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Studies widely acknowledge the enhancement of permanganate (Mn(VII)) oxidation of organic contami-
nants by coexisting matrices in water. This study investigated the positive influence of Mn(Il), a common
soluble metal ion, on the removal of trace organic pollutants by Mn(VII). Results showed that introduc-
ing 20 pmol/L Mn(II) at pH 5.0 accelerated trace organic pollutant removal by promoting colloidal MnO,
formation. UV—vis spectrum, quenching, and probe experiments confirmed role of MnO, in sulfamethox-
azole (SMX) oxidation, with Mn(Ill) playing a predominant role. Meanwhile, in situ-generated MnO, fa-
cilitated Mn(VII)* formation, enhancing oxidation performance, as indicated by Raman spectroscopy and
electrochemical analysis. Eleven transformation products (TPs) of SMX in the Mn(VII)/Mn(II) process were
detected by UPLC-QTOF-MS/MS. Subsequently, the reaction pathways of SMX were elucidated through
Fukui index analysis and the identification of TPs. Additionally, toxicity simulations with Toxicity Estima-
tion Software Tool (T.E.S.T.) software revealed significantly lower cytotoxicity of TPs of SMX compared to
the parent compound. This study unveils an effective strategy to enhance Mn(VII)-mediated degradation

of organic pollutants in water, elucidating Mn(Il)-induced Mn(VII) activation mechanisms.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Trace organic pollutants, including antibiotics and endocrine
disruptors, present considerable threats to human health, micro-
bial communities, and ecosystems [1,2]. Traditional techniques,
like adsorption and biodegradation, are not successful in reducing
these pollutants in wastewater [3,4]. Advanced oxidation processes
(AOPs), such as Fenton-like technology and photocatalytic technol-
ogy, are a cutting-edge method in water purification that targets
refractory organic contaminants with highly reactive species [5-9].
However, radicals have short lifespans, are easily quenched, and
coexisting matrices pose significant challenges [10,11].

Permanganate (Mn(VII)) oxidation has gained attention for its
effective removal of organic pollutants due to its stability, cost-
effectiveness, and environmentally friendly by-products [4,12,13].
Studies highlight that natural water components such as humic
acid, oxyanions, and soluble metal ions enhance pollutant degra-
dation by Mn(VII) [14-16]. Mechanisms include the formation of
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reactive manganese species (RMnS) like Mn(VI), Mn(V), and MnO,,
which are highly reactive towards pollutants, and the oxyanion-
stabilized MnO, catalytic activity enhancement. These findings un-
derscore the role of in situ-generated colloidal MnO,.

Mn(II) is widely present in natural water bodies, often even ex-
ceeding 0.3 mg/L and affecting water odor [17]. Mn(VII) is widely
used to remove Mn(Il) through in situ oxidation and coagulation,
rapidly forming MnO, nanoparticles that can be easily removed
by conventional methods. Interestingly, excessive Mn(Il) not only
does not inhibit but enhances the degradation of organic pollutants
by Mn(VII) [18,19]. However, the specific mechanism of Mn(Il) en-
hancing the oxidative efficiency of Mn(VII) remains unclear.

This study aims to investigate how Mn(II) activates Mn(VII) to
degrade organic pollutants, focusing on sulfamethoxazole (SMX).
The effects of Mn(VIl) dosage, Mn(Il) dosage, and pH on pollu-
tant removal will be discussed. The research will also explore the
primary species in the Mn(VII)/Mn(Il) system, especially MnO,,
through quenching experiments and characterization. Additionally,
it will identify the products and pathways of SMX oxidation by
Mn(VII)/Mn(Il) and analyze their cytotoxicity. The goal is to elu-
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Fig. 1. (a) Effect of Mn(Il) on SMX, BPA, phenol, p-HBA, PNP, and DCF removal by Mn(VII). Reaction time is 90, 20, 45, 90, 90, and 7 min for SMX, BPA, phenol, p-HBA,
PNP, and DCF, respectively. (b) Influence of MeOH and PP on SMX degradation. (c) Concentrations change of PMSO and PMSO, in different process [MnO,] =20 pumol/L. (d)
Contributions of MnO, on SMX removal. Experimental conditions: [Mn(VII)] = 150 pmol/L, [Mn(1I)] = 20 pmol/L, [SMX] = [BPA] = [phenol]| = [p-HBA] = [PNP] = [DCF] = 5 umol/L,

[PMSO] =50 umol/L, pH 5.0. mM: mmol/L, pM: pmol/L.

cidate the Mn(II)-induced activation mechanism of Mn(VII), high-
lighting the potential of the Mn(VII)/Mn(II) system for treating or-
ganic pollutants in water.

