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Insights into the potential applications of
permanganate/peroxymonosulfate systems:
enhancement via amorphous MnO,, effects of
water matrices, and optimization using response
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In this study, we developed a novel self-catalytic oxidation system involving peroxymonosulfate (PMS) and
permanganate (KMnQO,), named as CUPP, to efficiently mineralize sulfamethoxazole (SMX) in groundwater.
It was found that amorphous MnO,, derived from the in situ reduction of KMnO,4 can directly adsorb HSOs5™,
a complex hydroxyl group, mediate the internal disproportionation reaction of HSOs™ with the manganese
complex, and effectively activate PMS, thereby promoting the oxidation of SMX and its degradation
intermediates through sulfonate radiation. Furthermore, by using electron spin resonance (EPR), HPLC/
MS full scan, and response surface methodology, the coexistence of HO®, SO, ", O, 10,, and active
chlorine (Cl,, HOCL) in the CUPP system was confirmed. A total of 24 intermediate products were
detected, and four possible degradation pathways were identified for SMX. In addition, it was found that
the CUPP system has a strong impact resistance to pH variations, groundwater anions, and natural
organic matter stress. Undoubtedly, the CUPP system presents an innovative approach for the
degradation of various emerging organic pollutants in groundwater.

1 Introduction

Sulfamethoxazole (SMX) is one of the earliest and most broadly
used synthetic antibiotics and biocides, and is a typical
sulfonamide antibiotic (SA)."* In recent years, the detection of
SMX in groundwater environments has become increasingly
common worldwide, with concentrations ranging from ng L™"
to mg L~ ".3* The persistence of residual SAs contributes to the
proliferation and dissemination of antibiotic resistance genes
and antibiotic-resistant bacteria, thereby posing significant
biosafety risks.>*® Consequently, this matter has attracted
widespread attention and concern. To address this issue, there
is an immediate requirement for the development of reliable,
safe, and efficient technologies capable of effectively degrading
SMX in groundwater environments.
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Peroxymonosulfate (PMS)-based in situ chemical oxidation
(ISCO) is an emerging technology for soil and groundwater
remediation that offers a wide range of applicability, rapid
reaction rates, and mild reaction conditions.” It has demon-
strated effectiveness in degrading antibiotics.®* While PMS alone
is not effective, it can be activated through methods such as
alkali, heat, ultraviolet light, ultrasound, transition metals,
carbon materials, and strong oxidants.®** Activation generates
sulfate radicals (SO, °),"* which are highly capable of degrading
a wide range of organic contaminants.’® Manganese oxides,
which are ubiquitously found as subsurface minerals, have
garnered attention from scholars studying catalytic activation of
PMS for organic contaminant degradation.'” Saputra et al.'®
demonstrated the efficient activation of PMS using crystalline
manganese oxides in various oxidation states, including Mn;O,,
Mn,0;, MnO,, and MnO, for the degradation of organic
contaminants. Among these, MnO, is widely employed as
a heterogeneous catalyst owing to its low toxicity, high catalytic
efficiency, abundant sources, and diverse crystal structures.*
However, the preparation of crystalline MnO, is a complex
process, presenting a general challenge in terms of both prep-
aration difficulty and large-scale application. Amorphous
manganese dioxide MnO, (AMO) can be easily obtained
through the self-reduction of permanganate (Mn(vu)) or the
oxidation of dissolved manganese (Mn(u)).>** Wang et al*
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conducted a study on the rapid degradation of bisphenol A
using PMS in the presence of AMO. They proposed a non-radical
mechanism involving the formation of reactive complexes
between AMO and PMS. In the case of groundwater remedia-
tion, the delivery of solid catalysts to aquifers for PMS activation
is time-consuming and impractical.*” As such, the autocatalytic
generation of reactive oxygen species (ROS) using in situ
generated AMO through oxidative systems is undoubtedly
a cost-effective and efficient catalytic pathway.

Permanganate (KMnO,) is extensively employed for in situ
chemical oxidation of organic contaminants in groundwater
and soil due to its relative stability, wide adaptability across
a broad pH range, generation of less hazardous by-products,
and lower cost.>*** The permanganate oxidation technique,
when employed alone, exhibits significant selectivity and
proficiency in eliminating emerging contaminants that possess
unsaturated bonds and electron-rich groups, but its efficacy in
mineralizing other types of contaminants is somewhat
restricted.”?” Studies have demonstrated that the combined
use of KMnO, and PMS causes a synergistic effect on the
mineralization of organic matter in solution, proving effective
in degrading acid orange 7,*® benzene, trichloroethylene,* and
p-chlorobenzoic acid® in aqueous environments. This mecha-
nism can be attributed to the activation of persulfate by
permanganate and its reduction products, resulting in the
production of ROS that facilitate efficient degradation of
organic pollutants in the environment. Injecting aqueous
KMnO, can increase the manganese content of groundwater or
aquifers, potentially supporting in situ activation of PMS to
enhance the ISCO effect on hard-to-degrade organic contami-
nants.* However, the mechanism of the KMnO,/PMS system in
micropollutant control in groundwater has not been systemat-
ically investigated, and there is a need to extend its effectiveness
and applicability to the removal of a wide range of organic
pollutants, which is essential for solving diverse environmental
pollution problems.

