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Abstract

Sulfachloropyridazine (SCP) is a sulfonamide antibiotic widely detected in aquatic envi-
ronments. Its terminal pyridazine ring contains vicinal pyridinic nitrogen atoms (=N-N=)
with strong metal-complexing ability, which may cause distinct interactions with metal-
oxide filter media. Here, we systematically investigated the removal of sulfonamide anti-
biotics by natural manganese sand (NMS), a representative filtration medium in water
treatment. NMS exhibited pronounced selectivity toward SCP, while showing negligible
removal of sulfadiazine (SD) and sulfamethoxazole (SMX). Under optimal conditions
(NMS =5 gL, pH 3), 99.38% of SCP (5 mg-L') was removed within 6 h; the TOC reduc-
tion only reached 42.65%, suggesting the partial transformation of SCP. Mechanistic evi-
dence suggests that the vicinal pyridinic N-N motif of SCP provides dual electron-donat-
ing sites, enabling inner-sphere Mn-N complexation on NMS. This coordination-driven
adsorption is strongly pH-dependent and is inhibited under neutral to alkaline conditions
(pH > 5) due to electrostatic repulsion. After selective binding, surface Mn(III)/Mn(IV)
species can act as electron acceptors, driving the surface oxidation of SCP. Although NMS
induced mild oxidative transformation of SCP, some degradation products still exhibited
potential ecotoxicity and therefore require further attention in practical water treatment
applications. These findings link terminal functional-group structure to selective abiotic
removal on Mn-oxide media and inform targeted control of sulfonamide micropollutants
in filtration-based water treatment.

Keywords: sulfonamide antibiotics; natural manganese sands; selective removal; Mn—-N
coordination; Mn(III)/Mn(IV) surface oxidation

1. Introduction

The large-scale production and extensive use of sulfonamide antibiotics have made
them an emerging global environmental issue and may therefore be considered repre-
sentative emerging organic pollutants [1]. Among them, Sulfachloropyridazine (SCP) is a
widely used veterinary sulfonamide for treating bacterial infections in poultry and live-
stock. Its relatively high chemical stability and strong antibacterial activity contribute to
environmental persistence, leading to frequent detection in the aquatic environment [2].
The chemical structures of sulfonamide antibiotics strongly govern their environmental
mobility and transformation as well as their treatability in water treatment processes [3].
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Structurally, SCP comprises an aniline ring linked to a sulfonamide group and a chlorin-
ated pyridazine moiety (Table 1). The terminal pyridazine ring contains vicinal pyridinic
nitrogen atoms (=N-N=), which provide electron-donating sites capable of forming stable
inner-sphere complexes with transition-metal centers [4]. This structural feature suggests
that the migration, transformation, and fate of SCP may be tightly coupled to mineral—
water interfacial reactions in both natural and engineered systems. However, how the
pyridazine structure controls SCP behavior during water treatment processes remains in-
sufficiently understood.

Table 1. Molecular structures of selected sulfonamide antibiotics.

Molecular For- Constitutional For-

Compounds N-Heterocycle Structural Features

mula mula
Sulfachloro- % M . o
pyridazine  CioHsCIN4O:S 290 Chlorinated pyridazine
(SCP) - N o (vicinal N atoms)

Sulfz(a;lllja)zme CroH1iNOsS /©/\\0 b Pyrimidine

(diagonal N atoms)

Sulfamethoxa- QM
zole C10H11N30sS /©/ \\/oN\Q/ 5-methylisoxazole (single N atom)
(SMX) by

Natural manganese sand (NMS), a granular media consisting of quartz grains coated
with manganese oxides (MnOx) and associated mineral phases, is commonly present in
rapid sand filters for enhanced water treatment performance [5]. MnOx are important re-
dox-active minerals owing to their high surface area, variable oxidation states, and oxida-
tive capacity [6]. The MnOx coatings enable NMS to synergistically remove trace organic
micropollutants through multiple processes such as physical screening, adsorption, and
chemical oxidation by iron and manganese oxides [7]. In addition, in drinking water treat-
ment and distribution systems, dissolved Mn(II) and Fe(Il) can be oxidized by dissolved
oxygen and/or disinfectants, leading to the formation of Mn/Fe (hydr)oxide coatings on
filter media and pipe surfaces, which also represent reactive mineral interfaces with the
potential to transform organic micropollutants [8]. In recent years, researchers have pri-
marily focused on the degradation mechanisms of pollutants by synthetic crystalline or
colloidal MnOx [9-11]. However, the interfacial reactions of antibiotics on real NMS filter
media under water-treatment-relevant conditions remain much less explored.