The detailed information about the chemicals is provided in
Text S1 (Supporting information).

A 100 mL reaction mixture was stirred at 550rpm in a 200 mL
glass beaker at 25 +1°C. The pH was maintained at 4.0, 5.0, 6.0, or
7.0 using a 10 mmol/L acetate buffer. Initially, the selected organic
pollutant (5pumol/L) was mixed with water and buffer. Mn(VII) and
Mn(Il) were then added to start the reaction. Methanol (MeOH)
was used to quench ‘OH and high-valent manganese, and potas-
sium pyrophosphate (PP) stabilized Mn(Ill) for identification. At
regular intervals, 0.5mL of the solution was filtered by a polyte-
trafluoroethylene membrane (0.22um) and quenched with 20pL
of hydroxylamine hydrochloride (0.5 mol/L) for further analysis. All
procedures were repeated in duplicate for accuracy.

The supporting information includes details of the high-
performance liquid chromatography (HPLC, SHIMAZU) conditions
(Table S1 in Supporting information), analytical methods for X-
ray photoelectron spectroscopy (XPS), electron paramagnetic res-
onance (EPR) spectroscopy, Raman spectrum (Text S2 in Support-
ing information), the electrochemical system (Text S3 in Support-
ing information), and ultra-performance liquid chromatography
quadrupole time-of-flight mass spectrometry (UPLC-QTOF-MS/MS,
Agilent 6500) (Text S4 in Supporting information). Density func-
tional theory calculations are conducted using the Gaussian 16
program package and program Multiwfn packages, the details are
listed in Text S5 (Supporting information) [20,21].

The efficacy of Mn(Il), Mn(VII) and Mn(VII)/Mn(Il) systems in
the elimination of six organic pollutants, including SMX, bisphe-
nol A (BPA), phenol, p-hydroxybenzoic acid (p-HBA), p-nitrophenol
(PNP) and sodium diclofenac (DCF), was assessed to confirm the
impact of Mn(Il) on Mn(VII) oxidation (Fig. 1a and Fig. S1 in Sup-
porting information). The pseudo-first-order rate constants for the
reactions among six organic pollutants were also obtained (Fig.
S2 in Supporting information). These observations revealed that
Mn(II) lacked the oxidative capability to remove organic pollutants,

whereas the Mn(VII)/Mn(Il) system showed significantly greater
efficiency in removing all examined pollutants compared to the
Mn(VII) alone system. This occurrence could be explained by the
formation of reactive species within the Mn(VII)/Mn(II) system, en-
abling swift and efficient pollutant degradation. As SMX demon-
strated a remarkable improvement in degradation, it was selected
as the example pollutant.

Investigating the influence of parameters is crucial for optimiz-
ing reaction conditions. Fig. S3a (Supporting information) showed
that increasing Mn(VII) dosage from 20pmol/L to 250pmol/L
boosted SMX removal from 40% to 100%. Similarly, Fig. S3b (Sup-
porting information) showed enhanced SMX degradation with
higher initial Mn(Il) concentrations, increasing from 40% to 100%
as Mn(Il) rose from O to 30 pmol/L. This improvement may be at-
tributed to Mn(Il) rapidly consuming Mn(VII) to form more reac-
tive species, potentially accelerating SMX oxidation. Previous stud-
ies have indicated that RMnS play a critical role in the Mn(VII) ox-
idation of contaminants [22]. The impact of initial pH (4.0-7.0) on
SMX degradation in Mn(VII)/Mn(Il) systems is depicted in Fig. S3c
(Supporting information), where degradation efficiency remained
similar at pH 4.0 and 5.0 but decreased notably at pH 6.0 and 7.0.
This trend likely stemmed from the enhanced oxidative potential
of Mn(VII) under acidic conditions, while the reactivity of Mn(II)
and Mn(VII) diminishes as pH rises.

