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Abstract

A double chamber electrochemical system is developed consisting of a boron-doped diamond
(BDD) anode and a graphite cathode, which not only degrades sulfamethoxazole (SMX) but also
simultaneously generates hydrogen peroxide (H,0,). The degradation of degradation of SMX is
carried out by (in)direct oxidation at the BDD anode and H, O, is produced by two electron oxygen
(O,) reduction reaction (ORR) at the cathode. The effect of different parameters on the kinetics of
both mechanisms was investigated. The performance of the system at the optimized conditions
(pH 3, 0.05 M Na,S0O, as electrolyte, and 10 mA as applied current) showed that after 180 min of
electrolysis, SMX was almost all degraded (95% removal and ~90% COD reduction) as well as
about 535 pM H,0, was accumulated. With the help LC-MS, five intermediates formed during
SMX electrolysis were properly identified and a degradation pathway was proposed. This study

advocate methods for improving the effectiveness of energy use in advanced wastewater treatment.

Keywords — Electrochemical advanced oxidation processes, sulfamethoxazole, hydrogen

peroxide, boron-doped diamond, graphite, oxygen reduction reaction

1. Introduction

The frequent use of antibiotics and the inefficiency of conventional wastewater treatment plants to
completely remove these compounds lead to their accumulation in natural water bodies (Meffe
and de Bustamante, 2014; Troger, et al., 2021). The presence of antibiotics in water bodies
threatens human health by inducing antibiotic resistance. Therefore, there is an urgent need to
implement tertiary (advanced) treatment technologies to ensure the removal of such compounds
before their discharge into natural water bodies. In the present study, sulfamethoxazole (SMX), a
typical sulfonamide antibiotic, was selected as a model pollutant due to its (i) frequent detection

in the aquatic environment (Liu et al., 2017; Khasawneh and Palaniandy, 2021), (i1) recalcitrant
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nature toward biological treatment (Prasannamedha and Kumar, 2020; Pariente et al., 2022), and

(ii1) inclusion in the Watch List of 2020/1161/EU (European Commission, 2020).

Recently, electrochemical advanced oxidation processes (eAOPs) have gained increasing attention
due to their high efficiency and environmental compatibility (Nabgan et al., 2022). Boron-doped
diamond (BDD) has been recognized as one of the best anode materials for the oxidation of organic
pollutants due to its high overpotential for water hydrolysis, which facilitates the efficient
production of hydroxyl radicals (-OH) (Marselli et al., 2003). BDD has also shown excellent
stability toward corrosion resistance in extreme process conditions (Zhu et al., 2008).
Traditionally, pollutant degradation in an eAOP is mainly caused by the (in)direct oxidation at the
anode, coupled with H, evolution at the cathode (Barrera-Diaz et al., 2014; Garcia-Segura et al.,
2020). This H, production is unfavorable for achieving a high energy efficiency since it does not
contribute to pollutant oxidation and may lead to foaming issues. Therefore, there has been an
increased interest in inducing the in-situ production of H,0, at the cathode by the 2e™ ORR (Eq.
1) (Ali et al., 2022). The detailed mechanism of H,O, production via ORR is reported in the
literature (Wang et al., 2021b; Calle-Vallejo et al., 2013). Upon activation (e.g., by UV), H,0,
forms -OH, which can degrade organic impurities in the water (Srivastav et al., 2019). The in-situ
production of H,O, could thus offer numerous benefits over conventional eAOPs, including higher
energy efficiency, enhanced oxidation of pollutants, and avoiding challenges associated with the
transport, handling, and storage of H,O, (Qu and Liang, 2022; Wang et al., 2021a). Literature
suggests that carbonaceous materials such as graphite, graphene and carbon nanotubes are suitable
for cathodic H,O, production due to the presence of intrinsic defects, e.g., holes, positive
topological disclinations, and sp3-C sites, which act as active sites for the formation of ORR

intermediates (Marselli et al., 2003; Zhang et al., 2020). Among these, graphite has been selected



