an increase in the
reaction rate. Secondly, AO (Eg. (14)) increases with applied current and
creates a synergy with the catalyst regeneration at the cathode
enhancing EF mineralization of organics in water. Finally, the in situ
electro-generation of H,O» (Eq. (1) by the cathodic reduction of oxygen
is dependent on the applied current (Muzenda and Arotiba, 2022).
However, by increasing the applied current up to 1000 mA (62.5 mA

cm™ 2), no significant improvement was observed in BSF mineralization
due to the increased rate of side reactions that inhibit the formation of
«OH or increase its consumption (Burgos-Castillo et al., 2018; Nidheesh
et al., 2023b). The most significant side reactions are evolution of O, on
the anode surface (Eq. (15) and in the bulk (Eq. (16) which slows down
the AO rate and the evolution of Hy at the cathode (Eq. (17), which is in
competition with the ORR. (Brillas et al., 2009; Sigs et al., 2014; Berhe
et al., 2022; Moratalla et al., 2022).

BDD + H,0 — BDD(DH) +H" +e- (14)

2BDD(OH) — 2BDD + O, + 2H" + 2¢~ (19)

2H,0 — O, + 4H" + 4~ (16)

2H,0 + 26 — Hy+ 20H- a7

Mineralization experiments were also evaluated to estimate the
oxidizing power of the heterogeneous EF process with different
systems. The degree of TOC removal was the highest for rGO-
Fe304/CB@CF cathode system, except for 100 mA current (6.25
mA cm™ 2), which finally reached 92.3% mineralization efficiency at
the end of 4 h. Results indicate the ability of Fe3zO4 functionalized-
carbonaceous material (rGO) supported CF cathode to serve dual
purpose of electrode as well as the catalyst source in heterogeneous
EF system. This behavior was associated with the synergistic
structural and functional effects of the combination of rGO and Fe30O4
nanoparticles as a potential strategy to improve the rate of Fe®*
cathodic reduction by the enhancement of electron transfer through
catalytic effects, such as creation of active sites in carbon based
materials (Deng et al., 2023). Firstly, the high surface area of rGO
promotes the dispersion of FezO, nanoparticles, thereby markedly
reducing aggregation and favoring mass transfer of reactants toward
the active sites. Secondly, there are strong interactions between Fe3O4
nanoparticles and rGO via Fe—O-C bonds, which favors transfer of
electrons between the nanoparticles and the conductive rGO
sheets. Thirdly, the regeneration of ferrous ions is facilitated that helps
electron transport to speed up the redox cycle between the
active sites (sFe'/=Fe'") (Munoz et al., 2015; Zubir et al., 2014).

In this study, GO was prepared through the Hummer's method,
which is characterized with the highly reactive oxygen functional
groups. These abundant oxygen functional groups of GO exhibit high
charge-transfer resistance. Therefore, the ability of GO for transferring
the electrons is restored through the reduction of excess oxygen
content. The reduction of oxygen was done through a chemical
pathway. During the reduction of GO, major oxygen functionalities
which introduce the charge-transfer resistance are reduced. Only the
stable oxygen func-tionalites (O-H, C-O, and C=O) that are
contributed by phenol,
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quinone, ether, and carbonyl groups remain. Oxygen-based functional
groups present in the carbonaceous cathode act as the active sites
to adsorb the dissolved oxygen molecules and convert them to
H,0, through a two-electron-based ORR (Divyapriya and Nidheesh,
2020). rGO-Fe304 and MWCNT-Fe30O4 catalyst systems utilize rGO/
CB@CF cathode that could produce high quantities of H20,.
Compared to the rGO-Fe304 catalyst, MWCNT-Fe304 catalyst seems
to provide a slight improvement in TOC removal efficiency. This slight
difference may arise from the catalytic decomposition of H,O, to "OH
either by homogeneous Fe3*/Fe?* cycle due to the leaching of iron
and surface =Fe'"/=Fe' redox couple (Ganiyu et al., 2018; Gormez
et al., 2019). Improved performance with the MWCNT-Fe304 catalyst
system might be attrib-uted to the enhanced transformation
efficiency of =Fe' to =Fe' as follows: Owing to the T-conjugative
structure of MWCNT, the BSF molecules were adsorbed on the
surface of MWCNT through -1

electrostatic interaction, which can be easily attacked by the ‘OH
generated on the immobilized Fe-ions (Hu et al., 2011). Furthermore,
MWCNT have nonplanar spz-hybridized framework. In the case of
MWCNT-Fe304, iron is bound to MWCNT which leads to a partial
electron transfer to the graphite due to the d orbital of Fe hybridizing
strongly with the p, orbital of the graphitic carbon (Deng et al., 2012).
Hence, =Fe'! facilitates the reduction by H,05 to accelerate circulation
of =Fe'/=zFe" since the electron density of iron transfers from the iron
center. Eventually, the H,O, activating ability and catalytic activity are
improved (Tang and Wang, 2017).

