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Antibiotics have emerged as a new class of environmental contaminants of global concern due to their
persistence and potential ecotoxicological impacts. In order to enhance antibiotic removal efficiency, it
is necessary to develop cost-effective and environmentally friendly wastewater treatment technologies.
Magnéli-phase titanium oxide (Ti;O;) presents a promising solution, combining excellent metallic-like
conductivity with ceramic-like corrosion resistance. In this study, the electrochemical oxidation of
sulfamethoxazole (SMX) with a Ti4O, reactive electrochemical membrane (REM) as the anode and
stainless steel as the cathode was systematically investigated. The effects of key operational parameters,
including current density, initial pH, supporting electrolyte type and concentration, and the presence of
humic acid (HA) on SMX degradation were evaluated. Under optimal conditions (current density of 0.08
mA cm™2, pH of 7, supporting electrolyte of 0.1 mol L™ Na»,SO4, no HA effect, and pump circulation),
99.7%
paramagnetic resonance (EPR) analysis confirmed that hydroxyl radicals (‘OH) played a dominant role in
SMX degradation. High-performance liquid chromatography coupled with quadrupole time-of-flight
tandem mass spectrometry (HPLC-Q-TOF-MS/MS) identified key degradation intermediates, revealing
three primary SMX degradation pathways: (1) ‘OH-mediated amino group oxidation, (2) S—N bond

SMX degradation was achieved within 2 hours. Quenching experiments and electron

cleavage, and (3) —NH, hydroxylation. Additionally, Ecological Structure Activity Relationships (ECOSAR)
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Accepted 18th November 2025 software analysis demonstrated a significant reduction in overall toxicity following Ti4O; oxidation. In

summary, the Ti4;O; REM exhibits exceptional oxidation efficiency with low energy consumption,
DOI: 10.1039/d5ra06264k demonstrating strong practical feasibility and promising application potential for antibiotic-contaminated

rsc.li/rsc-advances wastewater treatment.

The traditional wastewater and drinking water treatment
systems exhibit poor removal efficiency of SMX.** Therefore,

1 Introduction

The frequent use of antibiotics and the low removal efficiency of
traditional wastewater treatment plants for antibiotics have led
to their gradual accumulation in natural water bodies, which
poses a threat to human health by inducing antibiotic resis-
tance."” Therefore, it is urgent to treat antibiotics to ensure
their removal before discharging into natural water bodies.
Among numerous antibiotics, sulfonamide drugs are widely
used in human and veterinary medicine due to their broad-
spectrum antibacterial activity, and sulfamethoxazole (SMX) is
the most frequently detected substance in wastewater.®* SMX
exhibits high biological activity, strong bioaccumulation, diffi-
culty in degradation, and low removal efficiency, posing
significant health risks to humans, livestock, and plants.
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previous studies have mainly focused on enhancing SMX
removal by using methods such as chemical oxidation,®
advanced oxidation processes (AOPs),”® photodegradation,*®
and reverse osmosis." Although these methods indicate effec-
tive removal of SMX, some limitations and shortcomings still
exist. For example, ozone oxidation demonstrates effective
removal of SMX, but shows ineffective mineralization, and
requires high investment costs and high ozone dosages. AOPs
require continuous oxidants and catalysts for the degradation of
wastewater, resulting in high operating costs and complex
operations. In reverse osmosis, the membrane has a short
lifespan and requires the addition of salt solution for further
treatment, which is a complex and expensive operation.
Electrochemical advanced oxidation processes (EAOPs),'>*
as an effective water and wastewater treatment technology, have
been extensively researched and developed due to their versa-
tility, non-selectivity, environmental acceptability, safety, and
high energy efficiency." Among numerous EAOPs, anodic
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oxidation (AO) is the most commonly studied, and pollutants
can be removed by direct electron transfer (direct oxidation) or
by generating active species in situ (indirect oxidation), such as
hydroxyl radicals ("OH), hydrogen peroxide (H,0,), and sulfate
radicals (SO, *).”® The anode materials are the key factor
determining the efficiency of the AO process, which are gener-
ally classified into two major categories based on their catalytic
performance: active anodes (Pt, RuO,, IrO,) and inactive anodes
(PbO,, SnO,, BDD). The active anodes have low oxygen evolution
potential, which promotes the formation of oxides or superox-
ides on the anode surface, ultimately leading to strong adhesion
of "OH species to the electrode surface. Conversely, the inactive
anodes exhibit weak "“OH adhesion on their surface, allowing
the "OH to attack pollutants without selectivity, thereby aug-
menting the effectiveness of the oxidation.'® Considering the
sufficient amounts of 'OH production, inactive anodes are
regarded as the most effective anodes in EAOPs processes.
However, in inactive anodes, PbO, shows poor stability and
short service life, and the catalytic oxides (mainly toxic Pb**) will
leach in solution, causing secondary pollution.” Similarly, SnO,
also has the disadvantages of short usage time and insufficient
stability, while BDD is limited due to high manufacturing
costs.” Therefore, developing new anode materials with high
catalytic activity, high stability, and environmentally friendly
characteristics is the key to promoting the practical application
of advanced electrochemical oxidation technology.

