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Sulfur polymers, synthesized by inverse vulcanisation from the industrial by-product elemental sulfur, are
emerging polymeric materials with diverse applications. Incorporation of new comonomers has provided
a significant boost to diversify sulfur polymer applications in recent years. However, reports on
hydrophilic sulfur polymers are rare, despite the theoretical advantage of water-wetting behaviour, which
enhances aqueous metal sorption by increasing the contact area. Here, we report the inverse
vulcanisation of hydrophilic sulfur polymers from acids, pyrrolidone, acrylates, and amides. Structural
determination of obtained sulfur polymers was investigated using nuclear magnetic resonance, and gas
chromatography-mass spectrometry on the degraded polymers. The introduction of polar comonomers
significantly improves polymers wettability (@ minimum water contact angle of 16.4°), enabling the
polymers to provide adequate contact with aqueous mercury ions. When coated onto alumina beads as
adsorbents, the sulfur polymer formed from methacrylic acid (S-MAA) stands out for mercury sorption.

Additionally, supporting materials were extended to silica powders, carbon black (CB) powders, and
Received 23rd April 2025 tivated carbon (AC) les for furth t t. S-MAA endows the hydrophobic CB
Accepted 4th August 2025 activated carbon granules for further sorption assessment. S- endows the hydrophobic

powders with hydrophilicity, showing high mercury uptake capacity (362 mg g~%). Comprehensive

DOI: 10.1039/d5ta03218k research on hydrophilic sulfur polymers, and their applications as adsorbents, provides valuable insights
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Introduction

High sulfur-content polymers, typically synthesized through
inverse vulcanisation,® have aroused much attention due to
their potential use in metal remediation,”> Li-S batteries,**
optical materials,>® antimicrobials,” and other fields.*® Inverse
vulcanisation, introduced in 2013, uses elemental sulfur (Sg) as
a feedstock to react with alkenes under heat to produce sulfur
polymers." Initially, this process typically requires relatively
high temperatures (above 159 °C) to initiate the ring-open
polymerization (ROP) of Sg into a linear polymeric sulfur with
diradical chain ends, which subsequently polymerizes with
vinylic comonomers to form sulfur polymers. Over the past few
years, various techniques and methods (for example, cata-
lysts,*>* mechanochemical synthesis,'* photoreaction, and
electrochemical synthesis.’) have been introduced to inverse
vulcanisation, resulting in reduced reaction temperatures and
a wider scope of comonomers. Consequently, a variety of sulfur
polymer materials have emerged. While the discovery of novel
sulfur polymers matters, equally crucial is the analysis of their
structures, as it provides insight into the mechanism of inverse
vulcanisation which remains incompletely understood and has
been described as either a radical or anionic polymerization,
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depending on the comonomer, catalyst, reaction conditions,
and others factors involved in inverse vulcanisation.“'*'*'¢
However, detailed reports on the identification of polymer
structures remain rare.”’”" Amongst these reports, Bao et al.
discovered the generation of linear poly(S-~-DIB) with bis-
thiocumyl units, resulted from mono-sulfurated progress of
vinyl groups.” In addition, Zheng et al conducted small
amplitude oscillation shear (SAOS) experiments to investigate
the structural evolution of sulfur polymers.”” Their findings
indicate that comonomers containing alkenyl groups conju-
gated with aromatic rings tend to degrade into thiocarbonyls or
thiophenes during polymerization. Additionally, Onose et al.
identified the generation of aliphatic terminal structures in
sulfur polymers caused by chain transfer during side reac-
tions.” Confirming the structure of sulfur polymers poses
challenges due to their complex polymeric units, unexpected
side-reactions, and the lack of available analytical techniques;
nevertheless, the process remains intriguing.