58 due to its stability against pressure, temperature, and chemicals as well as its very low cost
59  compared to other materials (Lee et al., 2008).
0, + 2H* + 2e™ » H,0,,E° = 0.695 V (vs. SHE [Standard hydrogen electrode]) 1
60  Although, few studies have reported electrochemical degradation of SMX using BDD anode
61 (Table 1), however they lack to demonstrate the possibility of co-generating H,O> in the same
62  system. For instance, Hai et al. (2020) systematically investigated SMX oxidation but fell short of
63  demonstrating concurrent H,0, production. In the light of this, we proposed to enhance the energy
64  efficiency of the electrochemical system by instigating in-situ generation of H,0,. Herein, we
65 investigate the effect of various process parameters on the H,0, production at cathode and
66  oxidation of SMX at anode. The cathodic and anodic processes were individually assessed by
67  using a cation exchange membrane in the reactor, which separates the catholyte and the anolyte.
68  Prior to looking at SMX degradation, the impact of parameters on H,0, production was examined.
69  After determining the effect of the selected parameters on both (cathodic and anodic) processes,
70  optimal conditions were assessed for efficient outputs at both sides of the cell. Furthermore, a
71 degradation pathway was proposed and transformation products (TPs) of SMX electrolysis were
72 also identified.
73 Table 1. Performance comparison of published literature SMX degradation using BDD electrode
Experimental conditions SMX removal

Cathode Anode [SMX]o, V/Hlow  Electrol rate, efficiency  Reference

material material mgL™! rate yte " and reaction time

Stainless BDD, 36 0.05M k=0.0125min"  (Amorim et

250 5L min" 36 mA cm”

steel plates cm? Na,COs ~99% in 180 min al., 2013)



Zirconium, BDD, 69 0.02M k=0.0168 min™ (Lan et al.,

15 1L 7.2 mA cm™
69 cm? cm? K>S04 99% in 300 min 2017)
BDD, 189 k=0.0054 min"  (Loos et al.,
BDD 0.5 500 L h'! 900 mA
cm?’ >60% in 180 min 2018)
Stainless BDD, 2 0.1 M k =0.02 min™ (Hai et al.,
30 350 mL 30 mA
steel, 2 cm? cm’ NaySO4 ~97% in 180 min 2020)
0.05M
TiO»- (Suzuki et
Pt 50 50 mL phospha 75 mA ~92% in 180 min
BDD al., 2022)
te buffer
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I = applied current, J = applied current density, V = volume, [SMX]o = initial SMX concentration, k = rate constant.

2. Materials and methods

2.1. Chemicals and materials

Analytical standard SMX (>98.0%), hydrogen peroxide (H202, 30% (w/w)), sulfuric acid (H2SOs,
>95%), sodium sulfate (Na2SO4, >99%) were purchased from Sigma—Aldrich (Overijse, Belgium).
HPLC grade acetonitrile (ACN, >99.8%) and formic acid (FA, >99%) were purchased from VRW
(Darmstadt, Germany). BDD plates were supplied by NeoCoat (La Chaux-de-Fonds, Switzerland)
and graphite rod electrodes were supplied by Thermo Fisher Scientific (Karlsruhe, Germany).
They were used as anode and cathode respectively. Nafion 117 membrane and Ag/AgCl reference

electrode was purchased from redox.me (Norrkoping, Sweden).

2.2. Experimental setup

A schematic overview of the double chamber electrochemical reactor used in this study is
presented in Fig. 1. The cell was constructed of 0.6 cm thick polyvinyl chloride (PVC) and
consisted of two separate chambers connected by a circular window (6 cm diameter) at the center

of the PVC plate separating both chambers. Each chamber has a working volume of 400 mL (15
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cm high, 7 cm long and 7 cm wide). The reactor's dimensions were chosen so that the electrodes
could be readily contained and each chamber had a working volume of 400 mL, which is primarily
reported in the literature for similar experiments. In the window, a cation exchange membrane
(Nafion 117) was sandwiched between 0.3 cm thick two polytetrafluoroethylene (PTFE) gaskets.
The membrane separates the anolyte and catholyte. Before the start of an experiment, the
membrane was activated following the procedure described in the supporting information (Text
S1). Additionally, the tendency of the membrane toward SMX adsorption was examined and found
to be negligible. A constant current was applied by means of an Autolab PGSTAT302N
potentiostat, obtained from Metrohm (Antwerpen, Belgium). The electrochemical oxidation of
SMX occurred at the BDD electrode in the anodic chamber, whereas H,O, generation was attained
at the graphite electrode in the cathodic chamber. Air was continuously bubbled into the cathodic

compartment with the help of an aerator, consisting of a single air injection nozzle connected to a

diffuser.
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Fig. 1. The experimental setup used in the study: 1. Anodic chamber, 2. BDD plate electrode, 3. Cathodic chamber,
4. Graphite rod electrode, 5. Cation exchange membrane, 6. PTFE gaskets, 7. Stirring plate, 8. Aeration pump and 9.