Over the past decade, substoichiometric titanium oxides
based on Magnéli-phase ceramic electrodes, particularly Ti, O
as an inactive anode, have been studied due to their low cost
and high oxidation potential.”>* Some research reports indi-
cate that the electro-oxidation activity of Ti,O; is significantly
higher than that of active anodes, such as dimensionally stable
anode (DSA) or Pt, and can even match the electro-oxidation
activity of BDD."*' More importantly, porous reactive electro-
chemical membrane (REM) utilizing Ti,O; can be fabricated via
a cost-effective and scalable plasma coating method. When
operated in flow-through mode, the REM-based system
demonstrates superior current efficiency compared to conven-
tional systems, attributed to the enhanced mass transfer of
pollutants from the bulk solution to the anode surface.”>*’
However, previous studies have mainly focused on the removal
of tetracycline, amoxicillin, humic acid, etc. by the Ti,O, anode,
and there is still a lack of systematic research on the removal of
sulfonamide antibiotics. Furthermore, most previous studies
have only explored a relatively single influencing factor and
have not explored the factors that affect Ti,O;, REM from
multiple perspectives. The optimal operating conditions and
degradation mechanism of SMX removal by Ti,O; REM are still
lacking systematic research. In addition, it is necessary to
conduct specific analysis of the toxicity changes of intermediate
products and combine them with the ecological environment to
ensure the safety of the water body after electrochemical
oxidation.

In this study, a flow-through electrochemical filtration
system was developed, comprising tubular anodes made of
Magnéli-phase Ti,O; and stainless steel (SS) tubular cathodes,
for the removal of SMX. The effects of current density, initial
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pH, background electrolyte and humic acid (HA) on the degra-
dation of SMX in Ti,O; REM were systematically studied. The
degradation pathways of SMX were identified by high-
performance liquid chromatography coupled with quadrupole
time-of-flight tandem mass spectrometry (HPLC-Q-TOF-MS/
MS). Furthermore, toxicity analysis during the process was
conducted using the Ecological Structure Activity Relationships
(ECOSAR) software. This work will provide valuable insights
into the electrochemical degradation of refractory organic
pollutants in water and wastewater.

2 Materials and methods

2.1. Chemicals

All chemicals are of analytical grade or above and ready for use
without the need for further purification. Further details can be
found in Text S1 in SI.

2.2. Fabrication and characterization of Ti,O, REM

The fabrication method for Ti,O, REM can be found in Text S2
in SI. The sample morphology of Ti,O; REM was characterized
using a Quanta-250 environmental scanning electron micro-
scope (SEM, Phillips/FEI, USA). Crystalline phase analysis was
performed with a D8 Advance X-ray diffractometer (XRD,
Bruker, USA) employing Cu Ko radiation. Surface chemical
composition was determined by X-ray photoelectron spectros-
copy (XPS) using an Escalab 250 Xi system (Thermo Fisher
Scientific, USA) under high vacuum (1 x 10~° Torr), with all
binding energies referenced to the C 1s peak at 284.8 eV.

