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Abstract

Oxygenated organosulfur compounds are oxygen-containing organic sulfur species, in-
cluding organosulfates, sulfonates, and other sulfur-containing oxidation products. These
compounds can persist after peroxymonosulfate (PMS) oxidation, yet their subsequent
removal remains poorly understood. Here, micron-sized amorphous ZrOy (MA-ZrOy) was
evaluated as an adsorbent for post-PMS treatment. In model-compound experiments at an
initial concentration of 100 ng/L, five of seven representative compounds achieved removal
efficiencies of at least 98% within 10 min. Density functional theory (DFT) calculations
suggested that multiple hydrogen-bonding contacts and steric accessibility contributed to
compound-dependent adsorption. In natural organic matter (NOM)-simulated water and
two natural waters, MA-ZrOy adsorption after PMS oxidation removed 37.8-54.3% of resid-
ual total organic carbon, accompanied by a decrease in the number of detected oxygenated
organosulfur formulas. Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) revealed that O-rich N-free formulas showed higher apparent capture than
the reference group (O = 4, N = 0), while N-containing groups showed higher pooled
capture across the three waters. Exact formula-pair comparisons further indicated that
CH; increments were associated with an initial decrease in apparent capture followed by a
recovery. These findings support MA-ZrOy adsorption as a complementary treatment step
for controlling residual oxygenated organosulfur compounds after PMS oxidation.

Keywords: oxygenated organosulfur compounds; zirconium oxide; peroxymonosulfate;
adsorption; hydrogen bonding; FT-ICR MS

1. Introduction

Persulfate-based advanced oxidation processes using peroxymonosulfate (PMS) or
peroxydisulfate (PDS) have been widely investigated for the removal of refractory organic
contaminants. These processes involve metal- or mineral-mediated, photochemical, or
thermal activation to generate reactive oxidizing species [1-3]. Related applications have
extended to pilot-scale wastewater treatment and field-scale groundwater remediation [4,5].
However, the disappearance of a target contaminant does not necessarily imply complete
mineralization. Persulfate-based oxidation involving electron transfer, hydrogen abstrac-
tion, and radical addition can yield by-products whose polarity, persistence, and biological
effects differ from those of the precursors [6-8]. Oxygenated organosulfur compounds,
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including organosulfates, sulfonates, and other sulfur-containing oxidation products, can
be produced by sulfate incorporation and oxidation of pre-existing organic sulfur. During
sulfate incorporation, the addition of sulfate radicals to organic substrates can lead to
organosulfates containing C-O-5 linkages. In a study of sulfate radical-mediated oxidation
involving 23 aromatic and five aliphatic model compounds, 25 substrates formed at least
one stable sulfate-containing product, including phenyl sulfate and p-cresyl sulfate [9]. The
formation of organosulfates has also been reported during UV /PDS treatment of natural
organic matter (NOM), and seven target compounds were quantified at concentrations up
to 203 ng/L [10]. In contrast, sulfur oxidation transforms a sulfur functionality already
present in an organic precursor. Dimethyl sulfoxide and phenyl methyl sulfoxide were con-
verted to their corresponding sulfones in Fe(Il) /PMS and Fe(Il) /PDS systems [11]. These
pathways provide the chemical context for considering the occurrence, persistence, and po-
tential biological effects of oxygenated organosulfur compounds. Oxygenated organosulfur
compounds have been identified in tap water from eight European cities, with estimated
total concentrations as high as 50 ng/L for haloacetonitrilesulfonic acids and 800 ng/L
for haloacetaldehydesulfonic acids [12]. Low-concentration effects have been reported for
bisphenol S, a related sulfone-containing compound, while tissue accumulation of indoxyl
sulfate has been observed in animal experiments [13,14]. The co-occurrence of diverse
organosulfur compounds and evidence of additive mixture effects raise potential toxico-
logical concerns [10,12,15]. Bioassays of PMS-treated wastewater extracts also show that
oxidation does not necessarily eliminate mixture toxicity [16]. Thus, the persulfate-based
oxidation cannot be assumed to render treated water harmless, and attention should also
be paid to the subsequent control of oxygenated organosulfur compounds.

Research on the subsequent removal of oxygenated organosulfur compounds has
lagged significantly behind research on their formation and detection. Potential treatment
options include further oxidation, membrane filtration, and adsorption. Reoxidation
may generate new oxygenated organosulfur compounds with higher oxygen contents or
smaller molecular sizes as the parent compounds are transformed [17]. Precise membrane
rejection depends on molecular and membrane properties and must be balanced against
water permeability [18,19]. Adsorption offers an alternative route through interactions
such as electrostatic attraction and hydrogen bonding [20,21]. Previous studies have
demonstrated adsorption of representative oxygenated organosulfur compounds using Zr-
based metal-organic frameworks, MIL-100(Fe), and poly-f3-cyclodextrin [21-23]. Molecular
dynamics and fluid-assisted analyses have also been used to investigate the adsorption
behavior of these adsorbents [24,25]. These findings provide a basis for investigating the
adsorption of oxygenated organosulfur compounds. However, the adsorptive removal of
oxygenated organosulfur compounds from persulfate-treated waters and the persistence of
these compounds in adsorption effluents remain insufficiently characterized, particularly
in complex water matrices.