In this study, we investigated the feasibility of the CUPP
system, which combines KMnO, and PMS for the purpose of
mineralizing organic contaminants in real groundwater. The
study conducted laboratory batch experiments using the Box-
Behnken experimental design, and employed advanced detec-
tion and analysis techniques, along with mathematical statis-
tical methods, to assess the removal efficiency and oxidation
characteristics of SMX when treated with the CUPP system.
Additionally, our study unveiled the degradation mechanism of
SMX in groundwater. The findings not only offer an innovative,
cost-effective approach for in situ chemical oxidative remedia-
tion of antibiotics in groundwater, but also contribute to
a deeper understanding of the CUPP system's applicability to
a variety of organic pollutants.

2 Materials and methods

2.1 Chemicals and materials

SMX was purchased from PTSRTI, China. The chemical struc-
ture of SMX is shown in Fig. S1 of the ESL.{ Oxone (2KHSOs-
-KHSO,-K,S0,) and other chemicals with purity ranging from
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97% to 99.9% were purchased from CHENGDU SHUDU
Chemical Reagent, China, and used as received. KMnO, was
dissolved in deionized water to make a concentrated stock
solution, which was boiled and stored in the dark. Prior to use,
the KMnO, solution was determined by sodium oxalate titra-
tion. Other chemicals, purities, and suppliers are provided in
Table S1.1 All the stock solutions were prepared by dissolving
the chemical agents into Milli-Q water prepared from a WP-UP-
LH-10 Milli-Q system (Water Purifier, China).

2.2 Natural groundwater samples

Natural groundwater was sampled from a self-built water well
built by a farmer in Shuangliu District, Chengdu City, Sichuan
Province, China (103°54'50”, 30°38'36”). The natural ground-
water was filtered by a 0.22 um membrane filter and stored at 4 ©
C prior to use. The properties are provided in Table S2.}

2.3 Batch degradation experiments

The SMX oxidation experiments were conducted in a poly-
propylene centrifuge tube with screw cap. The chart of the batch
oxidation experiment operating procedure is shown in Fig. S2.}
A predetermined amount of SMX stock solution was mixed with
the oxidants. The initial concentration of SMX was controlled at
5mg L', and the volume of the solution was kept at 50 mL. The
temperature of the solution was maintained at 25 £ 1 °C by
a water-bathing shaker, and continuous mechanical stirring
was maintained throughout the reaction process with a stirring
rate of about 180 rpm. If not otherwise specified, 10 mM
phosphate buffer solution with a pH 7.0 was added into the
reaction solution to control the pH before adding any oxidant.
For the combined use of KMnO, and oxone, both were added
into the reaction solution at the same time. Throughout the
oxidation experiments, the solution was regularly sampled, and
regularly sample the saturated Na,S,0; solution was added to
quench the oxidation process. After that, excess HONH;Cl was
added into the sample solution to convert the MnO, to Mn(u),
avoiding the adsorption effect of amorphous MnO,. The
samples were filtered with a 0.22 pm filter membrane, and
placed into a 1.5 mL serum bottle for testing. Acetate and borate
buffer (10 mM) were used for pH 3.6-5 and pH 9, respectively.
Three equal experiments were set, and the data referred to in
this paper are the mean value.

2.4 Analytical methods

SMX was measured using a high-performance liquid chroma-
tography instrument consisting of a Sapphiresil C18 HPLC
pump (150 mm x 4.6 mm, 5 pm, FULI, China) and a UV/visible
detector (detection wavelength 264 nm). The degradation
intermediates and debris ions of SMX over a certain period of
time were determined by high-performance liquid chromatog-
raphy mass spectrometry (Waters 2695 HPLC, WatersZQ 2000
MS, USA). The pH value of the reaction solution was measured
or monitored using a pH probe (PHS-25, INESA, China). The
MnO, materials were characterized by scanning electron
microscopy (SEM, Thermo Scientific Apreo 2 SEM, USA). For the
SEM and EDS observation of amorphous MnO,, a piece of nickel
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foam was soaked in the solution for several seconds to collect
the particles. Detailed information on the sample detection
methods and AMO characterization methods are presented in
Text S1.F

3 Results and discussion

3.1 Synergetic effect of the combined use of KMnO, and
PMS

The degradation of SMX (5 mg L™') by PMS (6 mM) in the
presence of KMnO, (6 mM) was investigated at pH 7. As
depicted in Fig. 1, almost complete degradation of SMX was
achieved within 30 min by the combination of KMnO, and PMS,
while about 91.06% and 11.24% SMX were degraded by PMS
alone and PM alone under identical conditions, respectively.
These results suggested that KMnO, was an effective activator
for PMS to degrade SMX. The degradation of SMX in the CUPP
system was found to follow the single exponential model of the
first-order kinetic law with the apparent rate constant (hereafter
kopbs) 0f 0.23 min~*. Comparatively, the ks for SMX degradation
using PMS alone was 0.11 min ', with a considerably lower
reaction rate and optimal degradation rate within 30 min. The
results of the study confirmed that the CUPP system degraded
SMX more completely and reacted more rapidly than the PMS or
PM monooxygenation systems.

Based on these findings, it can be deduced that this
phenomenon might be attributed to an increased presence of
AMO secondary products generated by PM addition, subse-
quently activating PMS and promoting SMX degradation.
However, as the PM concentration continues to rise, the
secondary products compete with the SMX reaction sites,
leading to no further improvement in the SMX degradation
efficiency.’"*

3.2 Identification of the reactive oxidative species in the
CUPP system

3.2.1 Radical quenching experiments. Due to activation,
PMS, the primary component of oxone, can produce free radi-
cals such as HO and SO, " or non-free radicals such as 'O,.
Therefore, the active species in the reaction system were first
determined by quenching tests, with methanol (MeOH) and
tert-butanol (TBA) as trappers of HO' and SO, ',
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Fig.1 Degradation of SMX in different treatment systems.
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trichloromethane (CHCI;) as a trapper of O, * (eqn (S1)-(S4)t),*
i-tryptophan as a quencher of 'O,, and NH," as a quencher of
the active chlorine species.