For sulfonamide antibiotics, interactions with MnOx surfaces are expected to be
strongly structure-dependent, particularly with respect to heterocycle type and nitrogen
functionality. Many sulfonamides (e.g., SMX and SD) are commonly reported by non-co-
valent interactions with mineral surfaces, such as hydrogen bonding, m—mt interactions,
and electrostatic attraction [12,13]. By contrast, SCP contains a distinctive vicinal pyridinic
motif that may form diverse coordination structures with surface metal centers. Previous
studies have shown that organic ligands containing pyridinic N can not only significantly
enhance the complexation rate and stability with transition metals (e.g., Mn and Fe) [14],
but also have a regulatory effect on the redox behavior of metals [15]. It is hypothesized
that SCP can selectively coordinate with manganese sites on the MnOx surface of NMS,
thereby promoting electron transfer and triggering specific oxidative degradation path-
ways. Following this hypothesis, differences in the spatial configuration and the number
of pyridyl nitrogen atoms among sulfonamide antibiotics are likely critical molecular-
scale factors governing their adsorption affinity, interfacial reactivity, and transformation
pathways with NMS.
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Based on the above context, this study selected SCP as the target contaminant and
systematically investigated its transport and transformation behavior in water treatment
processes employing NMS as the filter medium. Sulfonamide antibiotics exhibiting dis-
tinct spatial configurations and different numbers of pyridinic nitrogen atoms (Table 1)
were compared with SCP to clarify how these structural features influence the associated
transport and transformation mechanisms. Batch removal experiments and spectroscopic
and surface analytical techniques were conducted to elucidate the interfacial binding char-
acteristics and subsequent oxidative degradation pathways of SCP on the NMS surface.
This study provides insights into the transport and transformation behavior of SCP at
manganese oxide-rich mineral interfaces and highlights the potential and limitations of
NMS as a reactive filtration medium, offering mechanistic guidance for further optimizing
antibiotic control under more environmentally relevant treatment conditions.

2. Materials and Methods
2.1. Materials and Reagents

Natural manganese sand (NMS, 1-2 mm particle size) was obtained from Yungou
Joint-operated Filter Material Factory in Gongyi, Henan Province, China. Prior to use, the
NMS was repeatedly rinsed with deionized (DI) water to remove surface impurities, and
then oven-dried to constant weight. Sulfachloropyridazine (SCP), sulfadiazine (SD), sul-
famethoxazole (SMX), sodium hydroxide (NaOH), hydrochloric acid (HCl), humic acid
(HA), tert-butanol (t-BuOH), p-benzoquinone (PBQ), sodium chloride (NaCl), sodium sul-
fate (Na250s), sodium nitrate (NaNOs), and sodium dihydrogen phosphate (NaH2PO4)
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and used
as received. All solutions were prepared using DI water.

2.2. Characterization

X-ray diffraction (XRD, SmartLab SE, Rigaku, Tokyo, Japan) was employed to iden-
tify the crystalline phases of NMS using Cu Ka radiation as the X-ray source (40 kV). Dif-
fraction patterns were recorded over the 20 range of 10-80° at a scan rate of 2°min, and
the resulting data were analyzed with MDI Jade 6.5 software. The surface morphology
and elemental distribution of NMS were characterized by scanning electron microscopy
coupled with energy-dispersive spectroscopy (SEM/EDS, MIRA LMS, TESCAN, Brno,
Czech Republic). Samples were sputter-coated with gold prior to imaging and analyzed
under secondary electron mode. The surface elemental composition and Mn chemical
states of NMS were analyzed by X-ray photoelectron spectroscopy (XPS, K-Alpha,
Thermo Fisher Scientific, Waltham, MA, USA). Spectral data were processed with soft-
ware Avantage (version 5.5.22) for charge correction, background subtraction, and peak
fitting. The specific surface area and pore structure of NMS were determined from N: ad-
sorption—desorption isotherms at 77 K using a surface area and porosity analyzer (Kubo-
X1000, Beijing Beiyoude Electronic Technology Co., Ltd., Beijing, China). Approximately
200 mg of NMS was degassed at 200 °C under vacuum (<10-® Pa) for 6 h before analysis,
and the BET method was applied to calculate surface area and pore parameters of NMS.
The point of zero charge (pH_PZC) of NMS was determined by measuring the zeta po-
tential across a pH range of 3-10 using a Malvern Zetasizer Nano ZS90 nanoparticle size
and zeta potential analyzer (Malvern Panalytical, Malvern, Worcestershire, UK). Fourier
transform infrared spectroscopy (FTIR, Nicolet i520, Thermo Fisher Scientific, USA) was
used to probe the surface functional groups of NMS in the range of 400—4000 cm™, with
32 scans per sample. The total organic carbon (TOC) concentration of the reaction solution
was determined using a TOC analyzer (TOC-L CPH/CPN, Shimadzu, Kyoto, Japan). The
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leached Mn ions were measured by inductively coupled plasma-mass spectrometry (ICP-
MS, Agilent 7900, Agilent Technologies, Santa Clara, CA, USA).