The TOC removal curves obtained at 1000 mA (62.5 mA cm™ 2) for
the three systems are almost identical to those obtained at 500 mA
(31.25 mA cm™ 2), underlying that no enhancement in mineralization
efficiency observed for currents above 500 mA (31.25 mA cm™ 2) due
to the wasting Egs.(18)—(20) that hinder the increase in H>O;
production



such as 4-electron reduction of O, (Eq. (18), reduction of H,O, at the
cathode (Eq. (19)) and dimerization of ‘OH (Eq. (20)) (Olvera-Vargas et
al., 2022; Sopaj et al., 2020).

0+ 4H" + 4¢~ —2H,0 (18)

H,0,+ 2H* + 2¢™ —2H,0 (19)
2'0H—H,0, (20)
Results highlight the contribution of BDD ("OH) on AO to the
mineralization of BSF solution is important due to its large mineraliza-
tion power as already reported (Sopaj et al., 2016). When using BDD
anode, it is considered that both *OH (predominant oxidant) and sulfate
radical (SO4 "~ ) are generated and participated in the oxidation of the
organics. A major challenge of wastewater treatment by electrochemi-
cally generated sulfate reactive species using BDD electrode is that,
high concentration of SO%‘ ions are usually require as precursor for the
gen-eration of sulfate reactive species. In fact, electrochemical
oxidation processes are performed in 250 mM SO%‘ medium, which
indicate high chemical is required for successful wastewater
treatment by electro-chemically generated sulfate reactive species
(Ganiyu and Marti-nez-Huitle, 2019). In this study, 50 mM
Na,SO4 was used as the electrolyte which indicates that the
formation of SOZ at such a low concentration is a low prospect.

3.4.3. Efficiency of different systems on mineralization of BSF solution

The results presented in Figs. SI-4 are obtained from
corresponding mineralization data of Fig. 3c—e. Figs. Sl—4 depicts the
evolution of MCE for applied current values ranging from 100 mA
(625 mA cm~ 2) to 1000 mA (625 mA cm~ 2) during the
mineralization process of BSF so-lution. As seen from this figure, MCE
values are relatively high for three systems at low currents and early
stage of electrolysis which is an in-dicator of rapid mineralization of
organic intermediates by the action of «+ OH/BDD («OH). MCE values
then kept diminishing with increasing current until the end of 4 h
treatment. This can be explained by the production of hardly oxidizable
by-products, such as short-chain car-boxylic acids, and the reduction
of organic matter concentration in the solution resulting in mass
transport limitation to BDD anode (Yang et al., 2020b). On the other
hand, low MCE values for high currents can be related to acceleration
of parasitic reactions consuming *OH, mainly oxidation of BDD («OH)
to O2 at the anode surface (Eqg. (15)), dimer-ization of *OH to H,0,
(Eqg. (20), as well as the wasting of *OH by Fe2* (Eq. (13)) and H,0,
(Eq. (21)) (Barhoumi et al., 2017), decomposition of H,O, to H,O at the
cathode surface (Eq. (19)) and particularly the evolution of H, at the
cathode (Eq. (17)) which competes with the for-mation of H,0O, (Eq.
(1)) as well as the evolution of O2 at the anode (Eqg. (16) (Lin et al,,
2017). At higher organic matter concentration, when oxidizing radicals
can more easily encounter organic molecules, the role of parasitic
reactions is less relevant (Brillas and Martinez-Huitle, 2015; Coria et
al., 2018).

H202+.OH and HOé +H20 (21)

In the EAOPs, high currents could generally improve the minerali-
zation efficiency but at the same time lead to low MCE because of the
side and wasting reactions in addition of quick formation of hardly
oxidizable intermediates such as carboxylic acids (Garcia-Segura
and Brillas, 2011; Yang et al., 2020a). Therefore, EC as one of the
important parameters will be taken into consideration for comparison
of miner-alization performance. As can be seen from Figs. SI-5, decay
of MCE is generally expected to be associated with an increase in EC
per unit mass of TOC (Feng et al., 2023). The results given in Figs.
SI-5 show that higher currents and longer electrolysis times result in
high EC. This highlights that a compromise between high efficiency
and low cost is required. Taking into account of the mineralization rate
and energy efficiency, the current value of 500 mA (31.25 mA cm™ 2)
seems to be the best condition for the three systems as total
mineralization can be

reached at a medium cost. EC results showed that systems with
cathode and catalyst completely prepared with rGO had relatively
lower EC due to the enhanced electrical conductivity of rGO.