As depicted in Fig. 2(a) and Table S3,f MeOH, TBA, and
CHCI; all exert significant inhibitory effects on the degradation
of SMX in the CUPP system. The quenching impact of MeOH
and TBA on free radicals is essentially identical. With an
increasing molar ratio of the two, the inhibition of SMX
degradation becomes more pronounced. Conversely, the
amount of CHCIl; added did not affect the degradation of SMX.
Thus, it can be inferred that HO", SO, °, and O, coexist in the
CUPP system, with HO" and SO, " assuming leading roles.

The presences of active chlorine compounds (Cl, and HOCI)
and non-radical singlet oxygen (*0,) were also examined. The
oxone compound, which serves as an oxidizing agent, incor-
porates 5% NaCl as an additional disinfection aid. Conse-
quently, it is postulated that NaCl, acting as an auxiliary agent,
might react with PMS to generate the active species, thereby
facilitating the efficient degradation of SMX. For instance, in
the Fe>*/PMS system, the degradation of maleic acid is primarily
driven by SO, " in the absence of CI". However, when the
chloride ion concentration exceeds 5 mM, Cl,  becomes the
predominant free radical.** To confirm the presence of active
chlorine, further verification experiments were conducted by
adjusting the reaction solution and introducing different
concentrations of NH," into the system. NH," reacts with HOCI
to form chloramines (eqn (S5)-(S7)t). As illustrated in Fig. 2(d),
the degradation efficiency of SMX decreased by 58%, 57%, and
56% upon increasing the NH," concentrations, compared to the
control group. Given that NH," is a weaker oxidizing agent than
HOCI, this suggests that the NH," addition significantly hinders
SMX degradation, implicating the presence of HOCI as an active
substance in this system. Fig. 2(b) demonstrates that the t-
tryptophan addition considerably inhibits SMX degradation.
Fig. 2(c) reveals that while 15 mM, 30 mM, and 60 mM L-tryp-
tophan were added, the inhibitory effect increased positively
compared to the control group, with the SMX degradation effi-
ciency decreasing by 16%, 26%, and 49% within 45 min,
respectively. This indicates that 'O, in the CUPP system may
also be a dominant factor.

3.2.2 EPR analysis. In the CUPP system, active substances
were identified using EPR with 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) and 2,2,6,6-tetramethylpiperidine (TEMP) as free
radical scavengers. Fig. 3(a) reveals the distinct peaks of DMPO-
OH and DMPO-SO, ", with four hydroxyl radical peaks exhibit-
ing a 1:2:2:1 hyperfine splitting pattern.***® Sulfate radical
peaks of lower intensity were observed between the corre-
sponding hydroxyl radical peaks, confirming the presence of
HO' and SO, " in the reaction system. Fig. 3(b) displays six
peaks (four prominent and two less intense) ina 1:1: 1 pattern,
characteristic of O, ".*” In Fig. 3(c), the three distinct TEMP
adduct peaks further indicate the presence of 'O, in the reac-
tion solution.*”*® Consequently, the CUPP system contains four
active species: HO", SO, ", O, °, and 10,. A substantial number
of free radicals can be ascribed to the catalytic influence of in
situ AMO on PMS and the self-decomposition of PMS. Although
the quenching reaction does not entirely inhibit SMX

© 2024 The Author(s). Published by the Royal Society of Chemistry
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degradation in the CUPP system, O, * can be converted into
'0,, suggesting the presence of non-free radicals or other
substances promoting the reaction.**** Excess HO" and O, " in
the system can generate 'O,, and the intermediate products of
the manganese peroxy complex will undergo internal dispro-
portionation, producing O, " and '0,.*> Simultaneously, these
products will react with the manganese complex to yield SO, ",
accelerating the degradation rate of SMX. In examining the free
radical generation mechanism of the MnO,/PMS system, Xiao
demonstrated that 'O, is produced not only from the subse-
quent transformation of O, °, but also directly through the
MnO,-induced activation of PMS.*?

Oxone, as a complex, contains 5% chloride as a disinfectant
in addition to PMS as the main source of the active substance.
The primary influence of chloride ions (C17) on the system is the
formation of various halogen-based free radicals, which in turn
decreases the system's oxidative capacity. An oxone solution
with varying initial concentrations was prepared to directly
investigate the efficacy of active chlorine as an active substance.
As depicted in Fig. 3(d), a positive correlation exists between the
active chlorine concentration and initial oxone concentration,
indicating an increase in the residual chlorine concentration
with increasing initial oxone concentration. This further
corroborates that active chlorine is an essential oxidizing
component in SMX degradation by the CUPP system. Zhang
also suggested that the active chlorine species might be the
active substance when investigating the impact of chloride ions
on the oxone degradation of SMX in water.** While studying the
effect of ClI” on trichlorophenol degradation in the Co/PMS
system, Xu et al** found that CI™ could generate Cl, and
HOCI through oxidation via eqn (1) and (2). The promotion of
SMX degradation in the CUPP system by chloride can be
preliminarily attributed to the following three reasons: (i)
chloride consumes SO, °, leading to the generation of a larger
quantity of HO". This results in a higher abundance of HO" and
relatively lower levels of SO, " in the indirect identification
outcomes; (ii) since 'O, serves as the primary active species,
under alkaline conditions, oxone undergoes self-degradation or
reacts with certain organic substances, generating 'O, that
effectively oxidizes and degrades organic matter. Thus, even if
Cl™ consumes a portion of SO, °, the reaction remains unaf-
fected; (iii) under acidic conditions, CI~ reacts with PMS to
produce active chlorine, which promotes the oxidative degra-
dation process of SMX.