2.3. Experimental setup and operation

All electrolysis experiments in the study were conducted in an
open 1160 mL cylindrical reactor. In this reactor, Ti,O; REM
(diameter of 35 mm, length of 130 mm, effective area of 137
cm?) served as the anode, and a stainless steel mesh (diameter
of 39 mm, length of 130 mm) functioned as the cathode. The
anode was positioned centrally within the reactor and encircled
by the cathode, maintaining a distance of 2 mm between the
electrodes. A direct current (DC) regulated power supply was
utilized to supply a constant current intensity. The schematic
diagram of the reaction apparatus is shown in Fig. S1. During
the experiment, 10 mg L' SMX and a certain concentration of
electrolyte were continuously circulated under a peristaltic
pump to ensure the solution was thoroughly mixed at room
temperature (23 £ 2 °C). The degradation experiment lasted for
120 minutes, and the samples were taken at 0, 5, 15, 30, 45, 60,
80, 100, and 120 minutes. After sampling, the samples were
filtered through a mixed fiber membrane with a pore size of 0.22
um and immediately transferred to a liquid-phase bottle con-
taining 1 mol L™ " methanol. The influencing factors of current
densities (0.008-0.8 mA cm™?), pH values (3-11), electrolyte
concentrations (0.01-0.2 mol L"), electrolyte types (NaCl,
Na,SO, and NaNO;), HA (0-80 mg L"), and circulation were
systematically studied.
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2.4. Analytical methods

The analytical methods, including the determination of SMX
concentration, identification of free radical species, measure-
ment of intermediate products, and toxicity assessment, are
detailed in Text S3.

3 Results and discussion

3.1. Characterization and electrochemical properties of
Magnéli phase Ti,O, REM

The microstructure of Magnéli-phase titanium oxide can be
observed through rutile-type TiO, derivatives.”® During the re-
orientation process of the TiOg octahedral structure, the partial
reduction of Ti(iv) to Ti(m) generates defect sites (oxygen
vacancies) that lead to the overlap of Ti 3d orbitals within the
crystal lattice. This overlap of Ti 3d orbitals is considered to be
the reason for the high conductivity of the oxygen-deficient
Magnéli-phase.”® As shown in Fig. 1(a), the SEM image of the
Magnéli-phase Ti;O;, REM reveals a rough and dense
honeycomb-like surface. During high-temperature annealing,
the molten nano-TiO, powder tends to form Ti,O, aggregates
(with diameters ranging from 0.5 to 2.0 pm) during cooling,
thus creating abundant pores within the Magnéli-phase Ti,O;.
This increases the pore volume of the electrode (mesopores and
macropores), thereby enhancing the effective contact between
organic molecules in the solution and the electrode surface at
the electrode/solution interface. The porous microstructure also
facilitates flow operations, overcoming the mass transfer limi-
tations (convection) associated with conventional batch
electrochemical methods. The XRD pattern of the prepared
electrode (Fig. 1(b)) shows major diffraction peaks at 20.7 nm,
26.3 nm, 40.5 nm, etc., consistent with Ti,O,.*® The chemical
composition of the Ti,O; REM was further investigated through
XPS (Fig. 1(c)). The XPS scanning results indicated the presence
of Ti 2p, O 1s, and C 1s on the surface of the Magnéli-phase
TisO;, REM. The C 1s peak is attributed to accidental carbon
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contamination associated with XPS technology, while the O 1s
spectrum can be deconvoluted into three peaks centered at
529.9 eV, 532.6 eV, and 531.2 eV, corresponding to lattice
oxygen, surface hydroxyl groups, and oxygen vacancies,
respectively. The Ti 2p XPS spectrum (Fig. 1(d)) reveals that both
Ti 2p3/2 (458.8 eV) and Ti 2p1/2 (464.4 eV) originate from Ti-O
bonding. The binding energy difference between these two
characteristic peaks (5.6 eV) suggests that the primary valence
state of Ti in the electrode material is +4.%

The electrochemical degradation reaction is essentially the
transfer of charge between an electronic conductor and an ionic
conductor, and the inevitable transformation of biomass or
pollutants occurs at the interface between the two phases. This
study analyzed the Magnéli-phase Ti,O, REM through electro-
chemical impedance and as its high-frequency resistance, and
the Nyquist spectra of Ti,O; REM are shown in Fig. S2.
According to the test fitting results, the internal resistance of
the Ti,O; REM is 14.2 Q, indicating its good conductivity.