In this study, micron-sized amorphous ZrOx (MA-ZrOy) was evaluated as a hydroxyl-
bearing adsorbent for the capture of oxygenated organosulfur compounds remaining
after PMS oxidation. The micron-sized form was selected for its potential to facilitate
gravity-assisted solid-liquid separation and subsequent adsorbent recovery. This study
also examined whether interactions identified for representative oxygenated organosulfur
compounds corresponded to formula-level capture patterns in complex waters. Following
synthesis and characterization, adsorption experiments using MA-ZrOx were conducted
at trace concentrations with seven representative compounds previously reported in the
literature [10]. Density functional theory (DFT) calculations were employed to examine
compound-specific removal, multiple hydrogen-bonding contacts, and steric accessibility.
The sequential treatment process comprising PMS oxidation followed by MA-ZrOx ad-
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sorption was then investigated in NOM-simulated water, Yiwu Lake water, and Shanghai
Reservoir water using total organic carbon (TOC) measurements and Fourier transform
ion cyclotron resonance mass spectrometry (FI-ICR MS) data analysis. The formula-level
analysis distinguished oxidation-emergent from pre-existing candidates and examined
associations between apparent capture and nominal carbon oxidation state, unsaturation,
O/N composition, and CH, increments. The specific contribution of this study is the
evaluation of a micron-sized amorphous oxide for post-PMS adsorption by linking adsorp-
tion performance, modeled interfacial interactions, and compositional capture patterns.
Together, these analyses assess the potential of MA-ZrOy for the downstream control of
oxygenated organosulfur compounds in persulfate oxidation effluents.

2. Materials and Methods
2.1. Chemical Reagents and Water Samples

Zirconium tetrachloride, ethanol, urea, methanol, formic acid, and hydrochloric
acid were obtained from Aladdin (Shanghai, China). 1H-Indol-3-yl potassium sulfate
(1H-Indol PS), potassium 4-methylumbelliferyl sulfate (4-MeS), 4-ethylbenzenesulfonic
acid (4-Et BSA), potassium 2,5-dihydroxybenzenesulfonate (2,5-diOH BS), potassium 4-
hydroxyphenyl sulfate (4-OH PS), sodium 3-carboxybenzenesulfonate (3-COOH BSA),
and 2-methylbenzenesulfonic acid (2-Me BSA) were supplied by Macklin (Shanghai,
China) NOM was purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure water
(18.2 MQ)-cm) was produced using a Milli-Q system (Sigma-Aldrich). All chemicals listed
above were used as received without additional purification.

NOM-simulated water was prepared by dissolving NOM in ultrapure water to obtain
a carbon concentration of 6.4 mg C/L. No additional inorganic salts were added. Natural
water samples were collected from two sites in China: a lake in Yiwu (Zhejiang Province)
and a reservoir in Shanghai. Before the experiments, all samples were filtered through
0.45 pm glass-fiber filters and stored at 4 °C in the dark until use. The key physicochemical
properties of the natural water samples are summarized in Table 1.

Table 1. Physicochemical properties of the natural water samples.

Parameter Yiwu Lake Shanghai Reservoir
pH 7.6 74
DOC ! (mg/L) 1.34 2.78
Turbidity (NTU) 3.22 291
Cl™ (mg/L) 7.38 21.76
SO4%~ (mg/L) 3.94 35.53
NO;™ (mg/L) 0.54 1.47
F~ (mg/L) 1.92 0.20
Na (mg/L) 8.63 17.36
K (mg/L) 1.61 2.66
Ca (mg/L) 3.49 35.6
Mg (mg/L) 0.71 7.96
Fe (mg/L) 0.006 0.002
Mn (mg/L) ND 2 ND
Al (mg/L) 0.004 0.006
Sr (mg/L) 0.021 0.195

1 DOC denotes dissolved organic carbon measured after filtration through 0.45 um glass fiber filters.
2 ND, not detected.

2.2. Preparation and Characterization of Micron-Sized Amorphous ZrOy

The adsorbent was synthesized as follows: 1.33 mmol of ZrCly was dissolved in 50 mL
of ethanol, while urea (0.1 mol) was dissolved in a mixture of 14 mL of water and 86 mL of

https://doi.org/10.3390/pr14203348


https://doi.org/10.3390/pr14203348

Processes 2026, 14, 3348

4 0f 20

ethanol. After complete dissolution, the two solutions were mixed thoroughly. The mixed
solution was transferred into a Teflon-lined autoclave and heated at 200 °C for 15 h. The
obtained precipitate was collected, washed with water and ethanol, and dried overnight
at 60 °C. Surface morphology was examined using a field-emission scanning electron
microscope (SU8010, Hitachi, Tokyo, Japan). The particle-size distribution was measured
using a Zetasizer Nano ZS analyzer (Malvern Instruments, Malvern, UK). Transmission
electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM),
selected-area electron diffraction (SAED), and scanning transmission electron microscopy
(STEM) analyses were performed using a Talos F200X microscope (Thermo Fisher Scientific,
Waltham, MA, USA) operated at an accelerating voltage of 200 kV. High-angle annular
dark-field (HAADF) imaging was employed in STEM mode, and energy-dispersive X-
ray spectroscopy elemental mapping was used to determine the spatial distributions of
elements. X-ray diffraction (XRD) patterns were collected using an Empyrean diffractometer
(PANalytical, Almelo, the Netherlands), and Fourier transform infrared (FTIR) spectra were
recorded on a Frontier spectrometer (PerkinElmer, Shelton, CT, USA).