2CI~ + HSOs™ + H" — SO,> + Cl, + H,0 (1)

Cl™ + HSOs~ — SO4*~ + HOCI (2)

3.3 Mechanism analysis

3.3.1 Role of AMO. Through both free radical and non-free
radical experiments, it was observed that no quenching agent
could fully inhibit the reaction process of SMX degradation in
the CUPP system. Consequently, it is concluded that KMnO,,
under the synergistic effect of PMS, may generate intermediate

valence manganese, thereby enhancing the degradation

4120 | RSC Adv, 2024, 14, 4116-4128
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efficiency of SMX. As depicted in Fig. 4(a), the black suspended
matter formed during the experiment represents AMO. To
further characterize the distribution of MnO, elements, EDS
microregion analysis was performed, targeting points along the
particle cross-section. The findings revealed atomic ratios of
32.26% for element O and 64.24% for element Mn, approxi-
mately equal to 2.0, suggesting a mixed oxide. During the
experimental procedure, the black suspended particles
produced as a result of the reaction were gathered using nickel
foam, subsequently dried, and subjected to SEM scanning. As
depicted in Fig. 4(a), the AMO affixed to the nickel foam surface
exhibits a clustered arrangement comprising numerous sea
urchin-like nanostructures.”® With each individual nano-
structure ranging in size from tens to hundreds of nanometers,
this distinctive configuration imparts a larger specific surface
area and facilitates excellent catalytic performance.

Based on these results, the synergistic effect between KMnO,
and PMS in the CUPP system is as follows: the reaction of KMnO,
generates amorphous manganese dioxide (eqn (3)), whose acti-
vation of PMS produces SO, °, which in turn oxidises SMX.*®
SO, " can undergo a reaction with water or OH™  present in
aqueous solutions or reaction systems, leading to the formation
of hydroxyl radicals (eqn (4) and (5)). Furthermore, PMS exhibits
distinctive redox properties and can be effectively activated by
manganese oxides, such as crystalline manganese dioxide. The
activation of PMS and the oxidation of organic compounds can
be described by eqn (7) and (8), respectively.® Under the influ-
ence of 0, ", '0,, S0, ", and HO", SMX can undergo oxidation to
yield various intermediate products, eventually resulting in the
mineralization to CO, and H,O (eqn (9)).

2MnO, + 3HSOs —
2MnO, + 30, + 380, + H" + H,O0 (3)

OH™ + SO, " — SO4>~ + HSOs™ + HO" (4)
H,0 + SO, — SO~ + HO" + H* (5)
2HSOs™ + 2MnQO, — 2805~ ° + Mn,O5; + H,O (6)
2HSOs™ + Mn,0; — 2S0," + 2MnO, + H,0 7)
0,7/'0o/HO"/SO, ™" + SMX — CO, + H,0 (8)

3.3.2 Transformation intermediates and pathways of SMX.
The intermediates produced during the degradation of SMX by
the CUPP system were analysed using HPLC/MS, in combination
with the relevant data already reported in the literature. The
HPLC/MS analysis identified 24 reaction intermediates and
fragment ions, excluding the parent SMX (m/z = 254). The cor-
responding m/z values, molecular structure diagrams, and peak
retention times for each compound are presented in Fig. S4.7
Mass spectrogram evaluation reveals that the CUPP system
employs a high concentration of ROS to target the SMX aromatic
ring, initiating oxidation reactions. Electrophilic substitution,
addition, elimination, and free radical coupling reactions
contribute to the opening of benzene and pentane isoxazole

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

rings, as well as the deprotonation of sulfonamide bonds. This
process facilitates the further cleavage of S-N, N-O, S-N, and
N-C bonds, generating various parent ions and multistage frag-
ment ions. The degradation of SMX by CUPP generates inter-
mediate products and fragment ions, which are outlined in Table

S4.f Among these, five primary ions

C1oH105N,S (PA1, m/z = 299), CoHoOgN;S (PB1, m/z =
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and C;,H;00sN3S (PB2, m/z = 255). The remaining 19 fragment
ions result from the stepwise oxidative degradation of the parent
ions. To elucidate the degradation mechanism of SMX in the
primary CUPP system, we meticulously examined four potential
degradation pathways (A, B, C, D), which are depicted in Fig. 5.