Potentiostat

For preparation of experimental solutions, chemicals were dissolved in ultra-pure (Milli-Q) water.
For complete dissolution of SMX in the anolyte, 2 h of mixing on a stirring plate was found to be

sufficient. All experiments were performed in triplicate for 180 min.

2.3.  Analytical techniques

The production of H,O, in the catholyte was analyzed by using titanium(IV) oxalate as explained
in the supporting information (Text S2 and Fig. S1). A portable spectrophotometer (HACH

DR1900, Nazareth, BE) was used for spectrophotometric and COD measurements.

The removal of SMX in the anolyte was tracked with an Agilent 1260 Infinity II Prime Online
HPLC System (Agilent Technologies, Waldbronn, Germany). The system was equipped with a
binary pump, DAD detector, and an isocratic pump; the HPLC system enables real-time SMX

monitoring via direct injections from the reactor onto the column at scheduled time intervals and
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retain-sample features, which draws samples from the reactor into HPLC vials for additional
offline LC/MS analysis. For HPLC separation, an EC-C18 column (Poroshell 120, 2.1 x 50 mm;
particle size (dp) 1.9 um) was used. The mobile phase was a combination of (A) 0.1% FA in water
and (B) 0.1% FA in ACN. The elution method consisted of a gradient increasing from 5% to 95%
B over 5 min, maintained at 95% for 1 min, quickly returned to 5% B (i.e., initial condition) and
maintained there for the next 0.5 min for re-equilibration of the column. The flow rate was set at
0.5 mL/min, and SMX UV absorbance detection was performed at 270 nm. To meticulously
observe the degradation of SMX, two multilevel calibration curves were constructed at 6 levels
for (i) higher concentrations ranging between 0.5-25 mg L™! and (ii) lower concentrations in the
range of 0.025-1 mg L. Over the entire range of concentrations, linear calibration curves with
R? > 0.999 were obtained. The injection volumes were 3 pL and 5 pL for higher and lower

concentrations, respectively.

The SMX TPs were identified using UHPLC-QTOF-MS. An Agilent 1290 Infinity II UHPLC
system (Agilent Technologies) equipped with a binary pump, an autosampler, a column
thermostat, and a diode array detector (DAD) was used in combination with an Agilent 6550
iFunnel quadrupole-time-of-flight mass spectrometer (Q-TOF MS). The column used to carry out
separations was a Zorbax SB-Aq RRHD (2.1 x 100 mm; dp 1.8 um; Agilent, USA). The mobile
phase composition was similar to the HPLC-UV analysis; however, the LC method was slightly
adapted for the UHPLC-MS analysis. The method included a gradient increasing from 5% to 95%
B in 7 min, then it was held at the same condition for 1 min, then B was reduced back to 5% in 0.1
min and held for 1 min for re-equilibration. The mobile phase flow rate was 0.4 mL/min, the
injection volume was 2 pL, and DAD UV-absorbance detection was performed at 270 nm. The Q-

TOF MS was operated in the 2 GHz Extended Dynamic Range mode. The ionization was
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performed in positive electrospray ionization mode using Dual Agilent Jet Stream Technology
operated at a gas temperature of 230 °C, drying gas flow of 13 L/min, nebulizer pressure of 35 psi
and a sheath gas temperature and flow of 350 °C and 12 L/min, respectively. The capillary voltage
was set at 4000 V, nozzle voltage at 500 V and fragmentor at 350 V. MS and MS/MS spectra were
collected at 4 spectra/s. The data analysis was performed using Agilent MassHunter Qualitative

software (version 10.0), Profinder (version 10.0), and Mass Profiler Professional (version 15.1).

3. Results and discussion

3.1. Cathodic process optimization for H,0, production

Usually, the key parameters which influence H,0, production efficiency at the cathode involve
pH, concentration of the electrolyte and applied current (Pang et al., 2020; Xue et al., 2021).
Therefore, the effect of these parameters to determine the optimal conditions is investigated and

discussed below.
3.1.1. Effect of pH

Fig. 2a shows the effect of pH on the accumulated concentration of H,0,. It was observed that pH
3.0 was the most favorable for the production of H,0,. This can be understood from the reaction
Eq. 2, which implies that the presence of H* is required for O, reduction to form H,0,. Therefore,
electro-generation of H,0, decreased (185, 137 and 90 uM) as the pH was increased (3.0, 7.0 and
10.0, respectively). These results are also in agreement with previously reported findings for
graphite electrode material (Peralta et al., 2013). Additionally, H,0, is unstable in alkaline
solutions and, therefore may self-decompose to O, and H,0 (Lu et al., 2018). Based on this, pH

3.0 was selected for the catholyte in further experiments.