3.4.4. The effect of initial pH on mineralization rate of BSF

The most important superiority of heterogeneous EF over its homo-
geneous equivalent, which performs significantly low efficiency when
working outside the pH range 2.5-3.5, is that it can be operated over a
wide pH range (Hien et al., 2022). The effect of pH (3-9) on the
mineralization performance of the as-prepared cathodes and
catalysts was investigated (Figs. SI-6). Heterogeneous EF treatment
of all the three systems showed complete mineralization of BSF
solutions over the pH range studied at applied current of 500 mA
(31.25mAcm™ 2) proving that the reaction is not limited to a narrow pH
working window during heterogeneous EF process where the
homogeneous EF process would have completely inhibited by the
precipitation of the iron catalyst as iron hydroxide. The results implied
notable performance in minerali-zation of BSF using dual functioning
cathode (rGO-Fe3O04/CB@CF) and paired systems (rGO/CB@CF
cathode/MWCNT-Fe304 catalyst and rGO/CB@CF cathode/rGO-
Fe304 catalyst) over a wide range of pH that points out the pH-
independent characteristics of the configurations. This can be
explained by the fact that FezO4 nanoparticles loaded on rGO or
MWCNT have high stability at high pH values since they are immobi-
lized in a carbonaceous material and formation of ‘OH from Hy05
occurs at the surface of Fe304. Enlargement of the working pH range
for the multifunctional cathode can be attributed to the direct
occurrence of H202 electrogeneration and the oxidation processes at
the cathode surface (Brillas, 2022).

=Fe' facilitates the reduction by H202 to accelerate the cycle be-
tween =Fe!' and =Fe'' because the electron density of iron transfers
from the iron center (Deng et al., 2012; Gormez et al., 2019).
Therefore, enhanced catalytic activity is ascribed to synergetic effect
arising from Fe304 and rGO - MWCNT hybrid structure. It is thought
that since Fe3zO4 nanoparticles are present in the pore/interlayer space
of MWCNT/rGO, the catalyst was kept stable without any iron
hydroxide formation in alkaline solution, which enables a wider
working pH range.

3.5. Identification and evolution of carboxylic acids and inorganic ions
with heterogeneous EF process

Treatment of organic pollutants by electrochemical advanced
oxidation processes generally leads to the generation of short-chain
carboxylic acids as the last intermediates of the mineralization process
before transformation into CO,, H,O and inorganic ions (Camcioglu
et al., 2022; Mbaye et al., 2022). Formation and evolution of different
carboxylic acids generated during the oxidative degradation of BSF by
heterogeneous EF process with rGO-Fe304/CB@CF cathode is given
in Fig. 4a. Four distinctive and well-defined peaks corresponding to
oxalic, glyoxylic, pyruvic and formic acids were shown on the HPLC
chro-matograms at retention time of 6.64, 9.17, 11.28 and 13.55 min,
and quantified with different accumulation trends. Oxalic acid is
generated from the beginning of the process and increased gradually
until reaching the maximum peak concentration (0.088 mM) at 120
min. Then, its concentration progressively decreased but not
completely disappeared at the end of 6 h treatment, since this acid is
known to be resistant to oxidation by ‘OH and responsible for the
residual TOC at the end of treatment (Diaw et al., 2020). Glyoxylic
acid reached its maximum concentration of 0.042 mM after 90 min
of electrolysis and then completely mineralized at 300 min. For
formic acid, maximum con-centration of 0.023 mM was attained after
20 min electrolysis and this acid disappeared after 120 min. Pyruvic
acid was only detected at trace amounts along electrolysis.

Inorganic ion formed during the mineralization of 0.1 mM BSF so-
lution were identified and quantified by IC. BSF contains two S atoms
in its initial structure which expected to be mineralized into inorganic
ion SO3~ upon bond cleavage of BSF molecule. The evolution of SO3-
ion
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Fig. 4. Evolution of short-chain carboxylic acids (a) and sulfate ion (b) during heterogeneous EF treatment of 0.1 mM BSF solution (V = 80 mL) with BDD anode
and rGO-Fe;04/CB@CF cathode at pH = 3. Applied current was 100 mA (6.25 mA cm~ 2) for carboxylic acids whereas it was 300 mA (18.75 mA cm~ ?) for
inorganic ion. The supporting electrolyte was 50 mM Na,SO4 for carboxylic acids while it was 15 mM NaClO4 for inorganic ions to avoid the ingerference of SO ~

ions on analysis.