Degradation pathway A: PA1 comprises two structures
wherein the -NO, bond is positioned relative to the -NH; bond,
either in the nearby or meso configurations. PA2 corresponds to
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the group formed subsequent to the elimination of H,0,S from
PA1. PA4 represents the group derived from PA1, following the
breakage of the S-C bond and the loss of C¢HgO,N,. Conse-
quently, PA4 undergoes attack by SO, , resulting in the further
loss of CcH,O4N,S, leading to the formation of PA5 and SO,

Degradation pathway B: this pathway is recognized as
a common route for the degradation of SMX under the influence
of SO, . The primary -NH,, on the benzene ring of SMX is directly
oxidized to the -NO, by HOCI, '0,, and SO, ". Simultaneously, the
five-membered ring is attacked by HO', leading to the oxidation of
the resulting products PB1 and PB2. PB1 has been identified as
a significant product of SMX oxidation by SO, °, according to
Yang et al.*® The deprotonation of the sulfonamide bond in PB2,
facilitated by the oxidation of SO, " and O, ", leads to the cleavage
of the N-C bond, resulting in the formation of PA4 and PB3.
Subsequently, PB3 undergoes oxidation by HO", continuing the
elimination reaction and yielding PB4, PB5, and NO; .

Degradation pathway C: although PC5’ has not been detected
in this study, it can be generated through the process of S-N
bond breaking and is commonly detected during AOPs. This
occurrence may be attributed to the high water solubility of PC5’
and its strong reactivity with SO, ". Therefore, the structural
formula of PC5’ is temporarily utilized in this paper to fill the
pathway.*® This route is regarded as the classical degradation
mechanism for SMX, involving HO" and SO, * attacking the
C=C bond of the pentane isoxazole ring, undergoing electro-
philic substitution and addition reactions to produce ortho-
hydroxylated SMX (PC1). The aromatic ring carbon atoms in
PC1 are subsequently replaced by electrophilic HO® to form
PC5, while the S-N bond breakage generates PC2 and PC4. The
substitution reaction of PC2 results in S-C bond cleavage, and
hydrogen atoms in the aromatic ring are replaced by -OH,
yielding PC3. Further oxidation of PC2's aromatic ring leads to
ring opening and formation of PD6, followed by the hydroxyl
group replacing sulfur to produce PD7. PC6 is hypothesized to
form via the coupling of primary amino groups in PC4 and PC5’
compounds, centered on the N radical. Lastly, the oxazole ring
of PC5 is directly attacked by SO, ", creating PC7.

Degradation pathway D: this pathway involves the direct
oxidation of 'O, with SO, and the indirect oxidation of SMX by
HO'. Initially, the oxazole ring of SMX is attacked and oxidized by
SO, ', resulting in the breaking of the N-O bond. Subsequently,
it is oxidized by HO" to form PD2 and PD3. These compounds
then undergo sulfonamide bond deprotonation, leading to the
breakage of the S-N bond and the formation of PD4. The benzene
ring is further oxidized, resulting in the formation of the open
ring compounds PD5 and PD6. PD5 undergoes an elimination
and substitution reaction to produce PD7 and SO,>". According
to Ghauch et al.,*” the attack of SO, does not result in deme-
thylation of the oxazole ring of SMX, unlike the attack of HO".
Instead, the oxazole ring is directly opened to form PD1.

3.4 Influencing factors on SMX oxidation

3.4.1 Effects of initial KMnO, and PMS concentrations and
their ratio. The oxidant concentration is a crucial factor influ-
encing the degradation rate of organic matter. As depicted in
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Fig. 6, the increase in oxone concentration initially leads to an
increase in SMX degradation, followed by a subsequent
decrease. Notably, when the oxone concentration reaches
6 mM, the degradation efficiency of SMX surpasses that of other
concentration conditions (>90%). However, the decrease in
SMX degradation rate resulting from excessive oxone concen-
tration may be attributed to the self-quenching reaction of free
radicals in the system, caused by excessive PMS concentration
(eqn (9)-(11)).”® This finding aligns with the research conclusion
of Li.** Furthermore, although the degradation rate of SMX
continues to rise with the increase in KMnO, concentration, the
impact is limited in its effectiveness.

HSOs™ + S0, — 2S0s™" + SO, + H” 9)
HSOs™ + H,0 + SO, ~ =280, + HO; + 2H"  (10)
SO, " + S0, " — S,08* (11)

Given the varying effects of utilizing the two oxidation
systems individually in SMX degradation, this research
endeavors to explore their combined impact and determine the
optimal combination of the two systems. Based on the data
presented in Fig. 7, the initial oxone concentration in the fixed
CUPP system was 6 mM. It was observed that the degradation
rate of SMX exhibited an upward trend as the KMnO, concen-
tration increased within a 30 min. Notably, when the KMnO,
concentration reached 2 mM, the degradation rate reached its
peak at 98.9% and stabilized thereafter. Compared with PMS
alone, the degradation efficiency of SMX in the CUPP system
was significantly improved, and both were higher than that in
the control group with PMS = 6 mM (91.06%), and the optimal
concentration of PM in this case was 2 mM. It is evident that
with a fixed KMnO, concentration of 2 mM, the degradation
efficiency of SMX within 30 min exhibited an initial increase,
followed by a decrease as the oxone concentration varied.
Increasing the oxone concentration from 2 mM to 6 mM
resulted in a 23% increase in the degradation efficiency,

PMS alone

PM alone
S5 [s v [oroew [sa37ve w419 [ a0t [ S [596% [1naan [1zsen[ssmse s

100%

Degradation Rate of SMX

b

L nnnit

4 6 8 10 04 08 12 16 24 28 32
Oxidants Concentration (mM)