0, + 2H* + 2e™ - H,0, 2
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3.1.2. Effect of electrolyte concentration

In an electrochemical process, the conductivity of the electrolyte solution increases with the
increase in the amount of added salt. Thus, to ensure good ion transferability (i.e., higher
conductivity) in the aqueous medium, the electrolyte concentration should be higher (Zhou et al.,
2019). Fig. 2b shows the effect of electrolyte (Na,SO,4) concentration, added at a concentration of
0.01 M, 0.05 M, and 0.1 M. At the lowest concentration (0.01 M Na,SO,) almost no H,0,
production was observed, this could be due to a too low amount of supporting electrolyte ions (i.e.,
low conductivity). The optimal electrolyte concentration was found to be 0.05 M Na,S0O,. Whereas
the decrease in H,0, production at higher Na,SO, concentrations (0.1 M) could be assigned to the
premise of salt particles attachment on the electrode surface, causing a reduction in the number of
active sites or a change in the active site chemistry. This explanation was further supported by the
results of scanning electron microscopy (SEM) surface elemental composition analysis, which
showed the presence of relatively high amount of Na and S atoms on the electrode surface in 0.1
M as compared to 0.05 M or 0.01 M Na,SO,, respectively (Fig. S2). These findings are also in
line with the previously published literature (Qiang et al., 2002; Tian et al., 2020). Moreover, it
was also verified during the anodic process optimization (Section 3.2.2), that higher salt
concentrations lead to a decrease in the desired reaction rate. Therefore, 0.05 M Na,S0, electrolyte

concentration was opted as optimal.

10
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Fig. 2. Effect of (a) pH, (b) electrolyte concentration, (c) applied current on H,0, production in the cathodic

compartment, and (d) H,0, accumulation after 180 min. Other conditions: pH = 3.0, [Na,SO,] = 0.05 M, applied

current = 10 mA

3.1.3. Effect of applied current

The effect of the applied current on the electrochemical generation of H,0, at the graphite cathode

is given in Fig. 2c and d. The results outside the tested range were not significant i.e., H,0,

concentration was lower than the detection limit. At any applied current, the concentration of H,0,

was found to be continuously accumulating due to the separation of the chambers, since this avoids

the autooxidation of H,0, at the anode surface (Li et al., 2021). The highest H,0, yield was

obtained at 10 mA and a shift from the optimal current resulted in a noticeable decrease in the

11
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H,0, production. This indicates that the H,0, formation reaction is dependent on the applied
current (Pozzo et al., 2005). The reason is that at higher current values, 4e™ reduction of O, (Eq.

3) starts to compete with the 2e™ ORR (Eq. 2).

0, + 4H* + 4e~ - 2H,0 3

From the results obtained in sections 3.1.1 — 3.1.3, it can be inferred that at an applied current of
10 mA and a 0.05 M Na,SO, concentration at pH 3.0, the most efficient H,0, production is
achieved (Fig. 2d). Thus, after determining the optimal parameters for cathodic process (i.e., H,0,
production), in the next steps the optimal conditions for anodic process (i.e., SMX degradation)
were analyzed, while simultaneously monitoring their impact on H,0, production.

3.2.  Anodic process optimization for SMX degradation

During anodic process optimization for SMX degradation, the initial pH and electrolyte
concentration in the cathodic chamber were kept at 3.0 and 0.05 M Na,S0,, respectively. Based
on the available published data, three of the most relevant parameters (initial pH, initial SMX
concentration, and applied current) were selected to determine their influence on SMX degradation
concurrently monitoring H, 0, production.

3.2.1. Process Kkinetics

The oxidation of SMX at the BDD anode, for instance through its reaction with hydroxyl radicals
('OH), is what causes its degradation. However, in all experiments, pseudo-first order kinetics for
SMX oxidation were confirmed since a straight line with R? > 0.99 was obtained by plotting In
([SMX]/[SMX],) as a function of time (Eq. 4). This indicates that the SMX degradation was not
limited by the amount of hydroxyl radicals generated by the anode. The degradation kinetics can,

therefore, be described as pseudo first order.