The gravity-settling behavior of the adsorbent was examined in a measuring cylinder at
a dose of 1 g/L. The time at which stirring ceased was defined as t = 0. Digital photographs
were acquired at 0, 2, 5, 8, 15, and 25 min to document the settling process. An additional
gravity-settling experiment was conducted over 50 min using an MA-ZrOy suspension
at 1 g/L with an initial suspension height of 23 cm. The supernatant-layer height and
supernatant turbidity were monitored over time. For the H-D exchange experiments, the
material was loaded into a cell, and D, was introduced. The sample was heated from 40
to 700 °C at a nominal heating rate of 10 °C/min. Gas-phase products were monitored
using an INFICON RGA MPH 100 residual gas mass spectrometer operated at 70 eV with
an emission current of 2000 pA. Signals at m/z = 3 and 4 were recorded at 2 °C intervals
during heating. The m/z = 3 signal was used to monitor HD formation, and m/z = 4 was
used as the D, reference signal.

2.3. Adsorption Performance Evaluation

Batch adsorption experiments were conducted with the seven representative oxy-
genated organosulfur compounds. Each compound was tested separately at an initial
concentration of 100 ng/L. The adsorbent (1 g/L) was introduced into 20 mL of the tested
solution under continuous agitation. After a contact time of 10 min, samples were collected
to determine the residual concentrations. The adsorbent was regenerated using a 0.1%
NaOH solution, and its reusability was evaluated by measuring the removal efficiencies
of two selected compounds (4-MeS and 4-Et BSA). Sequential oxidation-adsorption ex-
periments were performed using three water matrices: NOM-simulated water, Yiwu Lake
water, and Shanghai Reservoir water. For each water matrix, raw water was treated with
PMS at a dosage of 0.10 g/L using a Co,MnOy-loaded microporous ceramic membrane.
CopMnOy was coated on the inner walls of the membrane pores throughout the ceramic
membrane, with a total loading of 0.7 g. The catalytic membrane had an approximate
pore size of 1 um and a thickness of about 0.55 cm. Oxidation was conducted at 20 £ 2 °C
and without pH adjustment. The permeate flow rate was maintained at approximately
10 mL/min. The resulting oxidation effluent was stored under refrigeration in the dark
until use. This oxidation effluent was then used as the influent for MA-ZrOy adsorption,
which was conducted at an adsorbent dosage of 1 g/L for 20 min at 20 °C under continuous
stirring. Samples were collected for further analyses at three stages: before PMS oxidation,
after PMS oxidation, and after subsequent MA-ZrOy adsorption.
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2.4. Water Quality Analysis and Quantification of Oxygenated Organosulfur Compounds

Organic carbon concentrations were determined using a multi-N/C 3100 TOC analyzer
(Analytik Jena GmbH+Co. KG, Jena, Germany). Turbidity was measured with a 2100 Q
portable turbidimeter (Hach, Loveland, CO, USA). The concentrations of Cl~, SO42-,
NO;~, and F~ were quantified by ion chromatography using a Dionex Integrion HPIC
system (Thermo Fisher Scientific, Waltham, MA, USA). The concentrations of Na, K, Ca,
Mg, Fe, Mn, and Al were determined using inductively coupled plasma optical emission
spectrometry (ICP-OES).

The seven representative compounds were quantified using an Agilent 1260 lig-
uid chromatography (Agilent Technologies, Waldbronn, Germany) system coupled to
an AB SCIEX 5600 quadrupole time-of-flight mass spectrometer (AB SCIEX, Concord, ON,
Canada). Separation was performed on an ACQUITY UPLC BEH C;3 Column (Waters
Corporation, Milford, MA, USA). The mobile phases were composed of 0.1% formic acid in
water (phase A) and methanol (phase B), and the separation was carried out at a column
temperature of 35 °C with a flow rate of 200 pL/min. The gradient program was as follows:
0.0-3.0 min 10% A, 3.0-9.0 min 10-95% A, 9.0-30.0 min 95% A, 30.0-35.5 min 10% A. The
mass spectrometer was operated in multiple reaction monitoring (MRM) mode and nega-
tive mode, with detailed instrument parameters listed in Table 2. Quantification was based
on compound-specific calibration curves established using standards at 5, 10, 25, 50, and
100 ng/L. The coefficients of determination (R?) ranged from 0.993 to 0.999. The calibration
curves and their corresponding R? values are provided in Figure A1.

Table 2. The detection conditions for the seven representative oxygenated organosulfur compounds.

Compound RT (min) Q1 (m/z) Q3 (m/z) DP (V) CE (eV)
1H-Indol PS 14.8 211.8 132 —28 —-25
4-MeS 18.6 255 176 —60 —28
4-Et BSA 22.3 185.3 170.7 —-96 -31
2,5-diOH BS 8.2 188.3 109.1 —20 —-30
4-OH PS 9.9 172.5 108 —95 —30
3-COOH BSA 11.5 200.5 158 —35 —-20
2-Me BSA 14.5 170.6 80.2 —50 -39