Fig. 6 Effects of oxone and KMnQO, initial concentrations on SMX
degradation (reaction conditions: [SMX]lo = 5 mg L™, [oxone]g = 2—
10 mM, [KMnOy4lp = 0.4-3.2 mM, pHj, = 7.0 (10 mM phosphate
buffer), and 25 °C; degradation rate was measured at 30 min). Note:
labels at the top of the error bars indicate the level of statistical
significance.
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Fig. 7 (a) Effect of changing the oxone concentration on the SMX
degradation in the PMS-alone system and CUPP system; (b) effect of
changing the KMnO,4 concentration on the SMX degradation in the
PM-alone system and CUPP system. Note: labels at the top of the error
bars indicate the level of statistical significance.

reaching its maximum value. However, as the oxone concen-
tration further increased from 6 mM to 10 mM, the SMX
degradation rate gradually declined. By altering the oxone
concentration, the molar ratio of oxidant in the CUPP system
was varied as 1:1, 2:1, 3:1, 4:1, 5:1, respectively. Conse-
quently, the degradation rate of SMX exhibited significant
improvement compared to that of the PMS-alone system.
Therefore, the CUPP system demonstrated superior effective-
ness in treating SMX in groundwater, surpassing both the PM-
alone and PMS-alone systems. The optimal ratio was found to
be PMS:PM = 3:1 (PMS = 6 mM, PM = 2 mM).

3.4.2 Effect of pH. Solution pH affects the oxidation of the
target compound by altering the speciation of both substrate
and oxidant.’>** According to the data presented in Fig. 8,
KMnO, displays a pronounced pH dependency, with the highest
degradation rate (51%) observed at pH 3.6. Conversely, oxone
and CUPP exhibit superior performance in alkaline conditions.
Oxone achieves the highest degradation efficiency (94%) at pH
9, while CUPP attains an optimal degradation efficiency of 99%.
Consequently, the CUPP system showcases a synergistic effect
that remains unaffected by the pH of the reaction solution, thus

PMS alone [l PM alone
100 | -

CUPP

3
T

Degradation rate of SMX (%)
b3 -3
- T

.:.!.g.!_

3.6 5 7 7.63(raw water) 9
pH;,; (Buffer)

Fig. 8 Effects of pH on SMX degradation rate (reaction conditions:
[SMX]o = 5 mg L™, [oxonelg = 6 MM, [KMnOylg = 2 mM, pHi = 3.6-
9.0 (buffer), and 25 °C. Degradation rate was measured at 30 min).
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demonstrating a remarkable ability to withstand fluctuations in
acidity and alkalinity.

Sulfamethoxazole exhibits two pK, values corresponding to
the protonation of aniline NH, (pK,; = 1.85) and deprotonation
of sulfonamide NH (pK,, = 5.60), respectively.”>** The species
distribution of SMX in water can be expressed as follows (eqn

(12)):>*

PKq1 Pk

SMX + H* "' SMX " SMX — H- (12)

where SMX + H', SMX, and SMX — H™ represent the cationic,
neutral, and anionic species of SMX, respectively. In solution,
the neutral form of SMX exists within the pH range of 1.85 < pH
< 5.60. Below pH 1.85, the dominant form is the cationic SMX",
while above pH 5.60, the dominant form is the anionic SMX"™.
The enhanced transformation rate of SMX can be attributed to
the deprotonation of the sulfonamide NH under moderate
alkaline conditions, which activates the aniline moiety and
facilitates electrophilic attack by oxidants such as PMS.>® The
concentration of each species is pH-dependent and can be
described by the following equations:

H
at = — [ L (13)
[H ] + K [H ] + K K
K. [HT]
S — g (14)
[H ] + Kal [H ] + KalKaZ
— KalKaZ (15)

©HT 4 Ka[H') + KuKe

where a', «°, and «~ are the molar fractions of the cationic (SMX
+ H"), neutral (SMX), and anionic (SMX — H™) species, respec-
tively. Therefore, the total concentration of SMX (i.e., [SMX]ot)
can be calculated by eqn (16):

[SMXJior = o' [SMX]o + a’[SMX]o + a [SMX]o (16)

Therefore, preliminary deductions can be made regarding
the potential degradation mechanisms of SMX in alkaline
conditions. Notably, the addition of only PMS to the reaction
solution leads to an enhanced degradation efficiency of SMX
molecules as the pH transitions from acidic to alkaline. The
results indicate that the buffer system yields superior outcomes,
with pH 7 and 9 demonstrating the highest degradation effi-
ciency. Given that the pH of the raw water is 7.63, the optimal
condition is selected as the buffer system with a pH 7, which
experiences minimal fluctuations.

3.4.3 Effects of NOM and inorganic anions. Groundwater
comprises various anions and cations, which have the potential
to exert an influence on the oxidative degradation of contami-
nants. In neutral or alkaline conditions, bicarbonate (HCO; "),
chloride (C17) and natural organic matter (NOM) are present as
environmental background components.® The kinetic param-
eters of SMX degradation after adding CI~, HCO;~ and humic
acid (HA) into the CUPP system are shown in Table S5.F

Examining HA as a representative of NOM, the degradation
of SMX by the CUPP system was explored at various dosages. As
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depicted in Fig. 9(a) and (d), a slight decrease in the SMX
removal rate occurred upon HA addition to the CUPP system,
yet the removal rate increased with HA concentration. At an HA
dosage of 50 mg L *, the degradation rate of SMX declined from
0.2219 min~* to 0.17 min~'. However, when the HA concen-
tration reached 250 mg L™, the degradation rate increased to
0.19 min~'. Based on the findings in Table S5, it can be
inferred that HA, functioning as a reductive macromolecular
polymer, hinders or competes with the active substances or
binding sites responsible for the degradation of SMX in the
system. Therefore, it partially hinders the degradation process
of SMX in the CUPP system, which is consistent with the results
reported by Wu et al.>” They observed a decrease in the efficiency
of salicylic acid degradation caused by the reaction between HA
and sodium hypochlorite in water. Nevertheless, this study
discovered no significant correlation between the HA dosage
and SMX degradation rate in the CUPP treatment process, with
increased HA amounts reducing inhibitory effects. Conse-
quently, the HA presence in groundwater would not severely
impact the CUPP system's ability to degrade SMX.