Due to the intrinsic hydrophobicity of elemental sulfur and
non-polar comonomers like 1,3-diisopropenylbenzene (DIB),'
norbornadiene,* plant oils,* limonene,* etc., most sulfur
polymers do not wet with water. In stark contrast to hydro-
phobic sulfur polymers, research on hydrophilic sulfur poly-
mers is relatively uncommon.?*® One major challenge is the
limited miscibility of molten sulfur with polar comonomers,
which hinders sequent polymerization. For example,

This journal is © The Royal Society of Chemistry 2025
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polymerization may occur at the phase interface, greatly
extending reaction time or leading to incomplete reaction,
producing a heterogenous product. However, hydrophilic sulfur
polymers could be advantageous, particularly in the context of
mercury capture in wastewater. The conventional strategy for
improving mercury sorption involves increasing the contact
sites for mercury ions onto sulfur polymers, specifically by
rendering the polymers as coatings,” fibers,** foams,* parti-
cles,®* and porous structures.’* Recently, hydrophilic and water-
soluble sulfur polymers have emerged as a promising approach
for mercury capture. Limjuco et al. synthesized hydrophilic
sulfur polymers from 2-carboxyethyl acrylate (CEA), which
showed high Hg*" capture efficiency as microfibrous compos-
ites.”® Moreover, Eder et al. reported charged sulfur polymers
that readily dissolve in water and bind with aqueous metal ions,
acting as flocculants.”*

Herein, we report the synthesis of a series of hydrophilic
sulfur polymers with water contact angles as low as 16.4°,
demonstrating significantly enhanced water wetting behaviour,
approximately a sevenfold reduction in contact angle,
compared to conventional hydrophobic sulfur polymers
(112.2° when synthesized with sunflower oil).® In addition,
detailed structural analysis was conducted for each polymer,
identifying both doubly (crosslinked or linear) and mono-
sulfurated (terminal) polymers in final products. The hydro-
philicity endows sulfur polymers with adequate contact sites for
mercury ions as coatings on Al,O; beads. Amongst these
samples, sulfur polymer S-MAA from methacrylic acid showed
superior performance on mercury sorption and was selected as
the model coating material. Moreover, various supporting
materials such as silica powders, carbon black (CB) powders,
and activated carbon (AC) granules, were explored and evalu-
ated for mercury sorption. Notably, S-MAA coated CB powders
(S-MAA®@CB) achieved a high effective mercury sorption (above
99%) under both neutral and acid conditions. In this work, the
use of commercially available comonomers acrylic acid (AA) and
N-vinylpyrrolidone (NVP) is reported in inverse vulcanisation for
the first time. In addition, the detailed synthesis and charac-
terization of other rarely reported sulfur polymers are also
thoroughly investigated. Considering that there is a large
surplus in the production of sulfur, and there is hope that
industrial polymers may be developed using at least part of this
surplus, there is in polymer chemistry a continuous search for
methods to synthesise polymers of sulfur that could find novel
applications.>® The use of such highly industrially available
common monomers such as those reported here is therefore
advantageous.

Results and discussion
Synthesis and characterizations of sulfur polymers

As illustrated in Scheme 1, eight sulfur polymers were synthe-
sized using elemental sulfur (Sg) and comonomers acrylic acid
(AA), methacrylic acid (MAA), N-vinylpyrrolidone (NVP), 2-
hydroxyethyl acrylate (HEA), hydroxyethyl methacrylate
(HEMA), acrylamide (AAm), poly(ethylene glycol) diacrylate
(PEGDA250), and ethylene glycol dimethylacrylate (EGDMA)

This journal is © The Royal Society of Chemistry 2025
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Schemel Generalreaction of elemental sulfur and comonomers. The
top panel shows the synthesis of inversed vulcanised sulfur polymers.
The bottom panel shows the comonomers used in this work as well as
those in other reported conventional hydrophobic sulfur polymers.