2.5. DFT Calculations of Organosulfur Adsorption Complexes

A finite cluster containing 12 Zr, 48 O, and 14 H atoms (Zr1,O4gH;4) was used as the
host model [26,27]. The bare host was assigned a total charge of 0 and a spin multiplicity
of 1 and contained 14 hydroxyl groups. A series of initial adsorption configurations was
generated for the representative oxygenated organosulfur compounds, with the cluster hy-
droxyl groups serving as candidate adsorption sites. All DFT calculations were performed
using Gaussian software [28]. Geometry optimizations were carried out using the PBE0O
hybrid density functional, combined with Grimme’s D3 correction and Becke—Johnson
damping [29-31]. The 6-311G(d,p) basis set was employed for H, C, N, O, and S atoms,
whereas Zr was represented by the Stuttgart/Dresden SDD effective core potential and
its associated valence basis set [32-34]. Solvent effects were incorporated using the SMD
continuum solvation model [35]. An ultrafine numerical integration grid was used. Self-
consistent-field convergence was assisted by the XQC procedure. The adsorption energy
was calculated using Equation (1):

sol _ psol sol sol
Eads - Ecomplex B Ehost o Eadsorbate’ (1)
sol sol sol ; i
where EJ e Efgstr and B e denote the total energies of the optimized complex,

isolated host cluster, and isolated adsorbate, respectively. The discussion focused on
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converged configurations selected in part for consistency between the calculated adsorption-
energy trends and the experimental removal efficiencies.

2.6. Organic Matter Extraction, FI-ICR MS Analysis, and Formula-Level Data Processing

Organic matter was extracted from raw water, PMS oxidation effluent, and subsequent
MA-ZrOy adsorption effluent by solid-phase extraction (SPE; GL Sciences, Tokyo, Japan).
For each sample, 1000 mL was acidified to pH 2 with hydrochloric acid. The pending
samples were then passed through Bond Elut PPL cartridges that had been sequentially con-
ditioned with methanol and Milli-Q water (pH = 2). The loading flow rate was 5 mL/min.
After extraction, the retained NOM was eluted with 10.0 mL of methanol, and the eluate
was concentrated to 0.5 mL under a gentle stream of N and stored in the dark until further
analysis. The extracts were characterized using FI-ICR MS (SolariX, Bruker, Bremen, Ger-
many), and electrospray ionization (ESI) was operated in negative-ion mode. Samples were
infused at a flow rate of 120 puL/h, with the capillary voltage set to —4.0 kV and the ion
accumulation time set to 0.1 s. Mass spectra were acquired over an m/z range of 100-1600.

To better visualize changes in organic matter with different chemical characteristics
during oxidation and adsorption, the molecular formulas were plotted on van Krevelen
diagrams. The H/C and O/C atomic ratios for each molecular formula were calculated sep-
arately. The assigned oxygenated organosulfur formulas were classified into two categories:
CHOS (N =0,S > 1) and CHONS (N > 1, S > 1). Based on their elemental stoi-
chiometry, assigned formulas were divided into seven regions: lipids, aliphatic/proteins,
lignins/ CRAM-like structures, carbohydrates, unsaturated hydrocarbons, aromatic struc-
tures, and tannins [36].

For molecular-level capture analysis, formulas with S =1 and O > 4 were selected from
the FT-ICR MS data as oxygenated organosulfur candidates [37,38]. Candidates detected
in the oxidation effluent but not in the adsorption effluent were classified as apparently
captured, and those detected in both oxidation effluent and adsorption effluent were
classified as persistent. The apparent capture proportion was calculated using Equation (2):

Pcapture = ncapture/ (ncapture + npersistent) X 100%. (2)

Two-sided 95% confidence intervals were calculated using the Wilson score method [39].
The molecular descriptors examined were logg-transformed signal intensity in the oxida-
tion effluent, m/z, O-atom count, O/C, H/C, nominal oxidation state of carbon (NOSC),
(DBE-O)/C, and Al,oq [40,41]. Descriptor differences between apparently captured and
persistent candidates were summarized by Cliff’s & [42].

The paired odds ratio (OR) was calculated using Equation (3):

ORpair =b/c, 3)

where b denotes the number of pairs in which only the increment-bearing member was
apparently captured, and c denotes the number of pairs in which only the reference member
was apparently captured.

3. Results
3.1. Structure and Surface Chemistry of Micron-Sized Amorphous ZrOx

The particle size and sedimentation behavior of MA-ZrOy are shown in Figure 1.
The SEM image illustrates predominantly micron-sized particles, with the measured
particle-size distribution concentrated at approximately 1.5-2.5 um (Figure 1a). The higher-

magnification SEM image provides a clearer view of the nearly spherical contour of an
individual MA-ZrOy particle (Figure 1b).
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8 min 15 min 25 min

Figure 1. (a) SEM image of MA-ZrOy with the particle-size distribution shown in the inset;
(b) higher-magnification SEM image of an individual MA-ZrOy particle; and (c) sedimentation
behavior of MA-ZrOy (1 g/L) after 0, 2, 5, 8, 15, and 25 min.

After adsorption, MA-ZrOy exhibited favorable solid-liquid separation performance
(Figure 1c). Significant sedimentation was observed after 2 min of standing, and a distinct
interface between the clarified supernatant and the underlying suspension became visible
after 5 min. As sedimentation progressed, the interface gradually moved downward. By
25 min, the liquid phase had become markedly clearer. To complement these observations,
an additional settling experiment was conducted over 50 min (Figure A2). The supernatant-
layer height increased with settling time, while the supernatant turbidity decreased. For
an initial suspension height of 23 cm, the supernatant-layer height reached approximately
7.5 cm after 50 min, and the supernatant turbidity was approximately 61.5 NTU. In contrast,
gravity-driven clarification can be challenging for dispersions of nanoscale adsorbents [43].
As the estimated sedimentation time is inversely proportional to the square of the particle
radius, the micron-sized particle size contributed to the favorable gravity-driven separation
performance of MA-ZrOy [44]. Considering that nanoscale dimensions can facilitate cellular
uptake and transport across biological barriers, this separation behavior may help mitigate
the risks associated with nanoscale adsorbents in water treatment [45-47].