Based on extensive literature reports, C1~ in groundwater has
been shown to partially impede pollutant degradation.®®
However, other studies have demonstrated that CI~ can signifi-
cantly enhance the degradation capacity of pollutants. For
instance, Ji et al. discovered that low concentrations of CI™ can
efficiently degrade organic substances by generating active
chlorine free radicals.* Conversely, high chloride concentrations
may remove SO, ".°° Fig. 9(b) and (e) illustrate the impact of the
Cl -free system on SMX degradation. Initially, this system yiel-
ded a kops Of 0.2219 min~"', resulting in a rapid degradation
efficiency of 98% within 30 minutes. Subsequent introduction of
Cl™ ions at concentrations of 5 mM, 7 mM, and 9 mM led to
higher ks values of 0.26 min~, 0.36 min~*, and 0.41 min*,
respectively, surpassing those in the CUPPy.s control group.
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Remarkably, within just 15 minutes, the maximum degradation
efficiency of 98.08%, 97.90%, and 97.57% were achieved, clearly
indicating that ClI™ ions enhance the SMX degradation process
within the CUPP system. Furthermore, this enhancing effect
becomes more pronounced with increasing Cl~ concentrations,
particularly when surpassing 3 mM. In light of Table S5, it is
evident that lower concentrations of added Cl™ have a negligible
impact on the CUPP system. However, with an increase in the
Cl™ concentration, k,ps exhibits a rapid ascent, highlighting the
promoting effect of CI~ on the degradation of SMX within the
CUPP system. In previous studies involving the degradation of
nitrophenol by the UV/PMS system,** as well as the removal of
triclosan®* and cephapirin® by the PDS/heat system, ClI~ was
found to exhibit a dual effect of initial inhibition, followed by
promotion. This phenomenon can be attributed to the forma-
tion of highly reactive chlorine species, such as chlorine free
radicals (Cl°, Cl, "), and free active chlorine (Cl, and HOCI).*
The concentration of non-radical active halogen species may be
several orders of magnitude higher than that of SO, ". The
specific reaction process is depicted in eqn (17)-(20). Moreover,
Cl' exhibits potent degradation capabilities towards electron-
rich compounds,*® and both HOCI and Cl, possess significant
oxidative activity, enabling the rapid oxidation and degradation
of organic pollutants. As the concentration of Cl™ increases,
more Cl™ activates PMS, thereby enhancing the production of
oxidizing agents and improving pollutant degradation efficiency.
Upon introducing chloride to the CUPP system, the initial SMX
degradation was hindered, potentially due to a low concentra-
tion threshold for ClI™ inhibition. In other words, at low CI™
concentrations, Cl~ preferentially generates relatively weak CI".
As the CI™ concentration rises, the accumulated Cl' reacts with
Cl™ to form Cl, . Furthermore, ClI” can interact with PMS to
produce active halogens Cl, or HOCI via double electron trans-
fer, consequently expediting the SMX degradation process.
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SO, + ClI” — SO, + CI' (17)
(18)
(19)
(20)

The hydrolysis or dissociation of HCO; ™ occurs as the pH
value of the water body changes, resulting in the production of

ClI" +ClI' - Cl,™
CI” + HO" — CIOH™

HOCI — OCI” + H"

H,CO; or HCO; .* HCO;™ is commonly recognized as an active
scavenging agent for SO,  * and HO",*® which adversely affects
the degradation reactions of various activation types.*>%%®
Consequently, this impact affects the solution's pH, the gener-
ation and capture of free radicals, ultimately leading to
a decrease in the rate of free radical production and utilization.
Based on Fig. 9(c) and (f), the presence of 2-18 mM HCO;™ in
the system leads to a decrease in the ko,s of SMX to 0.16-
0.17 min ', and a delay in the time at which the maximum
degradation rate of SMX occurs from 30 to 45 min. According to
Table S4,t the addition of HCO;™ significantly hinders the
degradation reaction of the CUPP system towards SMX,
although there is no significant correlation between the
concentration and the reaction rate. The change in the pH value
of the reaction solution influences the ionic state of organic
pollutants in the solution, thereby promoting the degradation
rate of organic pollutants. As illustrated in Fig. S3,T the addition
of HCO;™ initially raises the pH, and as the concentration
increases from 2 mM to 18 mM, the pH value steadily climbs
during the reaction. However, the pH consistently remains
lower than the initial pH, while approaching it, indicating that
HCO;™ has minimal impact on the degradation process. It is
hypothesized that the altered k,ps results from HCO; ™ elevating
the OH™ concentration in the system, subsequently reducing
the active chlorine generation and impeding the reaction.
Concurrently, HCO;™ can activate PMS, forming the two-
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electron compound HCO, . Its relatively unstable oxygen-
oxygen bond (-O-0O-) readily dissociates into CO;™ " and HO".
The oxidation of HO" typically compensates for the system's
active chlorine deficiency, preventing further inhibition as the
HCO;™ concentration increases. Potential reactions within the
system are represented in eqn (23) and (24). Based on the
aforementioned results, it is evident that the CUPP system
demonstrates superior resilience to changes in the groundwater

environment, and possesses heightened environmental
adaptability.
COs*~ + H,0 —» HCO3;™ + OH™ (21)
HCO3_ + Hzo - H2C03 + OH™ (22)