3.2. Effect of operational parameters on SMX degradation

3.2.1.
the most crucial factors in the electrochemical oxidation
process. It governs the transfer of electrons and the formation
of active functional groups, directly influencing the removal
rate of organic pollutants. Fig. 2(a) illustrates the relationship
between SMX variation and electrolysis time under different

Effect of current density. Current density is one of

current densities. Experimental results indicate that the atten-
uation of SMX concentration is related to the applied current
density, and as the current density increases, the degradation
rate of SMX accelerates. This may be attributed to the fact that
higher current densities can expedite the indirect electro-
oxidation rate, namely, the formation rate of ‘OH on the elec-
trode surface.* With the extension of electrolysis time, SMX can
be nearly completely degraded at all current densities, indi-
cating that the Ti, O electrode has an excellent treatment effect
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Fig. 1 Characterization of Magnéli-phase Ti4;O, REM: (a) SEM image,
(b) XRD spectrum, (c) full-spectrum XPS, and (d) Ti 2p XPS spectrum.
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Fig. 2 Effect of current density on SMX degradation (a), quasi-first-
order kinetic fitting (b), and TOC removal (c). (Conditions: initial
concentration of SMX is 10 mg L™, electrolyte Na,SO, concentration
is 0.1 mol L%, pH is not adjusted.)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on SMX. Through linear regression fitting of experimental data,
the kinetic parameters were calculated. As shown in Fig. 2(b),
the electrochemical oxidation of SMX conforms to a pseudo-
first-order kinetic reaction, and there is a good linear correla-
tion between removal efficiency and electrolysis time. The
apparent rate constant k can be obtained by analyzing the slope
of the curve. It can be found that the value of & increases with
the increase in current density. As the current density increases
from 0.008 mA cm ™2 to 0.8 mA cm 2, the values of k vary from
0.00642 to 0.09843. Furthermore, Fig. 2(c) shows the effect of
current density on the removal of TOC. It can be observed that
the TOC removal rate increases with the increase of applied
current density and electrolysis time. However, when the
current density reaches its maximum value (0.8 mA cm™?), the
TOC removal rate is only 46.23%, indicating that SMX was not
completely mineralized by Ti;O, REM. In addition, the energy
consumption of the electrode during the electrocatalytic
oxidation process was also calculated according to eqn (S3) in
the SI. As listed in Table S1, when the current density reaches
0.08 mA cm ™2, the degradation rate of SMX can reach over 99%
within 2 hours. Combined with the voltage drift under different
current density states during the experimental process, the
calculated energy consumption is only 9.89 kWh kg™ ' TOC,
which is much lower than the 57.63 kWh kg~ " TOC at 0.8 mA
em 2. It can be found that when the removal rates are similar,
the energy consumption continues to increase with the increase
of current density. Therefore, to reduce energy consumption,
0.08 mA cm 2 is selected as the optimal current density in this
study. Moreover, Table S2 compares the energy consumption of
similar electrochemical systems for removing target pollutants,
providing a benchmark for the energy consumption of such
electrochemical systems. From Table S2, we can see that the
energy consumption of this study is lower than that of most
similar electrochemical oxidation systems. Therefore, we
believe that the current density selected for this experiment is
relatively low-energy, environmentally friendly, and efficient.
3.2.2. Effect of initial pH. The pH value is widely believed to
significantly affect the effectiveness of the electrochemical
oxidation process.>** Therefore, the effect of initial pH (pH = 3,
7, and 11) on SMX degradation was investigated in this experi-
ment, with a current density set at 0.08 mA cm 2. As shown in
Fig. 3(a), the final degradation effects of SMX under pH = 3 and
PpH =7 conditions are similar, and much better than that under
pH = 11. However, according to quasi-first-order kinetic fitting
in Fig. 3(b), it can be observed that the k value reaches
a maximum of 0.04830 at pH = 7. Similarly, Fig. 3(c) shows that
the TOC removal at pH = 7 is higher than that at pH = 3 and 11.
It has been reported that the structure of SMX can also affect the
degradation process under different pH conditions.**** The pK,
values of SMX are 1.8 (pK, ) and 5.5 (pK,,). When pH < pK, , the
protonated structure of SMX renders it positively charged, pre-
venting the delocalization of unshared electron pairs from the N
atom to the aromatic ring, thereby reducing its reactivity with
electrophilic radicals. When pH > pK,, the radical oxidation
activity of the aniline group is enhanced due to the deproto-
nation of the -NH sulfonamide group. Therefore, when pH = 7,
the free radical oxidation activity of the aniline group in SMX is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of pH on SMX degradation (a), quasi-first-order kinetic
fitting (b), and TOC removal (c). (Conditions: initial concentration of
SMX is 10 mg L™, electrolyte Na,SO,4 concentration is 0.1 mol L2,
current density is 0.08 mA cm™?)

strong, so the removal rate is the highest under this condition.
Ultimately, pH = 7 was chosen as the optimal reaction condi-
tion in this study.