generated during heterogeneous EF with
cathode was presented in Fig. 4b. The concentration of SO
increased rapidly and accumulated until reaching the maximum value
at 120 min indi-cating that the S bridge in the BSF molecule is a high
reacting site for the attack of ‘OH ZOturan et al., 2017). SO ~
concentration remained con-stant throughout the electrolysis (0.193
mM) corresponding to 97% of initial S atom.

rGO-Fe304/CB@CF

3.6. Reaction pathway for the mineralization of BSF

Several organic by-products formed during EF treatment of BSF so-
lution were identified by GC-MS and HPLC. Tables SI-1 summarizes
the characteristics of the intermediates formed from oxidation of BSF.
Based on these detected species, a reaction pathway (Figs. SI-7) is
proposed for the mineralization of BSF by ‘OH. The intermediates | to
IV were iden-tified thanks to the fragmentation analysis of GC-MS
spectrum while the intermediates V to VIII were identified by ion-
exclusion HPLC analysis. The proposed pathway starts by the attack
of ‘OH on BSF leading to oxidative cleavage into molecules | and .
Compound Il was resulted from hydroxylation of compound I, whereas
compound IV was formed by the cyclization of compound via
intramolecular alkylation (Feit and Rastrup-Andersen, 1973; Myers et
al.,, 2017). The mineralization ex-periments led also to the formation
of carboxylic acids (compounds V to VIII) (Fig. 4a) and SO3 (Fig. 4b),
constituting the last stage of miner-alization process.

3.7. Reusability of rGO-Fe304/CB@CF cathode

The stability of the cathode plays a crucial role in practical appli-
cations since it determines the reusability of the cathode in several
runs without loss of activity. The reusability of the rGO-Fe3O4/
CB@CF cathode was evaluated by repetitive experiments for
mineralization of BSF (Fig. 5). The electrode was gently rinsed with
ultra-pure water and reused for the next cycle with identical
conditions. The catalytic effi-ciency of the prepared cathode showed
less than 4% reduction in terms of TOC removal after 3-h treatment for
all five cycles, which shows the oxidation ability of multifunctional
heterogeneous cathode and its advantage of avoiding iron leaching
and therefore sludge formation. This result indicates that the rGO-
Fe304/CB@CF cathode has great reusability and good stability at
natural pH in consecutive operation conditions.

Dissolved iron leached from the rGO-Fe3O04/CB@CF cathode
was also investigated by ICP-MS analysis. Throughout the experiment
at 500 mA (31.25 mA cm™~ ?) for 2 h, Fe in dissolved form was found
negligible (0.06 ppm) which is adequately reasonable to claim that ‘OH
production

100 T T
o9
1 o ? 1 O
80 | O 1 1
. 1 1 1
g o il e
I TR
[] 1 1 1
g | | |
- 1 1 1
7 40 - 1 1 1
1 1 1
|c_> 1 1 1
20 - : : :
1 1
1 I
00 O O
0 180 360 540 720 900
Time (min)

Fig. 5. Reusability of rGO-Fez0,/CB@CF cathode for the TOC decay of
BSF solution at the natural pH. [BSF] = 0.1 mM, | = 300 mA (18.75 mA
cm™ 2), [NaS04] = 50 mM, V = 80 mL.

was completely occurred by the interaction of H,O, with surface =Fe"
and =Fe" sites.

4. Conclusions

This study showed great ability of heterogeneous EF for efficient
oxidation/mineralization of the cytostatic agent BSF. Excellent miner-
alization rate of BSF solutions was attained at 4 h electrolysis with 500
mA (31.25 mA cm™ 2) applied current for all configurations. It was
verified that heterogeneous EF with modified cathodes and catalysts
improved the mineralization of organic pollutants and widen the
working pH range. Five cycle experiments proved that notable perfor-
mance of heterogeneous EF with rGO-Fe304/CB@CF cathode for
organic removal was achieved at natural pH of the solution with great
stability. rGO-Fe3z04/CB@CF cathode played multiple roles in the het-
erogeneous EF process, it accelerated the ORR process to form
the electro-generated Hy0,, while activated the H»O» simultaneously
to form the "OH by means of heterogeneous EF process on its surface.
Three heterogeneous EF configurations studied in this work provide
three benefits over its homogeneous counterpart which could be a
promising technique for the cost-effective and sustainable treatment: i)
reusable cathode and catalyst, ii) ability to operate at natural pH, iii)
improved cathodic properties leading to higher oxygen reduction
activity.



Formation and evolution of carboxylic acids and aromatic intermediates
were also assessed and based on identified intermediate products, a
plausible mineralization pathway was proposed.
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