MeOH, chosen for its quenching capability against hydroxyl rad-
icals ("OH) (kmeonjon =9.7 x 108 L mol~! s=1) in the Mn(VII)/Mn(II)
system [23], showed minimal impact on SMX degradation with
10 mmol/L and 50 mmol/L additions, indicating negligible *OH gen-
eration (Fig. 1b) [24]. Benzoic acid, a "OH probe to form the char-
acteristic product p-HBA, similarly showed insignificant degrada-
tion in the Mn(VII)/Mn(Il) system, supporting the absence of *‘OH
radicals (Fig. S4 in Supporting information). To further investigate
the generation of singlet oxygen (10,) in the system, EPR tech-
nique were conducted using 2,2,6,6-tetramethylpiperidine (TEMP)
as a spin trap. As shown in Fig. S5 (Supporting information), no
characteristic signal was observed, indicating that 0, was not pro-
duced in the system.
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Previous studies have highlighted RMnS (Mn(Ill), MnO,, Mn(V),
Mn(VI)) as crucial in oxidizing organic contaminants [25]. Re-
cent investigations using PMSO as a chemical probe revealed
that Mn(V/VI) oxidized PMSO rapidly via oxygen atom transfer
to methyl phenyl sulfone (PMSO,), contrasting with the slug-
gish reaction of Mn(VII) [26]. Fig. 1c showed that PMSO was
mostly oxidized to PMSO, within the first 5min with both Mn(VII)
and Mn(VII)/Mn(Il) systems, and completely degraded by the 10th
minute, indicating Mn(II) did not enhance Mn(V) and Mn(VI) levels
for faster PMSO conversion. Further experimental details on PMSO
degradation were provided in Text S2. MeOH, quenching Mn(V)
and Mn(VI), reduced their presence [25]. Fig. 1b showed MeOH did
not affect SMX elimination, confirming Mn(V) and Mn(VI) insignif-
icance in the Mn(VII)/Mn(II) system for SMX removal.

Recent research highlights the strong oxidative potential of
Mn(Ill) species formed during Mn(VII) decomposition towards
various organic pollutants, because of its high redox potential
(Ep=151V) [27]. PP can stabilize Mn(Ill) through complexation,
identified by UV-vis spectrum at 256 nm [28]. Mn(III)-PP was syn-
thesized using the method described in Text S1. We also moni-
tored the real-time pH changes of the system after adjusting the
pH to 5.0 following the addition of PP (Fig. S6 in Supporting infor-
mation). An absorption peak was observed at 256 nm in the UV-
vis spectrum (Fig. S7a in Supporting information). It was observed
that in the Mn(VII)/SMX system, a discernible absorption peak at
256 nm was evident, which significantly intensified upon the intro-
duction of Mn(lII) (Figs. S7b and c in Supporting information). Fur-
thermore, to explore the potential involvement of Mn(Ill) species,
PP was introduced into the Mn(VII)/Mn(II) system at varying con-
centrations. Analysis that followed showed a decrease in the re-
moval effectiveness of SMX by the system (Fig. 1b). This trend un-
derscored the significant influence exerted by PP in complexing
Mn(III) species, thereby impacting the degradation of SMX. Mn(III)-
PP did not exhibit any degradation of SMX at all three PP concen-
trations (Fig. S7d in Supporting information). This indicated that
the complexation with PP significantly inhibited the oxidative ca-
pability of Mn(IIl) [29]. These observations suggested that interme-
diate Mn(III) species likely played a pivotal role in mediating the
oxidation of SMX.

MnO, has an absorption peak at 300-500nm in UV-vis spec-
trum [22,30]. Fig. S8a (Supporting information) showed that the
Mn(VII)/Mn(Il) system exhibits this MnO, absorption band, indi-
cating MnO, formation. To analyze role of MnO,, it was synthe-
sized ex situ. Fig. 1d showed that MnO, alone at 20umol/L and
50 umol/L removed 31.3% and 36.4% of SMX, respectively, indicating
oxidative effects. Previous studies attribute the oxidation of MnO,
primarily to Mn(IIl) [28]. Fig. S8b (Supporting information) showed
Mn(IIT)-PP peaks when MnO, reacted with SMX in the presence of
PP. Adding 5 mmol/L PP to the 50 umol/L MnO, system, the degra-
dation of SMX was significantly reduced, unlike the system with-
out PP (Fig. S9 in Supporting information). Thus, Mn(III) likely orig-
inated from MnO, in the Mn(VII)/Mn(Il) system. Fig. 1b showed
that PP did not completely prevent SMX degradation, suggesting
other mechanisms at play. Fig. 1d demonstrates that adding MnO,
to the Mn(VII) system significantly enhanced SMX removal, con-
firming MnO, as a catalyst for Mn(VII) activation. Thus, increased
SMX degradation with Mn(Il) addition was primarily due to the
oxidation (mainly from Mn(IIl)) and catalysis of MnO,.