3.2.3. Effect of electrolyte concentration. In addition to
current density, electrolyte concentration is also a factor
affecting electrochemical oxidation. Therefore, the effect of
Na,SO, concentrations on SMX removal was studied. Among
them, the concentration range of Na,SO, solution was from
0.01 mol L™! to 0.2 mol L%, the initial concentration of SMX
was 10 mg L™, the current density was 0.08 mA cm ™2, and the
pH was 7. As depicted in Fig. 4(a) and (b), when the electrolyte
concentration was 0.01, 0.05, 0.1, and 0.2 mol L™, SMX was
almost completely removed within 2 hours, and the k values
showed an upward trend, which were 0.04730, 0.05830, 0.06470,
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Fig. 4 Effect of electrolyte concentration on SMX degradation (a),
quasi-first-order kinetic fitting (b) and TOC removal (c). (Conditions:
initial concentration of SMX is 10 mg L™, current density is 0.08 mA
cm™2 pH=7)
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and 0.09440, respectively. Besides, it can be observed in Fig. 4(c)
that as the electrolyte concentration increased, the removal rate
of TOC also increased. The above results indicate that as the
electrolyte concentration increases, the degradation rate of SMX
accelerates. This may be mainly due to the enhancement of SMX
mass transfer rate in the system under higher ionic strength,
thus accelerating the observed degradation kinetics. The
reduction in ohmic losses might be another reason for the
accelerated degradation rate of SMX. However, the current
density of the reaction condition in this experiment is fixed at
0.08 mA cm °. Under this condition, the effect of changing
electrolyte concentration on ohmic loss may be minor. The
above result is similar to the previous study,** which enhanced
the mass transfer of target pollutants through electrolytes.
However, it is worth noting that when the Na,SO, concentration
continues to increase after 0.1 mol L™, the degradation of SMX
increases very slowly. This is because there is a critical electro-
lyte concentration in each electrolysis system. When the
concentration is below this critical concentration, the system
lacks sufficient ions to conduct current, thereby reducing
oxidation efficiency. Above the critical electrolyte concentration,
when the electrolyte concentration is low, the conductive ions in
the solution are nearly saturated. Therefore, increasing the
electrolyte concentration barely enhances electrolysis efficiency.
Considering both the critical electrolyte concentration and the
cost-effectiveness of the experiment, it was ultimately decided
to use 0.1 mol L' Na,SO, as the optimal electrolyte
concentration.

3.2.4. Effect of electrolyte types. The supporting electrolyte
can generate oxidizing species and react with organic pollutants
in the solution, which will have a great impact on the oxidation
ability of this experimental system. In this study, 0.1 mol L™*
Na,S0,, NaCl and NaNO; were selected as supporting electro-
lytes, and their effects were compared under the conditions of
current density of 0.08 mA cm > and pH value of 7. As shown in
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Fig. 5 Effect of electrolyte type on SMX degradation (a), quasi-first-
order kinetic fitting (b), and TOC removal (c). (Conditions: initial
concentration of SMX is 10 mg L™, current density is 0.08 mA cm™2,
pH = 7, electrolytes Na,SO4, NaCl and NaNOs are all 0.1 mol LY
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Fig. 5(a), the removal rate of SMX is the highest when Na,SO, is
used as the background electrolyte, reaching 99.7%. Mean-
while, Fig. 5(b) and (c) also show that the removal rate of quasi-
first-order kinetic fitting and TOC is the best when Na,SO, is
used as the background electrolyte. In addition, we also
compared the energy consumption and voltage drift in the
process of removing SMX with three different supporting elec-
trolytes (Table S3). The results showed that when NaCl and
NaNO; were used as electrolyte, the energy consumption of
electrolyte was much greater than that when Na,SO, was used
as electrolyte, which was similar to previous studies.*®