The structure of MA-ZrOy was characterized by TEM (Figure 2). The low-magnification
TEM image revealed the nearly spherical particle morphology of MA-ZrO particles
(Figure 2a). As shown in Figure 2b,c, no clear and continuous lattice fringes were ob-
served in the HRTEM image, and the corresponding SAED pattern exhibited a diffuse halo.
In addition, the XRD pattern was dominated by broad peaks without discernible sharp
diffraction peaks (Figure A3). These observations support the predominantly amorphous
nature of MA-ZrOy. The HAADF-STEM image and elemental maps showed homogeneous
distributions of Zr and O within the particle (Figure 2d—f).

The surface chemistry of MA-ZrOx was further examined using FTIR spectroscopy
and H-D isotope exchange (Figure 3). As shown in Figure 3a, the broad absorption band at
3600-2500 cm ! and the band near 1560 cm ! are attributed to O-H stretching vibrations
of residual water and water-perturbed -OH [48,49]. The absorption near 1154 cm~! can
be assigned to surface -OH on MA-ZrOy [50]. H-D exchange was subsequently used to
quantify the active surface -OH (Figure 3b) [51]. To minimize contributions from variations
in D, concentration, the HD response was normalized against the D, signal. The HD/D,
experimental profile was deconvoluted, resulting in a sharp peak at approximately 285 °C
and a broad shoulder at 375 °C. This suggested that exchangeable hydrogen was associated
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with surface -OH in two distinct chemical environments. The lower-temperature compo-
nent is potentially assigned to less coordinated Zr-OH environments, while the broader
high-temperature component may arise from multiply coordinated hydroxyls, including
bridging Zr-OH-Zr structures [51,52]. These results support the presence of exchange-active
surface -OH, which may contribute to the adsorption of sulfur-containing species [53,54].

() (b) ©

O

Figure 2. (a) Low-magnification TEM image, (b) HRTEM image and (c) corresponding SAED pattern,
and (d) HAADF-STEM image and corresponding elemental mappings of (e) Zr and (f) O.
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Figure 3. (a) FTIR spectrum and (b) H-D exchange of MA-ZrO.

3.2. Removal Efficiency of Representative Oxygenated Organosulfur Compounds

To initially evaluate the adsorption performance of MA-ZrOy toward oxygenated
organosulfur compounds, seven representative compounds identified during sulfate
radical-mediated oxidation in NOM-containing water were used: 1H-Indol PS, 4-MeS,
4-Et BSA, 2,5-diOH BS, 4-OH PS, 3-COOH BSA, and 2-Me BSA (Figure 4). At an initial
concentration of 100 ng/L, removal efficiencies differed among the compounds, with five
reaching at least 98% removal (Figure 4a). The removal efficiencies of 4-MeS, 1H-Indol PS,
and 4-OH PS were 100.0%, 100.0%, and 99.8%, respectively, while those of 2,5-diOH BS and
3-COOH BSA were 98.2% and 98.0%. Lower removal was observed for 4-Et BSA (88.9%)
and 2-Me BSA (60.1%). Furthermore, 4-MeS and 4-Et BSA were selected to evaluate the
reusability of MA-ZrOy over five adsorption-regeneration cycles (Figure 4b). The removal
efficiencies of both compounds decreased slightly over the five cycles, supporting the
cycling stability of MA-ZrOy for the capture of oxygenated organosulfur compounds.
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Figure 4. (a) Removal efficiencies and (b) reusability of MA-ZrOy for oxygenated organosulfur
compounds.