2.3. Remowval of Sulfonamide Antibiotics by NMS

Batch experiments were conducted in 250 mL Erlenmeyer flasks containing 150 mL
of sulfonamide solution (SCP, SD, or SMX). The initial pH was adjusted using 0.1 M HC1
or 0.1 M NaOH. To suppress microbial activity, NaNs (20 mM) was added to all systems.
A specified dose of NMS was then added, and the flasks were shaken in a temperature-
controlled incubator shaker for 6 h. At predetermined time intervals, 1.0 mL aliquots were
withdrawn and immediately filtered through a 0.45 um PTFE membrane into 2 mL au-
tosampler vials for analysis. To investigate the effects of coexisting species, certain con-
centration of NaCl, Na2504, NaNOs, NaH2POs, or humic acid (HA) was added to the reac-
tion solutions as required. All experiments were performed in triplicate, and average val-
ues are reported. Sulfonamide concentrations were determined by high-performance lig-
uid chromatography (HPLC; LC-2030C 3D Plus, Shimadzu, Kyoto, Japan) equipped with
a C18 column (Shim-pack GIST C18, 5 um, 4.6 mm x 250 mm). Details of the ultra-perfor-
mance liquid chromatograph (UPLC) method for measurement of target sulfonamide mi-
cropollutants (SCP, SD, SMX) concentrations are listed in Table S1, and the relative cali-
bration curve is shown in Figure S1.

2.4. Transformation Products Identification and Ecotoxicity Assessment

Transformation products formed during SCP degradation were identified using liq-
uid chromatography-high-resolution mass spectrometry (LC-HRMS; Vanquish—Orbitrap
Exploris 120, Thermo Fisher Scientific, USA) equipped with an electrospray ionization
(ESI) source. Chromatographic separation was achieved using an Agilent SB-C18 column
(2.1 x 100 mm, 1.8 um) (Agilent Technologies, Santa Clara, CA, USA)). The mobile phases
were (A) 0.1% (v/v) formic acid in water and (B) methanol. The gradient program was as
follows: the mobile phase was maintained at 5% B from 0 to 0.5 min, increased to 90% B
from 0.5 to 7 min, held at 90% B from 7 to 12 min, and then returned to 5% B at 12.01 min,
followed by a 5 min re-equilibration. The flow rate was 0.25 mL-min-!, the column tem-
perature was 40 °C, and the injection volume was 10 pL. Mass spectra were acquired in
positive ion mode. Chemical structures of SCP and the identified products were processed
using ChemDraw 2022. Ecotoxicity (acute and chronic) of SCP and its transformation
products was predicted using the ECOSAR program (version 2.2).