(Sg: comonomers = 1:1 in mass ratio). The resulting polymers
were named S-AA, S-MAA, S-NVP, S-HEA, S-HEMA, S-AAm, S-
PEGDA250 and S-EGDMA (photographs are shown in Fig. 1a).
S-AA and S-MAA were synthesized under reflux for 24 h to
prevent the evaporation of the comonomers, as the reaction
temperatures (140 °C for S-AA and 160 °C for S-MAA) are close to
the boiling points of the comonomers (Table S1). Attempts to
synthesize S-AA and S-MAA at lower temperature (135 °C for S-
AA, and 135, 150 °C for S-MAA) showed negligible polymeriza-
tion, where obvious phase separation occurred (Fig. S1). The
remaining polymers were synthesized following the general
inverse vulcanisation methods under different synthesis
conditions (Table S2). Catalyst zinc diethyldithiocarbamate
Zn(DEDC), was used in this work to enhance reactivity of sulfur
and comonomers, as has been evidenced by Wu et al. and Dodd
et al.*>™ For example, compared to the non-catalytic reaction,
Zn(DEDC), promoted the complete consumption of C=C
bonds in MAA during S-MAA synthesis (Fig. S2). The addition of
Zn(DEDC), to the mixture of sulfur and AAm caused severe
auto-acceleration, likely due to the self-activation of AAm.***
Therefore, no catalyst was added in the synthesis of S-AAm.
Nuclear magnetic resonance (NMR) analysis of sulfur poly-
mers is often challenging due to their insolubility and the
complex microstructural mixtures resulting from side reactions
during inverse vulcanisation; therefore, detailed structures and
by-products of sulfur polymers are not

always fully
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Fig.1 (a) Photographs of S-AA (black tacky solid), S-MAA (black viscous
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liquid), S-NVP (dark brown viscous liquid), S-HEA (dark brown viscous

liquid), S-HEMA (reddish-brown viscous liquid), S-AAm (black brittle solid), S-PEGDA250 (brown elastic solid), S-EGDMA (reddish-brown brittle

solid). (b) The middle panel displays the proposed structural components

of each polymer. (c) The water contact angle (WCA) of sulfur polymers.

(d) The molecular weight and dispersity index of sulfur polymers tested by GPC. Of note, GPC test was conducted using the soluble portion of

polymers in tetrahydrofuran (THF) with a concentration of 3 mg mL~%

recognized.’®'**¢ In this work, S-AA, S-MAA, S-NVP, S-HEA, S-
HEMA readily dissolved in deuterated dimethylsulfoxide
(DMSO-d) or chloroform (CDCl;), whereas S-AAm, S-PEGDA250
and S-EGDMA partially do. This enabled further elucidation of
the polymeric structures. The obtained sulfur polymers were
subject to solution 'H, "*C NMR (Fig. $3-510). The reaction of
comonomers after inverse vulcanisation was confirmed by the
disappearance of signals related to C=C bonds. Notably, trace
proton peaks (7.0-9.5 ppm) attributed to aldehydes were
observed in polymers, except for S-AAm, likely resulting from
the addition of peroxyl radicals generated by oxygen onto the
comonomers, as the reaction occurred in an open air condi-
tion.*”*® The original inverse vulcanisation mechanism, as
proposed in 2013 for crosslinked poly(S-r-DIB), suggests that
double sulfuration occurs at each isopropenyl group in 1,3-di-
isopropenylbenzene (DIB), forming two C-S bonds." Recently,
the discovery of linear poly(S-r-DIB) with bis-thiocumyl has
highlighted a new mechanism of inverse vulcanisation.'® This
newly proposed mechanism suggests the formation of a single
C-S bond through mono-sulfuration of the isopropenyl group
in DIB, along with the generation of thio-cumyl groups through
hydrogen abstraction. Hence, doubly (crosslinked or linear) and
mono-sulfurated (terminal) structures in sulfur polymers must