Previous studies have indicated that MnO, can activate oxidants
such as peroxymonosulfate and periodate via an interface-catalytic
enhancement mechanism [31,32]. Specifically, there exists a poten-
tial synergistic interaction between the oxidants and MnO,, result-
ing in the surface-activated oxidants exhibiting an elevated oxida-
tion potential. MnO, particles before and after the reaction with
Mn(VII) were collected for characterization analysis. The chemical
state of Mn was explored by XPS (Fig. 2). The Mn 2p spectrum
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Fig. 2. XPS results of MnO, (a) before and (b) after interacting with Mn(VII).

showed a peak at 642.1eV corresponding to Mn(Ill) species and
a peak at 644.7eV corresponding to Mn(IV) species. Remarkably,
the introduction of Mn(VII) did not significantly alter the Mn(III) to
Mn(IV) ratio, indicating limited chemical reactivity between MnO,
and Mn(VII).

The interaction between MnO, and Mn(VII) was further ana-
lyzed using Raman spectroscopy. The Mn—O coordination was in-
vestigated through Raman spectroscopy, confirming the presence
of a surface-activated Mn(VII)* complex at the surface of MnO,.
As illustrated in Fig. 3a, both Mn(VIl) and MnO, exhibit absorp-
tion bands in the range of ~550 cm~! to 680 cm~!, with a promi-
nent peak at 836 cm~! attributed to the stretching vibration of
Mn—O bonds [33-35]. At 508 cm~!, Mn(VII) displayed an extra
peak attributed to the stretching vibration of 0O—Mn-0O bonds [35],
and a feeble peak of 384 cm~! was seen from the bending vibra-
tion of Mn—0 bonds [36]. Upon mixing MnO, with Mn(VII), peaks
shifted from 573 cm~! to 579 cm~! (6 cm™!), and the intensity
ratio of out-of-plane stretching vibrations altered from the initial
v1/v3=0.69 to v;/v, =0.59. A marked decrease in the highest in-
tensity at 836 cm~! was noticed, and the peaks at 508 cm~! and
384 cm~! in the Mn(VII) Raman spectrum were not present in the
amalgamated MnO, and Mn(VII) system, indicating changes in the
coordination environment of Mn—0O and O—Mn-O bonds. An in-
ference can be drawn from the above results about the presence
of surface-bound Mn(VII)* complexes on the MnO, surface. Similar
results have also been presented in previous studies [37].

Electrochemical experiments were conducted to further ver-
ify the distinction between Mn(VII)* and Mn(VII). As seen in Fig.
3b, open-circuit voltage tests confirmed the role of MnO, in aug-
menting the oxidation potential of Mn(VII), with MnO,/Pt-Mn(VII)*
(0.692V) being notably higher than Pt-Mn(VII) (0.517 V). Amper-
ometry i-t curves further corroborated the open-circuit voltage re-
sults. As demonstrated in Fig. 3c, the current signal sharply de-
creased after the addition of SMX, indicating electron consumption
in the solution and electron transfer from SMX to the MnO,/Pt-
Mn(VII)* complex. The weaker current response after adding SMX
to the Pt electrode confirmed a less intense redox reaction be-
tween Mn(VII) and SMX compared to Mn(VII)* and SMX [38]. To
further corroborate the catalytic capabilities exhibited by MnO,,
the EPR spectra were analyzed. As shown in Fig. 3d, the absence
of characteristic signals initially indicated that MnO, alone was in-
ert in oxidizing DMPO. Conversely, when Mn(VII) was individually
analyzed, the characteristic signal of 5,5-dimethyl-2-pyrrolidone-N-
oxyl (DMPO-X), with a peak intensity ratio of 1:2:1:2:1:2:1, was
observed in the EPR spectra. The generation of DMPO-X was pri-
marily due to the oxidation of DMPO by Mn(VII) through an oxy-
gen atom transfer mechanism [39]. When both Mn(VII) and MnO,
were present, a septet signal appeared with significantly higher
peak intensities than when only Mn(VII) was present. The in-
creased peak intensity indicates that MnO, enhanced the oxida-
tive capability of Mn(VII) rather than reacting directly with it.
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Fig. 3. (a) Raman spectra of the Mn(VII)/MnO,, Mn(VIIl), and MnO,. Experimental conditions: [Mn(VII)] = 0.5 mmol/L, [MnO,] =10 mmol/L, pH 5.0. (b) Open-circuit voltage
changes on the two surfaces with adding Mn(VII). (c) Instantaneous current changes on the two surfaces with adding Mn(VII) and SMX. (d) EPR spectra of the Mn(VII)/MnO,,
Mn(VII), and MnO, systems by using DMPO as a spin-trapping agent. Experimental conditions: [Mn(VII)] = 150 pmol/L, [MnO,] =50 pmol/L, 15puL DMPO.