3. Results and Discussion
3.1. Characterization of Natural Manganese Sand (NMS)

The mineralogical composition of NMS was characterized by XRD (Figure 1a). The
strong diffraction peaks observed at 20.8°, 26.5°, and 50.0° in NMS match well with SiO:
(JCPDS 79-1906), indicating that quartz is the major component of NMS. Furthermore, the
characteristic peaks at 42.4° and 45.7°, along with the diffraction peaks at 64.0° and 59.9°,
correspond to MnO2 (JCPDS 12-0716), Mn20s (JCPDS 02-0909), and MnsOa (JCPDS 16-
0154), respectively, indicating that manganese in NMS coexists as oxides with multiple
valence states. Additionally, the characteristic peaks near 33.0° and 68.0° can be attributed
to FexOs (JCPDS 85-0987) and AlOs (JCPDS 71-1123). The surface morphology and ele-
mental distribution of NMS were investigated by SEM/EDS. As shown in SEM images
(Figure 1b,c), NMS particles exhibit a rough and porous surface, formed by the aggrega-
tion of numerous fine particles into a loosely packed coating structure. EDS analysis (Fig-
ure S2) indicates that the main elements of NMS are Mn, O, and Si, with atomic percent-
ages of 14.36%, 41.13%, and 27.24%, respectively. Additionally, Mn, Si, and O are distrib-
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uted relatively uniformly across the particle surface, suggesting that MnOx forms a con-
tinuous and homogeneous coating layer on the quartz matrix. The trace amounts of Fe, Al,
and C were also detected, which aligns with the typical composition reported for NMS [7].
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Figure 1. Characterization of NMS. (a) XRD pattern; (b,c) SEM images; (d) XPS full spectrum and (e)
Mn 2p high-resolution spectrum; (f) N2 adsorption—-desorption isotherm and curve of pore size dis-

tribution (internal).

XPS spectra were used to analyze the surface elemental composition and valence
states of NMS (Figure 1d). The survey spectrum indicates that the material surface is pre-
dominantly composed of Mn, O, and Si, with minor amounts of Fe, Al, and C, which is
consistent with the results from XRD and EDS analyses. In the high-resolution Mn 2p
spectrum (Figure 1e), the peaks located at 642.51 eV and 654.0 eV correspond to Mn 2ps/2
and Mn 2pu1/2, respectively. The two strong peaks observed at 643.40 eV and 654.87 eV are
attributed to Mn(IV), while the peaks at 642.30 eV and 653.72 eV correspond to Mn(IIl)
[16]. The relative proportions of Mn(IV) and Mn(IlI) are approximately 66.15% and 33.85%,
respectively. Although the XRD results indicated the presence of a small amount of MnsOs,
suggesting that Mn(Il)-bearing manganese oxide may also exist in the initial NMS, no dis-
tinct Mn(II) component was resolved in the high-resolution Mn 2p spectrum. This dis-
crepancy may be attributed to the relatively low abundance of MnsOs, resulting in the
overlap of Mn(Il) signals from other valence states. Therefore, the surface of pristine NMS
is dominated by Mn(III)/Mn(IV) species, while a minor fraction of Mn(II)-bearing MnsOs
may also be present in the bulk or near-surface mineral phase. Overall, the multivalent
MnOx is expected to provide electron buffering and redox modulation capabilities during
pollutant removal processes [9].

The textural properties of NMS were explored by nitrogen adsorption-desorption
isotherm (Figure 1f); NMS exhibits a typical type IV isotherm with an Hs hysteresis loop,
indicating that NMS possesses a mesoporous structure [17]. BET analysis results reveal
that NMS has a specific surface area of 15.33 m?-g~!, an average pore diameter of 9.12 nm,
and a pore volume of 0.07 cm3-g-, suggesting that NMS possesses a certain degree of po-
rosity and relatively well-developed mesoporous channels. In summary, NMS is com-
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posed of quartz sands coated with multivalent MnOx and accompanied by minor amounts
of Fe20s and AL2O:s. It also possesses a relatively high specific surface area and mesoporous
structural characteristics. This composite structure provides abundant reaction sites and
a favorable microenvironment for the interfacial interaction of organic pollutants on the
NMS surface.

3.2. Selective Removal of SCP by NMS
To investigate the structural specificity of SCP migration in the presence of NMS, the
removal kinetics of NMS toward SCP were compared with SD and SMX (Figure 2a). The
results show that under identical conditions, the removal rates for SD and SMX were both
below 5%, whereas SCP was effectively removed by over 90% after 6 h. This clearly
demonstrates that NMS exhibits distinct structural selectivity in the removal of SCP. The
concentration of SCP decreased gradually within the first hour, followed by a rapid de-
cline between 1 and 2.5 h, after which the reaction rate slowed and eventually reached
equilibrium. Hence, the kinetic curve of SCP toward NMS cannot be accurately described
by typical adsorption or degradation kinetic models (e.g., pseudo first/second order ki-
netic model) reported in previous studies [18,19], suggesting that multiple processes with
distinct rates may be occurring simultaneously.
(@) (b) (c)
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Figure 2. (a) Removal efficiency of SCP, SD and SMX by NMS; effect of (b) NMS dosages, (c) tem-
perature and (d) initial solution pH for SCP removal by NMS; (e) zeta potential of NMS at different
pH (dashed line ); (f) effect coexist anions (1 mM) and humic acid (20 mg L) for SCP removal by
NMS. (Controlled experimental parameters: Copolutany = 5 mg L, pH = 3 for all sub-figures; NMS =
1 g L for Figure 2a and 5 g L™ for Figure 2c—f).