The observed efficient degradation of SMX under Na,SO,
supporting electrolyte could be attributed to the following
factors. According to previous studies, when Na,SO, was used as
the supporting electrolyte, S,0s°>~ may be generated at the
inactive anode, as listed in eqn (1).*” $,04> is a strong oxidizer,
with a standard redox potential E, of +2.01 V, which is close to
that of ozone (E, = +1.70 V) and higher than that of perman-
ganate (E, = +1.51 V), thus possessing a strong ability to
oxidatively degrade organic pollutants.*® Then, according to the
previous study,* it would be reduced at the cathode (eqn (2)).
The E, value of SO, " is 2.5-3.1 V, exceeding the E, value of "OH
(Eo = 1.9-2.7 V),* and its half-life is longer than that of "‘OH,
indicating better stability. It can travel a longer distance during
the reaction time, which is more conducive to the oxidative
degradation of organic pollutants.*>*

2803~ — S,0% + 2e” (1)
S,03~ +e” — SO;" +S03~ (2)

When Nacl is used as the electrolyte, CIO™ can be generated
through the reaction of CI” and OH™ (eqn (3)). ClO™ is a strong
oxidant with a standard redox potential E, of +1.67 V, thus can
effectively promote SMX degradation.*® However, as illustrated
in eqn (4), the presence of CI” may lead to competitive reactions
by scavenging "‘OH generated in the electrolyte through radical
chain transfer reactions, leading to poor SMX removal efficiency
under the NaCl supporting electrolyte.

Cl" + OH — CIO™ + H,0 + 2¢~ 3)
Cl" + "OH — CI' + OH™ (4)

When NaNO; was used as the electrolyte, the anodic reac-
tions in eqn (5)-(8) occurred. These substances, particularly
NH;, can react with ‘OH,* leading to a decrease in SMX
degradation. Based on comprehensive experimental results,
0.1 mol L™ ! Na,SO, was selected as the optimal electrolyte type
for the reaction system.

NO;3 + 6H,O + 8¢~ — NH; + 9OH™ (5)
NO; +2H" + 2¢~ — NO; + H,O (6)
NO; + 5H,0 + 6e” — NH; + 70H™ (7)
2NH; + 6'OH — N, + 6H,0 (8)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.2.5. Effect of HA. Natural organic matter (NOM) is widely
distributed in surface water and has a significant impact on the
degradation of antibiotics in electrochemical oxidation
systems. This study used HA as a typical NOM and investigated
its effect on the degradation of SMX in the Magnéli-phase Ti, O,
system at concentrations of 0, 10, 20, 40, and 80 mg L™ '. As
shown in Fig. 6(a), the addition of HA inhibited the electro-
chemical degradation of SMX. After 2 hours of electrolysis, SMX
was completely removed without the presence of HA. However,
under the same experimental conditions, when HA is present,
residual SMX was detected in the solution after the reaction was
completed. Furthermore, as shown in Fig. 6(b), with the addi-
tion of HA, the k value decreased from 0.06000 to 0.02665,
indicating that the presence of HA can react with "OH and
inhibit the degradation of SMX. On the one hand, HA may
complex with antibiotics, and its significant steric hindrance
can affect the migration of antibiotics. On the other hand, HA
will compete with antibiotics and mineralize on the anode
surface.”” Based on the analysis of the experimental results,
0 mg L' HA was ultimately selected as the optimal reaction
condition.

3.2.6. Effect of circulation. To verify the effect of flow-
through mode on electrochemical oxidation, the removal of
SMX under cycle and no cycle conditions was compared, based
on the optimal reaction conditions. As shown in Fig. S3, the
removal efficiency of SMX in the cycle condition is significantly
higher than that in the no cycle condition. This is mainly
because the reaction solution circulates under the suction of the
peristaltic pump. During the circulation process, dissolved
oxygen is converted into ‘OH through the action of the cathode,
and then injected into the Ti,O; electrode. At this time, "OH is
electrostatically attracted by the anode, which accelerates the
mass transfer rate at the interface.