As shown in Fig. S8c (Supporting information), the UV-vis spec-
tra of the MnO, and Mn(VII) mixture show no decrease in the
525 nm peak (characteristic absorbance of Mn(VII)), suggesting that
Mn(VII) was not consumed by reacting with MnO, [40]. In sum-
mary, the collective findings unveil the mechanism of MnO, sur-
face activation, wherein the interplay between Mn(VII) and MnO,
engenders Mn(VII)* species endowed with elevated oxidative po-
tential.

Using UPLC-QTOF-MS/MS in ESI positive mode, 11 major trans-
formation products (TPs) of SMX were detected. Detailed informa-
tion was in Table S2, Fig. S10 and Fig. S11 (Supporting information).
To pinpoint the active sites of SMX, the condensed Fukui index (f ~)
was calculated and illustrated in Fig. S12 (Supporting information).
The findings indicated that the N13 (f ~=0.1889) with relatively
high f ~ values, was the most active site of SMX. Using the Fukui
index data and the identified products, four degradation pathways
for SMX oxidized by Mn(VII)/Mn(II) system were proposed. Fig. 4
proposed four degradation pathways: coupling, amino oxidation,
hydroxylation, and bond cleavage. Pathway I: N-centered SMX rad-
icals coupled to form TP1 (m/z=503), which hydroxylated to TP2
(m/z=>519) [41]. Pathway II: TP3 (m/z=270), TP4 (m/z=268), and
TP5 (m/z=284) were hydroxylamine, nitroso, and nitro derivative
of SMX, respectively, indicating —NH, group oxidation. N13 of SMX
with the highest f = value (0.1889) can be oxidized by Mn(VII) to
form TP3, which oxidized to TP4 and then TP5 [42]. Pathway III:
at the aniline moiety of benzene ring, TP6 (m/z=255) was a hy-
droxylation product of SMX. TP7 (m/z=288) formed via hydroxy-
lation across the C—C bond of isothiazole ring [42]. Pathway IV:
S—N bond cleavage formed TP8 (m/z=156) and TP9 (m/z=99).
C-S bond cleavage yielded TP10 (m/z=94), which oxidized to TP11
(m/z=108) [41].

Using the Toxicity Estimation Software Tool (T.E.S.T.), we inves-
tigated the toxicological effects of SMX and its degradation inter-
mediates. As shown in Fig. S13 (Supporting information), the eval-
uation within the Mn(VII)/Mn(II) system revealed insights into the
oral toxicity of SMX degradation by-products. Intermediates TP5,
TP6, and TP10 showed detectable oral toxicity in rats, all lower
than the toxicity of SMX. The study found that all degradation
products, including SMX, showed no mutagenicity, indicating no

genotoxicity. However, most degradation products, except TP9, ex-
hibited developmental toxicity at lower levels than SMX. Addition-
ally, the bioaccumulation factors for most products, except TP6,
were significantly lower than that of SMX, suggesting a reduced
tendency to accumulate in organisms. Therefore, degrading SMX
using Mn(VII)/Mn(Il) is a green and safe approach for pollutants
degradation.

This study showed that Mn(II) accelerates the degradation of or-
ganic pollutants by Mn(VII), with the rapid breakdown of SMX due
to MnO, production. In situ-generated MnO, enabled SMX degra-
dation by Mn(VII) through oxidative and catalytic processes. UV-
vis spectra and the addition of PP confirmed the role of MnO, in
oxidation. The catalytic mechanism involved MnO, interacting with
Mn(VII) to produce more reactive Mn(VII)* species. SMX degrada-
tion by the Mn(VII)/Mn(Il) system involved auto-coupling, amino
oxidation, hydroxylation, and bond cleavage reactions. T.E.S.T. con-
firmed reduced cell toxicity of SMX by-products. This paper ex-
plores how Mn(Il) enhances the oxidation capacity of Mn(VII),
offering insights for improving pollutant removal and proposing
wastewater treatment methods using Mn(II).
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