More investigations were carried out to study the influences of reaction parameters
on the SCP degradation by NMS. In experiments with different NMS dosages (Figure 2b),
the SCP removal efficiency significantly increased with a higher NMS dosage. When the
dosage increased from 0.5 g L' to 1.0 g L, the SCP removal rate rose from 78.39% to
91.16%, indicating a marked improvement. As the NMS dosage was further increased to
5 g L7, the removal rate only increased gradually from 91.16% to 99.38%, and the rate of
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improvement slowed. Ata dosage of 5 g L', NMS only achieved a TOC removal efficiency
of 42.65% (blank-corrected) for SCP, indicating that degradation is involved in this process
with a portion of SCP being transformed into small-molecule intermediates [20]. As
shown in Figure 2c, the removal efficiency of SCP by NMS exhibited a clear positive cor-
relation with reaction temperature. As the temperature increased from 15 °C to 35 °C, the
SCP removal efficiency rose from 86.10% to 95.08%; this endothermic behavior suggested
that the chemical reaction is possibly the dominant process [21].

As a critical environmental factor, pH governs the interfacial charge state, redox po-
tential, and pollutant speciation [22]. The experimental results (Figure 2d) show that the
SCP removal by NMS was highly pH-dependent. Under acidic conditions (pH = 3), the
removal efficiency of SCP reached 99.38%. In contrast, at neutral pH (pH =7), the removal
efficiency after 6 h was only 19.50%. When the initial pH was further adjusted to an alka-
line value (pH =10), the removal efficiency dropped to 4.04%, indicating that alkaline con-
ditions substantially suppress the removal capability of NMS. Considering that the solu-
tion pH affects the surface charge properties of NMS, zeta potential measurements were
conducted (Figure 2e). The results show that the point of zero charge (pH rzc) of NMS is
4.9. When the pH is below 4.9, its surface is positively charged, whereas it becomes nega-
tively charged when the pH exceeds 4.9. Meanwhile, pH also influences the protona-
tion/deprotonation state of organic pollutants. The pKa: and pKa: values of SCP are 1.87
+ 0.3 and 5.45 + 0.06, respectively. This indicates that SCP exists predominantly as a pro-
tonated cation at pH < 1.87, as a neutral molecule within the pH range of 1.87-5.45, and as
a deprotonated anion at pH > 5.45 [23]. Therefore, under conditions where pH > 5.45, both
NMS and the deprotonated anionic form of SCP carry negative charges. This suggests that
the adsorption process may be a key step in the selective removal of SCP by NMS, in
which electrostatic repulsion is likely the reason for the inhibited removal efficiency ob-
served under alkaline conditions [22]. Notably, the concentration of total Mn ions in the
post-reaction solution under pH = 3-10 remained within the range of 0.004-0.03 mg L;
the highest Mn release was observed under pH 3. This concentration is below the permis-
sible limit of Mn (0.1 mg L) in source water regulated by the U.S. Environmental Protec-
tion Agency [24], indicating that NMS poses a low risk of secondary pollution during SCP
removal under acidic conditions.