3.3.
SMX

Intermediate products and degradation pathways of

3.3.1. Identification of key substances. The free radicals
generated on the anode surface are considered to be the main
oxidant for pollutant degradation in EAOPs. As shown in
Fig. 7(a), two obvious EPR signals of DMPO-"OH adduct and
DMPO-SO, " adduct were detected in the Ti;O;, REM system.*®

i = 0 mgL HA 304" 0 mg/L HA k=0.06000
1.0 4 o 10 mg/L HA e 10mgL HA R2=0.99430,,
% 420 mg/L. HA| s 4 20 mgL HA k=0.04270 1
08 ¥ 40 mg/L HA| v 40 mgL HA R=0.98460 o

¢4

80 mg/L HA|

» 80 mg/L HA

k=0.03774 o
R=0.98517" o

k=0.03077 4 7

R*=0.98040 *
s

k=0.02665
R?=0.98780_ |
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7e
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7z
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ae we
o
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Fig. 6 Effect of HA on SMX degradation (a) and quasi-first-order
kinetic fitting (b). (Conditions: initial concentration of SMX is 10 mg Lt
electrolyte Na,SO4 concentration is 0.1 mol L™, current density is 0.08
mA cm™2, pH = 7.)
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(Conditions: initial concentration of SMX is 10 mg L™ electrolyte
Na,SO4 concentration is 0.1 mol L%, concentrations of MeOH and
TBA are 0.1 mol L™, current density is 0.08 mA cm™2, pH = 7))

‘OH has a high standard redox potential (E, = 1.9-2.7 V) and
can mineralize organic pollutants non selectively. The forma-
tion of "OH in the system can be explained by eqn (9).*” SO, " is
a strong oxidant with a redox potential of 2.5-3.1 V. Previous
studies have shown that SO, " (eqn (10)) can be formed by
sulfate oxidation on inactive anode,* and the specific genera-
tion process of SO, " has been introduced in 3.2.4.

Ti407 + H20 - T1407(.OH) + H+ +e (9)

SO;~ — SOz +e” (10)
In order to further explore the free radicals that play a major
role in this study, quenching experiments was conducted. Tert-
Butanol (TBA) and methanol (MeOH) were selected as the free
radical trapping agents. The reaction rate constant of TBA with
"OH is 2.8 x 10° M~ ' s7',* which can quickly capture the "OH
generated on the electrode surface, and no other radicals are
generated during the reaction pathway. MeOH can serve as an
effective scavenger for both "OH (k = 9.7 x 10* M~ ' s ) and
S0, " (k= 1.1 x 10" M ' s~ ") radicals.* Therefore, to investi-
gate the active species playing a major role in the electro-
oxidation reaction, 0.1 mol L™* MeOH and 0.1 mol L™! TBA
were added to the SMX electrocatalytic oxidation degradation
process for capture experiments. The contributions of the two
capture agents to the two types of radicals were explored and
quantitatively analyzed. As can be seen from Fig. 7(b), when TBA
is added to the electrochemical system, the ‘OH generated by
electrocatalytic oxidation is largely captured, resulting in
a sharp decrease in the removal rate of SMX from 99.3% to
30.2%. Similarly, in the presence of MeOH, both "OH and SO, "
generated in the system are captured and removed, significantly
inhibiting the electrocatalytic activity of the system. However,
there is no significant difference in the impact of the two
scavengers on the removal of SMX in the electrochemical
system, indicating that SO, " is not the main active species in
the system, while ‘OH plays a dominant role in the electro-
oxidative degradation of SMX.

3.3.2. Degradation pathway. Based on the analytical results
of intermediates derived from mass spectrometry, the electro-
chemical oxidative degradation pathway of SMX in the Magnéli-
phase Ti O, system was proposed, as illustrated in Fig. 8. The
mass-to-charge ratios (m/z), molecular formulas, and potential
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Fig. 8 Possible electrocatalytic degradation pathways of SMX in the
Magnéli-phase Ti4O; system.

structures of the intermediate products can be accessed in
Table S4 in the SI. Overall, the degradation of SMX can primarily
be categorized into the following three pathways.

In pathway I, the primary reaction is the oxidation of amine
groups, resulting in the formation of nitro-SMX derivatives.*
Amino is oxidized by "OH to produce a nitro-SMX derivative.
This may be due to rapid and reversible hydration, which leads
to the formation of an aniline radical at the N-center. The
aniline radical is further neutralized by molecular oxygen,
resulting in the hydrolysis of hydroxylamine and nitroso deriv-
atives into nitro-SMX.** Afterwards, ‘OH attacks the benzene
ring, generating TP2 and TP4. Through the continuous
hydroxylation of these primary by-products, SMX can ultimately

Table 1 Predicted toxicity of SMX and its TPs by ECOSAR program

View Article Online
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be mineralized into CO,, H,0, SO,*>~, and NO; . These reaction
pathways are consistent with previous studies on SMX degra-
dation.**** In pathway II, the S-N bond serves as the electron-
rich site of SMX, which is attacked by ‘OH, leading to the
breakage of the sulfonamide bond to generate TP5.>* The "OH
can further attack the isoxazole ring to produce the ring-
opening product TP6, which is similar to previous studies.’”
In pathway III, the -NH, group on SMX aniline undergoes
hydroxylation, leading to the formation of TP7 and intermediate
product TP1, and is further transformed into TPS.