3.3. Adsorption Analyses of Representative Oxygenated Organosulfur Compounds

Differences in removal efficiency suggest that molecular structural features beyond
the sulfate ester or sulfonate groups may also influence adsorption by MA-ZrOy. To
probe the molecular basis of this selectivity, adsorption complexes on MA-ZrOy were
constructed and optimized (Figure 5). Among the seven compounds, 4-MeS exhibits
the most negative adsorption energy (—28.0 kcal/mol). In its optimized configuration,
two spatially separated O atoms accept hydrogen bonds from two surface -OH groups,
with contact distances of 1.94 and 1.99 A, respectively. A different binding motif is observed
for 4-OH PS, with an adsorption energy of —26.2 kcal/mol. A surface -OH donates
a hydrogen bond to an O atom of the sulfate group at a distance of 1.93 A, whereas the
phenolic hydroxyl in 4-OH PS donates a hydrogen bond to a surface O site at 1.77 A. Similar
binding motifs are observed for 1H-Indol PS and 2,5-diOH BS, with adsorption energies of
—25.1 and —24.9 kcal/mol, respectively. For 1H-Indol PS, an O atom of the sulfate group
accepts a hydrogen bond from a surface -OH at 1.98 A, while the N-H group donates a
hydrogen bond to a surface O atom at 1.76 A. In the optimized configuration of 2,5-diOH BS,
one anchoring interaction involves a surface -OH and an O atom of the sulfur-containing
group, whereas the second is provided by the phenolic hydroxyl group interacting with
the surface. 3-COOH BSA has an adsorption energy of —21.9 kcal/mol. In its optimized
structure, one surface -OH group interacts with an oxygen atom of the sulfur-containing
group, with an O---H distance of 1.83 A, while a second -OH interacts with a carboxyl
oxygen at 2.10 A. The optimized configurations of 4-Et BSA and 2-Me BSA each feature
one principal hydrogen-bonding contact, but their adsorption energies differ considerably.
For 4-Et BSA, a surface -OH interacts with an oxygen atom of the sulfur-containing group
at 1.84 A, corresponding to an adsorption energy of —19.8 kcal/mol. In contrast, 2-Me
BSA has the least negative adsorption energy (—11.1 kcal /mol), despite a relatively short
-OH---O contact of 1.87 A. The ortho-methyl substituent may impose steric constraints near
the sulfur-containing group, thereby limiting favorable contact between the molecule and
the MA-ZrOy surface [55,56]. Overall, the negative adsorption energies indicate that the
adsorption is energetically favorable for all seven representative compounds. The calculated
adsorption energies of the selected configurations were compared with the experimentally
measured removal efficiencies (Figure A4). Because agreement with experimental results
contributed to configuration selection, this comparison is exploratory, and it serves to
generate hypotheses for the subsequent formula-level analysis of apparent capture in
complex waters. These observations suggest that additional functional groups, such as
phenolic -OH, N-H, or carboxyl groups, can provide secondary surface contacts, potentially
enhancing adsorption. Meanwhile, steric restriction near the primary binding group could
limit favorable accommodation of the molecule on the MA-ZrO, surface.
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(b)

1.99 A 7 i=\1.57A

-26.2 kcal/mol -25.1 kcal/mol —-24.9 kcal/mol
4-OH PS 1H-Indol PS 2,5-diOH BS

-21.9 kcal/mol -19.8 kcal/mol -11.1 kcal/mol
3-COOH BSA 4-Et BSA 2-Me BSA

Figure 5. DFT-optimized adsorption configurations of seven representative oxygenated organosulfur
compounds on MA-ZrOy: (a) 4-MeS, (b) 4-OH PS, (c) 1H-Indol PS, (d) 2,5-diOH BS, (e) 3-COOH
BSA, (f) 4-Et BSA, (g) 2-Me BSA.

3.4. Applicability of Micron-Sized Amorphous ZrOy Adsorption to Complex Water Matrices

To evaluate the applicability of MA-ZrOy as a post-oxidation adsorbent, NOM-
simulated water, Yiwu Lake water, and Shanghai Reservoir water were subjected to sequen-
tial PMS oxidation and MA-ZrOy adsorption. Figure 6a presents the TOC concentrations in
raw water, PMS oxidation effluent, and the final effluent after the subsequent adsorption
step. Compared with the corresponding PMS oxidation effluents, the final effluents showed
a further 37.8-54.3% decrease in TOC, demonstrating additional organic-carbon removal.
FT-ICR MS was used to investigate the changes in the number of detected oxygenated
organosulfur compounds (Figure 6b). Following MA-ZrO, adsorption, the total number
of detected oxygenated organosulfur formulas and the number of CHOS and CHONS
formulas consistently decreased in three water matrices, indicating the applicability of
MA-ZrOy in the actual PMS oxidation effluent remediation.

(a)7 i Raw water (b) 1800 Total S 5
PMS oxidation effluent CHOS ®
6 1 Sequential oxidation-adsorption effluent| 1600 CHONS z
@ 1400 c & ,
5 S 2 : c 5=
) I £ 12001 T8el B 5 5%
[o)) T O Q o [
g4 2 40004 a2l 8 £3 T E%
. s 28%| 2 g 3% S T s
O3 § 804 5 > 25 8 H s 2 28
= z 2 o ezl 5 22 g 35
€ e00] 3 §& 5 ¢8 g3
2 = z H i’- 3 0 58 » ©
©
I I 4004 « 2 os
iy . x 200
I
0
NOM-simulated Yiwu Lake Shanghai Reservoir NOM-simulated Yiwu Lake Shanghai Reservoir

Figure 6. Changes in (a) TOC concentration and (b) the number of detected oxygenated organosul-
fur compounds at successive stages of PMS oxidation followed by MA-ZrOy adsorption in

three water matrices.
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To identify which formulas were lost or whether the remaining compositions shifted,
the van Krevelen diagrams were further employed among water matrices and treatment
stages (Figure 7). Obviously, the MA-ZrOx post-adsorption distributions largely over-
lapped those of the oxidation effluents in the H/C and O/C combined space, while the
number of detected formulas declined within these occupied regions. It is worth noting
that a considerable number of oxygenated organosulfur compounds were also detected
in the two natural waters before PMS treatment (Figure A5). Some specific oxygenated
organosulfur compounds have been identified as novel precursors, which could form
disinfection by-products, including halogenated sulfonic acids [12,57]. Therefore, even
without PMS treatment, introducing MA-ZrOy adsorption into traditional water treat-
ment may also reduce the formation of disinfection by-products by capturing oxygenated
organosulfur compounds.

NOM-simulated Yiwu Lake Shanghai Reservoir

225 225 . ) 2.25
c : -
] 175 1754 175
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=90 Q 3 o 3
% S Q125 Q 1.25 Q1254 -
SE ;
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= 0.75 0.75 0.75
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2 R e 1 ' L.
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g . N
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Figure 7. Van Krevelen distributions of CHOS and CHONS molecular formulas in the PMS oxidation
effluents (top row) and the MA-ZrOy adsorption effluents (bottom row) of three water matrices.