Furthermore, under the optimal reaction condition (pH = 3), the surface of NMS is
positively charged. Theoretically, coexisting anions in the solution may compete with SCP
for the surface sites of NMS through electrostatic interactions. However, the results of
coexisting anion experiments (Figure 2f) show that 1 mM of chloride (CI"), sulfate (5Os%),
and nitrate (NOs") ions had only minor effects on SCP removal efficiency, with variations
within +5%. In contrast, 1 mM of phosphate (PO+*) significantly suppressed SCP removal
by approximately 20%, likely due to its ability to form inner-sphere complexes with Mn/Fe
sites [25]. Humic acid (HA), used as a model coexisting dissolved organic matter (DOM),
reduced SCP removal to 50% at 20 mg-L-'. Considering that manganese oxides are broad-
spectrum adsorptive and oxidative media in natural and engineered environments, main-
taining a 50% removal efficiency under such a high DOM background still indicates a
relatively high selectivity of NMS toward SCP.
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3.3. Mechanism of Selective Removal of SCP by NMS
3.3.1. Selective Adsorption via Mn-N Coordination

The above experiments have shown that NMS exhibits significant selective removal of
SCP, which is a process involving a multi-step coupling mechanism with obvious pH-de-
pendence. Furthermore, the TOC removal rate of SCP by NMS exceeds 40%. This notable
difference suggests the possible existence of a more efficient conversion pathway. Therefore,
adsorption might be considered an essential and non-negligible process in this system.

To further investigate the role and contribution of adsorption in SCP removal by
NMS, elution treatments were performed on NMS after SCP adsorption. Methanol was
used to desorb weakly bound organic species because it can dissolve SCP and disrupt
weak interactions (e.g., van der Waals forces and hydrogen bonding) [26]. HCI was used
to dissolve the metal oxide layer on the NMS surface, thereby releasing adsorbates re-
tained by stronger interactions (e.g., coordination). As shown in Figure S3, methanol elu-
tion did not lead to a significant release of SCP, while approximately 25.56% of SCP was
desorbed after HCl elution, demonstrating that the efficient removal of SCP by NMS pri-
marily relies on strong coordinative adsorption. In addition, TOC analysis of the HCl elu-
ate revealed that about 45.31% of the removed TOC was released back into the solution,
suggesting that this process is accompanied by partial mineralization or structural trans-
formation of SCP. From the perspective of molecular structure, the pyridazine ring (1,4-
diazabenzene) in SCP contains two nitrogen atoms at the 1,2-adjacent positions, forming
an aromatic structure with relatively low m-conjugation, which facilitates the pyridine-
type nitrogen atoms to provide lone pair electrons for chelation with metal centers [27].
The heterocyclic structures of SD and SMX may suffer from insufficient coordination sites
or significant steric hindrance, making it difficult to form similarly stable chelate struc-
tures. This structural difference is likely the key reason why NMS exhibits higher selec-
tivity and removal efficiency for SCP.

To further verify the characteristic coordination process involving the vicinal pyri-
dinic nitrogen atoms in SCP, a comparative analysis of the high-resolution XPS spectra of
Mn 2p and N 1s for NMS before and after the reaction was conducted. The results (Figure
3a) show that the Mn 2ps»2 binding energy shifted markedly from 642.95 eV to 641.50 eV
after the reaction, indicating the formation of an electron-rich Mn center [28]. The vicinal
pyridinic nitrogen atoms on the pyridazine ring of SCP act as Lewis basic sites, donating
lone-pair electrons to the Mn species on the NMS surface to form Mn-N coordination
bonds. During coordination, electron transfer from the ligand to the metal center alters
the chemical environments of Mn 2p and N 1s, leading to the overall negative shift in
binding energy. In addition, the N 1s signal of pristine NMS appeared at 399.80 eV (Figure
3b), which may originate from native nitrogen-containing species on the surface of natural
manganese sand. After reaction with SCP, the N 1s binding energy decreased to 398.74
eV, indicating that the surface N species on NMS underwent changes in their chemical
environment. This shift may be associated with the formation of Mn-N coordination
bonds between SCP-derived pyridinic N and surface Mn sites. The FTIR spectra of NMS
before and after the reaction (Figure 3c) showed a weakening of the characteristic peaks
at470 cm™, 525 cm™, and 790 cm™, which are attributed to the stretching vibrations of Mn-
O [29]. This also suggests that Mn-O participated in SCP removal and was associated with
surface coordination.