3.4. Toxicity analysis

Due to the generation of numerous intermediate products
during the electrolysis process, it is imperative to assess the
potential environmental risks posed by these products. The
acute and chronic toxicity of SMX and its intermediate products
to daphnia, green algae, and fish is estimated based on the
globally harmonized system (GHS) of classification and label-
ling of chemicals. According to the GHS, toxicity data is cate-
gorized into four levels, namely highly toxic (LC 50/EC 50/ChV =
1 mg L"), toxic (1 mg L™ < LC 50/EC 50/ChV = 10 mg L™ %),
harmful (10 mg L™ " < LC 50/EC 50/ChV = 100 mg L"), and
harmless (LC 50/EC 50/ChV > 100 mg L™").>>% The results pre-
dicted by the ECOSAR program are presented in Table 1. The
results demonstrated that SMX exhibits varying levels of toxicity
towards the aforementioned organisms. Daphnia magna is also
the most sensitive organism to SMX and its by-products. The
toxicity of the degradation end-products of SMX shows
a decreasing trend, except for the intermediate product TP5,
whose toxicity decreases. We can also observe that the toxicity of
the final products TP4, TP6 and TP8 is significantly lower than
that of SMX. Among them, we can observe that each index of
TP4 after treatment has reached a harmless state; TP6 only had
high chronic toxicity to Daphnia, and other toxicities were
reduced. TP8 has slight toxicity to Fish Daphnia Green, and
other toxicity has also been well controlled. More importantly,
the significant reduction in toxicity level (from high toxicity to
low toxicity/non toxicity) indicates that Ti;O, REM not only

Acute toxicity (mg L")

Chronic toxicity (mg L")

X Daphnia
Compounds  Fish (96 h-
(48 h-
LCso0)
LCso0)

Green X . Green
Fish Daphnia
algae (96 Igae
(ChV)  (ChV)
h-LCs0) (ChV)

SMX
TP1
TP2
TP3
TP4
TP5
TP6
TP7
TP8

6.43

Toxic
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destroys the target pollutant structurally, but also realizes a key
environmental detoxification process. This ability to convert
high environmental risk parent compounds into low environ-
mental risk conversion products is one of the core indicators to
evaluate whether advanced oxidation technology can be safely
applied. The toxicity of the final product is far below the
threshold of chronic damage to sensitive aquatic organisms at
the population level. Therefore, the Magnéli-phase Ti,0; system
reduces the overall toxicity of SMX and has great potential in
protecting aquatic ecosystems.

4 Conclusions

In this study, a stable and effective electrochemical filtration
system using Magnéli-phase Ti;O;, REM was successfully
established for the removal of SMX from water. The effect of
current density, pH, electrolyte concentration and types, HA,
and circulation on SMX degradation was systematically inves-
tigated. The results indicate that the degradation of SMX
follows first-order reaction kinetics. Within the current density
range of 0.008-0.8 mA cm >, the degradation rate of SMX
increases with increasing current density. The optimal param-
eters for SMX degradation by Ti,O; are under cyclic conditions,
current density is 0.08 mA cm™>, electrolyte is 0.1 mol L™"
Na,SO,, pH = 7, and no HA. Under this condition, the removal
efficiency of SMX reaches over 99.7%, which depends on the
‘'OH generated at the anode, indicating that this technology has
good electro-oxidation efficiency. It is inferred that the degra-
dation pathway of SMX can be divided into three types: oxida-
tion of the amino group by "OH, breakage of the S-N bond, and
hydroxylation of -NH,. Meanwhile, a toxicity evaluation of the
SMX degradation process was conducted, and the results
showed that the overall toxicity decreased after 2 hours of SMX
treatment. In summary, the Magnéli-phase Ti,O, REM may
provide a new effective strategy for the removal of refractory
organic pollutants in water and wastewater.
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