HCO;™ + HSOs™ — SO,>” + H' + HCO,~ (23)

HCO47 - CO37. + HO® (24)

3.5 Optimization of the CUPP system based on RSM

This study employed the response surface methodology (RSM)
method based on the Box-Behnken design (BBD) to analyze and
model the main influencing factors in the degradation of SMX
in groundwater. The experimental design scheme and response
surface results are presented in Table S6.1 The final quadratic
regression equation results of the degradation fitting model are
shown in the following eqn (25) (R* = 0.9892):

Ye,. =0.23+0.0224 + 0.013C + 0.0134B

—0.0124C — 0.0374% — 0.035B% (25)
where A represents PMS, B represents PM, and C represents pH,
and the multiplication of the two coefficients represents the
interaction. The results of the quadratic model variance

PMS (mM)

Fig. 10 The interaction response surface between the PMS concentration,

diagram.
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analysis (Tables S7 and S87) indicate high significance, with
a confidence level greater than 95% and a P-value less than
0.0001. The probability of noise-induced deviation is only
0.01%, demonstrating a strong level of fitting. The P-value for
the missing factor is greater than 0.05, indicating no significant
missing factor. The adeq. precision is 23.647, confirming that
the adopted signal proportion meets the requirements within
the determined space range. Therefore, the predicted values
from this model are reliable. Additionally, the residual four-in-
one graph of the model (Fig. S51) demonstrates a significant
linear correlation among the data points, with a high R* value of
0.9892 achieved through fitting with y = x. The findings
demonstrate the RSM model's capability to accurately describe
and predict the efficiency and influencing factors of SMX
oxidation removal from groundwater using the CUPP system.
The model was employed to forecast the impact of three key
factors (pH, PMS, PM) on the degradation of SMX in ground-
water through CUPP oxidation removal. Based on the Pareto
chart's main effect analysis (Fig. S67), the interaction between
the two influencing factors was ranked as follows: PMS > pH >
PM.

Furthermore, based on the fitted binary regression equation,
a response surface curve and corresponding contour plot were
constructed (Fig. 10). The steepness of the surface slope in the
response surface 3D map indicates the strength of the interac-
tion between the two factors, while the shape of the contours
directly reflects the magnitude of the interaction. For instance,
greater curvature of the elliptic contours signifies a stronger
interaction between the factors. The graphical results reveal
significant correlations in the interaction effects of PMS (A), PM
(B), and pH (C). Moreover, the observed trends and degradation
effects of SMX align closely with the outcomes of the single-
factor experiments, thereby further validating the accuracy of
the experimental findings.

In general, the model predicted the optimal degradation
conditions as [oxone] = 6.3 mM, [KMnO,] = 1.99 mM, and pH =
8.92. Under these conditions, the predicted optimal response
value was 0.24 min ', with a minimal difference of only 1.425%
between ko,s and the predictor. This demonstrates the RSM
model's strong predictive accuracy. These optimal conditions
offer valuable insights for practical applications.

4 Conclusions

The focus of this research pertained to the utilization of an
innovative self-catalytic oxidation system, combining perox-
ymonosulfate and permanganate, for the examination of the
degradation of the emerging groundwater contaminant, sulfa-
methoxazole. The main findings are as follows: (i) laboratory-
scale batch experiments unveiled the exceptional performance
of the CUPP system. Under optimized reaction conditions
([PMS] = 6 mM, [PM] = 2 mM, pHjy; = 7.0, [SMX], =5 mg L™}, T
= 25 °C), SMX exhibited a degradation efficiency of 98.9%,
a substantial improvement compared to the lower degradation
rates achieved when employing PMS or PM individually. (ii) The
CUPP system followed a second-order single exponential
kinetics model (R*> = 0.9916), indicating its remarkable
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degradation efficiency and capacity for pH regulation. (iii) The
formation of a distinctive black agglomerative secondary
product, identified as AMO, was observed. This secondary
product possesses a unique sea urchin nanostructure, which
enhances its specific surface area, thereby contributing to
elevated catalytic performance. This observation substantiates
the in situ activation and degradation of organic pollutants by
natural manganese ore. (iv) The investigation utilized chemical
probes and EPR to identify ROS. HPLC/MS detected degradation
intermediates and fragments, revealing four SMX degradation
pathways and their underlying mechanisms. (v) The impact of
key anions and NOM in groundwater on the SMX degradation
was also investigated, and the results revealed the adaptability
of the CUPP system to environmental variations. (vi) The
response surface methodology was applied to validate the
accuracy of the model, analyze regression coefficients, and
optimize the process conditions. Subsequent verification
confirmed the optimal operational parameters as follows: [PMS]
= 6.30 mM, [PM] = 1.99 mM, and pH;,; = 8.92. In conclusion,
this research underscores the efficacy of the CUPP system in the
degradation of SMX, offering a promising approach for
addressing emerging groundwater pollutants. The study's
comprehensive investigation into reaction kinetics, reaction
intermediates, and environmental adaptability provides valu-
able insights into the practical application of this novel oxida-
tion system.
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