3.3.2. Oxidative Degradation Driven by Surface Mn(IlI)/Mn(IV)

Based on the preceding discussion, the removal of SCP by NMS involves not only
structure-selective adsorption but is also accompanied by partial mineralization or struc-
tural transformation. To further elucidate the oxidation process involved, radical quench-
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ing experiments were first employed. Previous studies have shown that MnOx can activate
dissolved oxygen in aqueous environments to generate hydroxyl radicals (-OH) and su-
peroxide radicals (-Oz27). To determine whether the transformation involves a radical-dom-
inated oxidation pathway, tert-butanol (t-BuOH) and p-benzoquinone (p-BQ) were intro-
duced as specific quenchers for -OH and ‘Oz, respectively [30]. The results indicated that
the addition of either quencher did not affect the removal efficiency of SCP (Figure S4),
suggesting that another oxidation mechanism should dominate the transformation of SCP
on the surface of NMS.
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Figure 3. (a) Mn 2p XPS spectra; (b) N 1s XPS spectra; (c) FTIR patterns of NMS before and after SCP
removal; (d) UV-vis spectra of NMS and NMS-PP system; (e) proposed mechanism of selective re-
moval of SCP by NMS.

The surface oxidation capability of MnOx is closely related to the valence state distri-
bution of its surface elements. To further elucidate the underlying mechanism, changes in
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the chemical states of manganese were analyzed by comparing the high-resolution XPS
spectra of Mn 2p for NMS before and after the reaction (Figure 3a). Compared with the
pre-reaction state, the post-reaction Mn 2p spectra revealed that the manganese valence
distribution evolved from an initial Mn(III)/Mn(IV) dual-valence system into a coexisting
Mn(II)/Mn(III)/Mn(IV) system. Specifically, the relative contents of Mn(IV) and Mn(III)
decreased from 66.15% and 33.85% to 35.84% and 29.01%, respectively, while the propor-
tion of Mn(Il) increased to 35.15%, demonstrating that Mn(III)/Mn(IV) in NMS acted as
electron acceptors and participated in the oxidative transformation of SCP [7].

Given the crucial role of Mn(Ill) as a key intermediate in heterogeneous oxidation
reactions, the participation of Mn(IIl) was further investigated by introducing pyrophos-
phate (PP). After adding PP to the NMS-SCP system, a distinct new absorption peak ap-
peared at 258 nm in the UV—-vis spectra (Figure 3d), which can be attributed to the ligand-
metal charge transfer band of the Mn(III)-PP complex [31]. This result suggests that Mn(III)
species were present in an accessible form during the reaction and could be stabilized by
PP. Combined with the Mn 2p XPS results showing a decrease in Mn(IV)/Mn(Ill) and the
formation of Mn(lIl) after reaction, the Mn(IlI)-PP signal provides complementary evi-
dence that Mn(III) was involved in the surface redox process during SCP removal. There-
fore, SCP transformation by NMS is likely associated with electron transfer among Mn(IV),
Mn(III), and Mn(II), in which Mn(III) may act as both an intermediate species generated
from Mn(IV) reduction and a reactive surface Mn species participating in SCP oxidation.

In summary, a possible removal pathway of SCP by NMS is suggested via a coupled
process of selective adsorption and surface oxidation. The vicinal pyridinic nitrogen at-
oms on the pyridazine ring in the molecular structure of SCP provide specific binding
sites on the NMS surface, allowing the formation of stable Mn—N coordination complexes
with surface Mn species. Subsequently, Mn(III)/Mn(IV) act as the primary electron accep-
tors driving the surface oxidation of SCP. This coupled process underlies the highly effi-
cient and structurally specific removal behavior of SCP by NMS compared to other sul-
fonamide antibiotics (see mechanistic diagram in Figure 3e). It should be noted that NaNs
was used in the batch experiments to suppress microbial activity, but it can also scavenge
singlet oxygen (*Oz), making it difficult to evaluate the potential role of 'O2 in the present
system. In addition, conventional hydrophilic quenchers may be ineffective for short-
lived surface-bound radicals or interfacial reactive species [32]. Therefore, the possible in-
volvement of surface-confined ROS cannot be completely excluded.

3.4. Transformation Products of SCP and Toxicity Assessment

Notably, during the selective adsorption and surface oxidation of SCP by NMS, the
removal efficiency of SCP reached 99%, whereas the TOC removal was only 42.65%. This
indicates that SCP was not fully mineralized, and a considerable portion of the organic
carbon was released back into the aqueous phase as degradation products. Therefore, LC-
HRMS analysis was performed to identify possible transformation products generated
during SCP treatment by NMS, and the detected products were further used for potential
ecotoxicity assessment.