12
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where [SMX]j is initial SMX conc. (mg L™1), [SMX] is the conc. of SMX at any time, and t is time
(min). The slope in the equation is negative and represents the pseudo-first order degradation rate

constant k (min™1).
3.2.2. Effect of initial pH

The effect of the initial pH on SMX degradation was investigated at pH values of 2.0, 7.0, and
12.0. However, during an electrochemical process, the redox reactions change the pH in both
compartments (Obata et al., 2020). The oxidation reaction taking place at the anode decreases the
pH, whereas the reduction taking place at the cathode causes an increase in pH. Therefore, to
properly understand the effect of pH, the experiments were first carried out at constant pH (7.0),
by adding buffer to keep it from changing over the course of experiment. For this, phosphate buffer
solutions (PBS) at different concentrations (0.001, 0.01, and 0.1 M) were employed. The higher
the buffer concentration, the better the tendency to maintain the pH at the required value, which
was also reflected by end pH of the experiment. For instance, the final pH in the anodic
compartment was 3.0, 5.7, and 6.9 for 0.001, 0.01, and 0.1 M PBS concentration, respectively.
Nonetheless, the addition of phosphate salts to provide a pH buffer has a negative effect on SMX
degradation. As shown in Fig. 3a, increasing the amounts of buffering salts decreases the
degradation kinetics and there are several reasons to explain this behavior (Sifuna et al., 2016).
According to the literature, increasing salt concentration increase the conductivity of the solution,
but when the concentration exceeds a specific threshold, a salt film may be formed on the electrode
surface, reducing the number of active sites on the electrode. The active sites are the places where

pollutants bind at the anode surface and oxidize by (i) direct oxidation (direct charge transfer

13
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between the pollutant and anode surface) or (ii) indirect oxidation (oxidation due to in situ
generation of reactive oxygen species at the anode [Eq. 5]) (Ganiyu et al., 2021). Therefore, the
salt film covering the active sites leads to a decrease in the pollutant degradation rate (Cho and
Kim, 2020). Furthermore, to maintain the pH at a constant level, the buffer system captures the
excessive number of protons produced by the oxidation reactions at the anode (Eq. 6). As a result,
the H,0, production in the cathodic compartment could also be lowered. This was further
confirmed by performing an experiment (with and without buffer) (Fig. 3d). The H,0, production
was substantially reduced to 100 uM (with buffer) compared to 535 pM (without buffer).
Therefore, in the next experiment, the pH was set to the desired value only once at the start of the

experiment and was not altered later during a full experimental run.

H,0/Anode — Anode(OH") + H* + e~ 5
H,0 - 0, + 4H* + 4e~,E° = —1.229 V (vs. SHE) 6

The influence of the initial pH on the degradation of SMX without the application of a buffer is
depicted in Fig. 3b. After 180 min of electrolysis, 94%, 95%, and 63% SMX was removed at pH
2.0, 7.0, and 12.0, respectively, showing that the SMX degradation is favored in the acidic to
neutral pH range. This observation can be explained by the pKa values of SMX (pKa1=1.8 and
pKa2=5.6) and its corresponding ionization structures (Fig. S3). At pH values lower than 1.8 or
higher than 5.6, SMX exists primarily in its ionized form (cationic at lower pH and anionic at
higher pH). However, for pH between 1.8 and 5.6, SMX is present predominantly in its molecular
form (i.e., less charged), which reduces the intermolecular electrostatic repulsion and improves the

mass transfer of SMX to the electrode surface (Lin et al., 2013; Milh et al., 2020).

3.2.3. Effect of the initial concentration of SMX
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The effect of [SMX]o is shown in Fig. 3c. The k values were 0.0249, 0.0168, and 0.0146 min~?!
for [SMX]o of 0.25, 12.5, and 25 mg L1, respectively. As [SMX]o increased from 0.25 to 25
mg L1, the removal rate almost halved, which suggests that the electrolysis of SMX is a diffusion
control process (Dirany et al., 2010). In a diffusion control system, the electrochemical oxidation
rate is higher than that of diffusion (Trinh, 2011). So, at lower initial concentrations, the
electrocatalytic oxidation rate was greater than the diffusion of SMX; thus, SMX was oxidized
effectively. This is because, at the same initial electrolyte concentration and applied current, the
amount of -OH produced is the same. However, when high pollutant concentration is applied, it
increases the quantity of pollutants that react with these hydroxyl radicals as well as more
intermediate products are formed, which further decreases the amount of hydroxyl radicals

available per unit of pollutants (Feng et al., 2022).
3.2.4. Effect of applied current