Furthermore, apparent capture was compared between pre-existing and oxidation-
emergent candidate formulas during MA-ZrO, adsorption (Figure A6). Within each matrix,
formulas detected in both the raw water and the oxidation effluent were classified as
pre-existing, whereas those detected in the oxidation effluent but not in the raw water were
classified as oxidation-emergent. Among the three different water matrices, the apparent
capture rate of the oxidation-emergent formulas is consistently higher than that of the
pre-existing formulas: 75.3% versus 51.1% in NOM-simulated water, 78.5% versus 37.3%
in Yiwu Lake water, and 91.6% versus 60.8% in Shanghai Reservoir water. The difference
between them is more pronounced in the two natural waters.

3.5. Associations Between Molecular Composition and Apparent Capture

In order to further investigate the origin of the differences in the capture of various
oxygenated organosulfur compounds, the associations between molecular composition and
apparent capture were investigated. Generally, the higher capture rate can be found in parts
of the positive-NOSC region, particularly where (DBE-O)/C was also positive (Figure A7a).
Cliff’s 6 was then used to compare descriptor distributions between apparently captured
and retained formulas within each water matrix (Figure A7b). As positive 6 values indicate
higher descriptor values in the captured group, it can be found that apparently captured
formulas in the MA-ZrOy adsorption generally have a higher nominal mass, more oxygen
atoms, and a lower hydrogen saturation.
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The descriptor analysis identifies broad associations but does not isolate particular
elemental increments. In light of the additional O- and N-containing contacts suggested by
the DFT models, differences in apparent capture among O/N-defined formula groups were
further examined (Figure 8). Within the oxygenated organosulfur candidate set, formulas
were assigned to four groups: O=4,N=0,0>5N=0,0=4N>1,andO>5 N> 1.
Among N-free formulas, the O > 5 group had higher apparent capture rates than the O = 4
reference group in all three matrices: 71.7% versus 33.3% in NOM-simulated water, 49.0%
versus 20.8% in Yiwu Lake water, and 74.7% versus 15.4% in Shanghai Reservoir water. The
O =4and N > 1 groups also had higher capture than the reference group, at 100%, 100%,
and 33.3%, respectively, although the wide intervals limit the strength of this comparison.
Pooling formula records within each group across the three waters gave apparent capture
rates of 25.7%, 68.8%, 89.5%, and 90.7%, respectively, for the four groups listed above.
Overall, the molecules with additional O atoms or N atoms exhibited enhanced MA-ZrO,
adsorption removal across different matrices. As suggested by the DFT configurations,
these compositional associations are consistent with a possible contribution from additional
hydrogen-bonding functionalities.

B O=4N=0 O25N=0 4 O0=4Nz21 & O=25N21

| |
NOM-simulated i A
—&
e
Yiwu Lake —_— A
—o
&
Shanghai Reservoir- A
e
L
Pooled (3 waters) P S
o
0 20 40 60 80 100

Apparent capture (%)

Figure 8. Apparent capture rates for O/N-defined groups within the oxygenated organosulfur
compounds.

With heteroatom counts held constant, the association between CH, increments and
apparent capture during MA-ZrOy adsorption was further examined. Within each water
matrix, exact formula pairs differed by k(CH,), with C increasing by k and H by 2k while N,
O, S and DBE remained unchanged (Figure 9). Comparisons were reported when at least
30 formula pairs were available. NOM-simulated water, Yiwu Lake water, and Shanghai
Reservoir water met the criterion for k = 1-8, k = 1-2, and k = 1-6, respectively. In NOM-
simulated water, the ORs were 0.57-0.71 for +1 to +3 CH, and 1.50-5.00 for +4 to +8 CH,.
In Yiwu Lake water, the ORs were 0.75 and 0.56 for +1 CHj, and +2 CHp, respectively. In
Shanghai Reservoir water, the OR was 1.00 for +1 CH, and ranged from 0.48 to 0.68 for
+2 to +6 CHj. Apart from the relatively few comparisons in the Yiwu Lake group, both
the NOM-simulated and Shanghai Reservoir groups exhibited a smaller CH; increment
corresponding to a lower apparent capture, while the larger CH, increment showed a
significant apparent capture recovery.
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Figure 9. Paired odds ratios for apparent capture with k(CH,) composition increments within the
oxygenated organosulfur compound candidates.

4. Discussion

The adsorption experiments and DFT-optimized configurations suggest that multiple
hydrogen-bonding contacts and steric accessibility contribute to the compound-dependent
removal observed for the seven representative compounds. At the population level, the
higher apparent capture of O-rich N-free formulas across the three matrices, together with
the higher pooled capture of N-containing groups, is consistent with a possible contribution
from additional polar contacts. Meanwhile, the compositional associations between the
CH; increment and apparent capture might be due to the competition between local
surface-contact constraints and stabilization associated with a larger nonpolar moiety. The
2-Me BSA DFT configuration discussed above motivates considering whether substitution
near an anchoring group can restrict surface access or alter the geometry required for
favorable polar contacts. At larger increments, an additional nonpolar moiety could
partly compensate for an unfavorable local geometry through interactions with already
adsorbed organic matter [58]. Structure-resolved homologues and quantitative adsorption
measurements are further needed to test this proposed balance.