Based on primary LC-HRMS information, including accurate m/z values, proposed
elemental compositions, isotope patterns, and comparison with previously reported
transformation products of SCP or related sulfonamide antibiotics, five possible transfor-
mation products (a—e) were tentatively identified (Figure S5 and Table S2). Product a (m/z
221) retained the sulfur-containing sulfonamide-related structure, suggesting partial rear-
rangement of SCP. Product b (m/z 123) was assigned to a small aromatic fragment, indi-
cating cleavage of the parent molecule. These intermediates were also reported in related
studies [33], as SCP may undergo Smiles rearrangement between the sulfonyl group and
the aromatic ring, leading to molecular structural reconstruction. Products c (m/z 251), d
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(130), and e (m/z 145) were chlorinated N-containing products, implying that the pyri-
dazine-related moiety could remain during surface-mediated transformation. Among
them, products ¢ and d suggested that SCP may undergo sulfonamide bond cleavage,
while product e suggests possible oxygen incorporation. Compared to the mineralization
pathways often observed in radical-driven advanced oxidation processes [34], the trans-
formation of SCP mediated by NMS results only in partial rearrangement and cleavage of
the molecular skeleton and is difficult to further oxidize to low-molecular-weight organic
acids or inorganic end products. This indicates that the surface oxidation capability of
NMS is relatively limited and mainly drives structural transformation rather than com-
plete mineralization.

To further evaluate the ecological risks of the intermediate products generated during
SCP degradation, this study employed EcoSAR software to predict the acute and chronic
aquatic toxicity of the products listed in Table S2 (results are shown in Table S3). Here,
LCs/ECso represents the concentration threshold (mg-L-) for acute lethality/effects on
aquatic organisms such as fish, Daphnia, and green algae, while ChV denotes the corre-
sponding chronic toxicity value. The prediction results reveal that products c and d mainly
pose chronic toxicity risks to Daphnia and green algae, indicating that the products still pose
potential ecotoxicological risks. Thus, in practical water treatment applications, relying
solely on NMS is insufficient to fully eliminate the environmental risks associated with SCP.
It remains necessary to combine NMS with enhanced oxidation processes or biological treat-
ment units in subsequent stages to further reduce the toxicity of degradation products,
thereby achieving more thorough and safe removal of sulfonamide antibiotics.

4. Conclusions

This study clarifies the mechanistic role of the structural features of sulfachloro-
pyridazine (SCP) in governing its removal efficiency during water treatment using natural
manganese sand (NMS). SCP can be efficiently removed by NMS from two selected sul-
fonamide analogs, SD and SMX, which contain different nitrogen-containing functional
groups, highlighting the remarkable structure-dependent selectivity of this process. Un-
der optimal conditions (initial NMS dosage 5 g-L-!, pH = 3), 99.38% of 5 mg-L-' SCP was
removed by NMS within 6 h. Despite this high removal efficiency, the TOC removal was
only 42.65%, indicating that SCP underwent merely partial transformation. Mechanistic
studies revealed that the vicinal pyridinic nitrogen atoms (=N-N=) in the terminal pyri-
dazine ring of SCP provide dual electron-donating sites, enabling specific binding to man-
ganese centers on the NMS surface via inner-sphere coordination. This coordination-dom-
inated adsorption process exhibited significant pH dependence. Under neutral-to-alkaline
conditions (pH > 5), the removal efficiency decreased markedly due to enhanced electro-
static repulsion. Following selective adsorption, the surface Mn(III)/Mn(IV) species can
act as the primary electron acceptors, driving a surface oxidation pathway. Product anal-
ysis indicated that some transformation products still exhibited potential ecotoxicity.
Therefore, although NMS showed moderate capability for SCP removal under specific
conditions, integration with subsequent advanced treatment processes is still recom-
mended to further mitigate potential environmental risks.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/w18131600/s1, Figure S1: Calibration curve of SCP, SD, SMX
measure by HPLC; Figure S2: SEM and EDS mapping images of NMS; Figure S3: Desorption rate of
SCP via methanol and HCI; Figure S4: Effect of specific quenchers on SCP removal by NMS; Figure
S5: Mass spectra of the transformation products; Table S1: Details of the ultra-performance liquid
chromatograph (UPLC) method for measurement of target sulfonamide micropollutants (SCP, SD,
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SMX) concentrations; Table S2: Transformation products of SCP during removal by NMS; Table S3:
EcoSAR-predicted ecotoxicity values of SCP and its transformation products in the NMS system.
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