As the electrodes are positioned in their respective chambers separated by a membrane, the
electrolytes in both compartments cannot mix, which enables the attainment of different pH and
electrolyte composition in each compartment. However, the applied current influences the
reactions at both electrodes. Therefore, it is a critical parameter that can significantly affect the

process efficiency at both sides of the reactor.
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Fig. 3e shows that increase in applied current does not significantly improve the SMX removal.
The k values were 0.0115, 0.0168, and 0.0178 min~1, when the applied current was 10, 22.5 and
35 mA, whereas the removal efficiency was 87, 95, and 96%, respectively. An increase in the
applied current value should increase the production of -OH at the anode, and thus shall enhance
the oxidation of SMX (Hai et al., 2020). This limited change in degradation efficiency can be
attributed to O, evolution reaction, which increases with applied current, resulting in a decrease in
the degradation efficiency (Wang et al., 2020; Fu et al., 2022). Additionally, as the oxidation of
pollutant (SMX) at the anode surface is limited by the mass transfer kinetics, it restricts the
diffusion of SMX molecules to the anode surface, thereby reducing the efficiency of excess current
(Song et al., 2017). On the other hand, since production of H,0, is significantly influenced by the
applied current, it diminishes in the cathodic compartment as a consequent of increasing current.
Therefore, 10 mA can be inferred as the optimum current value to achieve the best results in both

compartments.
3.3. Identification of transformation products

With the help of UHPLC-DAD-QTOF MS, five TPs formed during the electrolysis of SMX were
identified. The TPs that were detected and confirmed by MS/MS are marked with TP. Other
intermediates that have been suggested based on previous studies are marked with L and encircled
in dotted rectangles. Fig. 4 depicts the proposed degradation pathway and Table 2 shows the
identified TPs, along with their tentatively proposed structures based on their accurate masses,
MS/MS fragmentation and literature data (Feng et al., 2022; Hai et al., 2020; Milh et al., 2021;
Reddy and Subrahmanyam, 2015; Yang et al., 2017). The MS/MS fragmentation spectra of all TPs

are provided in Fig. S4.
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Table 2. The transformation products of SMX formed due to its electrochemical oxidation at the BDD anode

Proposed elemental Precursor m/z
Name Proposed molecular structure

formula (IM+H]")

0]
" H
SMX C1oH1N;038 254.0594 H2N_©‘§ NW

0
" H
TP299 C1oHsN:068 300.0228 O2N Q 5NN

o
" H
S-N
TP254 CioH10N204S 255.0445 0
R QO \\K}_—

" H
TP270 C1oH10N205S 271.0384 HO Q &S.)'N A\
OH N-0
S H
TP266 C1oH1oN4O3 267.0537 HN:N_@‘E'NW
-0

@)
n H
TP238 C1oH1oN2058 239.0484 @‘2 ‘N\m/

A TP299 with experimental m/z 300.0288 was identified. TP299 was formed by the oxidation of
an aromatic amino group, creating a nitro group, its further hydroxylation on the aromatic ring
(Suzuki et al., 2022). The MS/MS fragments (m/z 77.0368, 98.0467, 122.0194, 201.9749, and
205.0274) of TP299 and their tentative structures confirmed the presence of TP299. The analysis

of fragments revealed that the addition of the OH—group is most likely located on the benzene ring
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304 and not on the isoxazole ring. TP299 was also previously identified in the literature as a TP of
305 SMX during its oxidation at the BDD anode, which further validates its formation during the

306  process (Hai et al., 2020; Rajab et al., 2013).
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TP270 Tr24 e 0 p”
N-0 OH -0

TP266 P29

307

308  Fig. 4. A pathway proposed for degradation of SMX

309 TP266 (267.0539) and TP238 (239.0491) were detected, but these TPs were not previously
310 reported in the literature. However, their MS/MS fragmentation confirmed their presence as per
311  their elucidated structures. The MS/MS fragments of TP266 were observed with experimental m/z
312 106.0531, 108.0758, 77.0385, 161.0734, 172.0518, and TP238 with experimental m/z 144.0454,
313 140.9999, 77.0380, and 72.0444. Similarly, TP254 was found with the MS/MS fragments of
314  93.0322, 99.0539, and 160.0358. It is resulted from the hydroxylation of TP238. The literature
315  suggests that the ipso- addition of -OH to the SMX structure and the removal of amino groups
316  might result in the formation of TP254 (Radjenovic and Petrovic, 2017). Further hydroxylation of