Together, the analyses extend the assessment from adsorption of individual com-
pounds to the behavior of residual mixtures after PMS oxidation. The model-compound
experiments and DFT calculations provide structure-specific information on removal and
surface contacts, whereas FT-ICR MS characterizes apparent capture and persistence at
the formula level. Their combined interpretation adds compositional information beyond
TOC reduction.

Table A1 summarizes the reported performance of previously investigated adsor-
bents, NU-1000, MIL-100(Fe), and poly-3-cyclodextrin, alongside the results obtained for
MA-ZrOy. The present study complements these investigations by examining multiple
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structurally distinct oxygenated organosulfur compounds and extending the evaluation
to residual organic mixtures after PMS oxidation. Because adsorption uptake, individual-
compound removal, and TOC reduction represent different performance metrics, and the
target compounds and the background are different, the values in Table A1 do not establish
a direct ranking of the adsorbents. Instead, the present results support the potential of
MA-ZrOy as a complementary post-PMS treatment material.

The observed gravity settling of MA-ZrOx and maintained removal performance over
five regeneration cycles support further evaluation of particle recovery and reuse. From
a safety perspective, facilitating particle separation may help limit adsorbent carryover
into the treated water and the associated potential exposure. However, these results do not
establish greater chemical or mechanical stability than that of nanosized ZrOy, which needs
further research. Importantly, micrometer-sized adsorbents can be readily integrated with
membrane filtration, enabling high-throughput treatment under relatively low driving
pressures [59]. In this case, the adsorbent remains a discrete particulate phase that can be
withdrawn for off-site regeneration or recirculation, while the membrane is retained in
situ as the separation barrier. This process design could offer a practical balance among
adsorption efficiency, particle recovery, and operational flexibility.

The management of spent regenerant should also be considered in assessing the
practical application of MA-ZrOy. Previous studies provide a basis for evaluating
NaOH recovery and separate treatment of the organic-contaminant-containing residual
stream [60,61]. This would address both regenerant consumption and the pollutants trans-
ferred during desorption.

5. Conclusions

Overall, MA-ZrOy exhibited effective adsorption of oxygenated organosulfur com-
pounds. Five of seven representative compounds reached at least 98% removal within
10 min at an initial concentration of 100 ng/L. DFT calculations associated more favorable
adsorption with cooperative hydrogen-bonding contacts involving the sulfur-containing
group and additional donor/acceptor sites, whereas single-site anchoring and steric con-
straints were associated with weaker binding. In NOM-simulated water and two natural
waters (Yiwu Lake water and Shanghai Reservoir water), MA-ZrOy adsorption following
PMS oxidation removed 37.8-54.3% of residual TOC. Oxidation-emergent oxygenated
organosulfur compounds consistently showed higher apparent capture than pre-existing
compounds in all three matrices. The O > 5 group showed higher apparent capture than the
O =4 group among N-free candidates, and N-containing groups also showed higher pooled
capture than the O =4, N = 0 reference group. In the exact formula-pair comparisons, the
CH,;, extension was associated with an initial decrease followed by a recovery in apparent
capture, which might be due to the competition between local surface-contact constraints
and stabilization associated with a larger nonpolar moiety. Together, the adsorption ex-
periments, DFT calculations, and FT-ICR MS analysis support micron-sized amorphous
ZrOy as a candidate post-PMS adsorbent for the remediation of persulfate-treated effluent
and provide complementary insight into compound-dependent removal and formula-level
capture in complex waters.
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Figure A1. Calibration curves for the seven representative oxygenated organosulfur compounds.
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Figure A2. Time-dependent changes in supernatant-layer height and supernatant turbidity during
gravity-settling.
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Figure A3. XRD pattern of the as-prepared MA-ZrOx.

9 1H-Indol PS 4-MeS
<100+ o, o

o 3-COOH BSA9 f 4-OH PS
S 2,5-diOH BS

i 4-Et BSA

©

Z 80+

£

i

— 70+

S

G

() T T T T T T T

g -10 -15 =20 =25 -30
[

DFT Adsorption Energy (kcal/mol)

Figure A4. Comparison of DFT-calculated adsorption energies and experimentally measured
removal efficiencies.
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Figure A5. Van Krevelen distributions of CHOS and CHONS molecular formulas in three water
matrices before PMS oxidation.
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Figure A6. Apparent capture rates of oxidation-emergent and pre-existing oxygenated organosulfur
formulas in three water matrices.
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Figure A7. (a) Apparent capture rate in NOSC-(DBE-O)/C space; (b) Cliff’s 5 comparing initial
signal and molecular descriptors between apparently captured and retained formulas within each
water matrix.

Table A1. Comparison of adsorption performance reported in previous studies and the present work.

Removal Adsorption
No.  Adsorbent Target Compounds Result Uptake Reference
1 NU-1000 indoxyl sulfate 98% - [21]
68.6
2 MIL-100(Fe) p-Cresyl sulfate - nmol/mg [22]
156.7
3 NU-1000 p-Cresyl sulfate - nmol/mg [22]
Poly-f3-
4 cyclodextrin p-Cresyl sulfate - 263 mg/g [23]
5 MA-ZiO, ~ evenrepresentative o, 40 g0 - This study
compounds
PMS oxidation 37.8-54.3%
6 MA-ZrOx effluents of different further TOC - This study
water samples reduction
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