317  the aromatic ring in TP254 yields dihydroxylated product TP270 (271.0384). The MS/MS
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fragments obtained by the fragmentation of TP270 have experimental m/z 99.0536, 109.0281,
163.0486, and 172.9889; thus, these were considered to be a conforming representative of TP270.
It can be observed that most of the TPs identified in the present study were formed due to -OH
attacking of SMX. Additionally, ECOSAR software was used to estimate the toxicity of TPs, and
the results suggest that the TPs produced during the treatment are less harmful than the parent
compound (Table S2). The evolution and relative abundance of the identified TPs with respect to
treatment time are given in Fig. S5, which illustrates that most of the TPs had also been degraded
during the treatment time. This demonstrates the system's capability to effectively treat the

contaminant.

3.4. Discussion

A detailed description of all degradation experiments performed under different conditions can be
found in Table S1, where high R? values again affirm the pseudo-first order reaction kinetics. The
effect of the selected parameters on the cathodic and anodic processes was examined individually,
which was possible due to the use of cation exchange membrane since it can separate the catholyte
from anolyte. The cell division enables to operate at a different pH and electrolyte concentration
in each compartment. First the effect of changing the parameters in the cathodic chamber was
analyzed and optimal conditions for the H,0, production were determined. Subsequently, the
effect of the selected parameters in the anodic chamber was examined while adopting the pH and
electrolyte concentration in cathodic compartment to its optimal values (pH 3.0 and 0.05 M
Na,S0,, respectively). According to the results of this study, it was observed that there is no
significant difference in the optimal parameters of both compartments. For the initial pH values,
the cathodic compartment yields an optimal efficiency at 3.0 and the anodic compartment yields

an optimal efficiency at 3.0—7.0. An electrolyte concentration of 0.05 M Na,SO, was sufficient in
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both compartments. The production of H,0, as well as SMX degradation were optimum at 10 mA
and were not significantly improved at higher currents. Finally, the electrochemical system was
operated at the optimized parameters (Fig. 3f), to achieve 95% SMX degradation (~90% COD
removal) and approximately 535 uM H,0, in 180 min. The H,0, produced in this system can be
activated (e.g., with UV or Fe*?) to accomplish a higher degradation efficiency. Moreover, these
conditions could also be implemented in a single chamber configuration (i.e., without membrane
separation) due to similarity in the optimal conditions of both compartments. Single chamber
configuration could slightly lower the efficiency of the system (Fig. S6), but it is beneficial from
an economic point of view for real-scale applications since it can avoid the need to install a
membrane in the reactor. Overall, the optimized electrochemical system uses less energy and
achieve significantly better outputs as compared to the previous studies (e.g., in Table 1). Thus,
these results manifest that an integrated reactor functionality (which on the one hand degrades
pollutant and on the other hand produces a powerful oxidizer i.e., H,0,) is realistic and offers a

sustainable and cost-effective approach of operation.
Conclusion

In this study, the degradation of SMX and concurrent H,0, production was examined in a double
chamber electrochemical system equipped with BDD anode and graphite cathode separated by
cation exchange membrane. The effect of various operational parameters was determined and the
set of parameters at which a maximum efficiency was achieved were pH 3, 0.05 M Na,SO, as
electrolyte, and 10 mA as applied current. Under the optimized conditions, the electrochemical
setup was able to produce about 535 uM H,0, and 95% SMX degradation for a reaction time of
180 min. The intermediate products generated during SMX electrochemical oxidation were also

analyzed and a degradation pathway was proposed. It was observed that most of the transformation
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products were formed due to the reaction with hydroxyl radicals and were less toxic compared to
the parent compound. These results can act as a precursor while opting for energy-efficient and
cost-effective systems in advanced wastewater treatment domain, which not only degrades the
pollutant efficiently but also stores the excess energy in the form of H,0,, while H,0, can be
further utilized for environmental remediation. Further work can be carried out to activate and

utilize the in situ produced H, 0, via different techniques.
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