30482 | J Mater. Chem. A, 2025, 13, 30480-30489

be considered. The detailed structural analysis of obtained
sulfur polymers was conducted by distortionless enhancement
by polarization transfer (DEPT) 135 and heteronuclear single
quantum coherence (HSQC) NMR (Fig. S11-S21). All the
assumed structures of each sulfur polymer are summarized in
Fig. 1b. For polymer S-AA, two unexpected methylene signals
(Cg, 61 ppm and C,, 34 ppm) were detected, likely assigned to a:-
and B-CH, in the form of -COOCH,CH,- segments (Fig. S11). A
hypothesis is that conjugate addition occurred, leading to the
formation of 2-carboxyethyl acrylate (CEA) from AA during
inverse vulcanisation. In a control experiment where AA was
heated to equivalent conditions without sulfur, similar methy-
lene peaks at 60 and 34 ppm as well (Fig. S12) were observed,
supporting the hypothesis. The conjugate addition mechanism
was assumed in Fig. S13. AA tautomerized to form electrophilic
enolates. In addition, AA was deprotonated to generate
carboxylate nucleophiles -COO~, which reacted with the eno-
late in a conjugate addition reaction. Finally, the resulting
enolate intermediate abstracted protons to form the dimers
CEA.*® Consequently, both AA and CEA were involved as
comonomers in the polymerization with sulfur. As shown in
Fig. S11, carbon resonances observed in S-AA correspond to
methyl (C,, 12 ppm) and methine (C,, 41 ppm) from terminal

This journal is © The Royal Society of Chemistry 2025
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structures 3 and 6. In addition, terminal polymers 2 and 5 were
verified by two signals of secondary carbons (Cy, 27 ppm and Cg,
34-35 ppm). The downfield secondary carbons (Cg, 42 ppm) can
be rationalized by the linear polymer 1 and 4. In conclusion,
polymer S-AA comprises linear and terminal units derived from
AA and CEA. For polymer S-MAA, no conjugate addition was
observed despite the structural similarity between MAA and AA
(Fig. S14). A doubly sulfurated linear structure 1 and two mono-
sulfurated terminal structures 2 and 3 in S-MAA were detected.
In polymer 1, secondary carbons (C,, 48, 50 ppm) were detected,
and shifted further downfield due to the presence of two adja-
cent sulfur atoms, in contrast to the mono-sulfur adjacent
carbons (Cq, 42 ppm) in structure 2. Tertiary carbons (C., 39
ppm) are also the evidence for structure 2. Furthermore, a new
signal for primary carbons (Cp, 24-28 ppm), not MAA's own
methyl carbons (C,, 17 ppm), belongs to polymer 3 with a thio-
isopropyl group. Moreover, quaternary carbons (C, 55-57 ppm)
in structure 1 and 3 were not evident in the DEPT 135 spectrum.
In the case of polymer S-NVP, two structures were identified:
a linear structure 1 and a terminal structure 2 (Fig. S15). This
was supported by signals of secondary carbons (C,, 46-50 ppm)
and tertiary carbons (Cg 58 ppm) in polymer 1, as well as
primary C, (18 ppm) in polymer 2. The absence of other
secondary carbon signals ruled out the possibility of a terminal
structure containing a B-thio-ethyl group. With respect to
polymer S-HEA, three signals attributed to secondary carbons
were discovered (Cp, 27 ppm; C., 34 ppm; C., 47-49 ppm)
(Fig. S16). These signals indicate the presence of linear polymer
1 and terminal polymer 2. Meanwhile, a signal at 11-13 ppm
was observed, assigned to the methyl carbon C, in terminal
polymer 3. Regarding polymer S-HEMA, a linear and two
terminal species were proposed (Fig. S17). Two signals origi-
nating from secondary carbons at 43 ppm (Cq4) and 39 ppm (C,)
were assigned to polymer 1 and 2, respectively. Polymer 3,
featuring a thio-isopropyl group, was confirmed by the absence
of quaternary carbons (Cy, 46, 48 ppm) and the appearance of
new primary carbons (Cp, 25 ppm) in DEPT 135 spectrum.
Polymers S-PEGDA250 and S-EGDMA partially dissolve in NMR
solvents, theoretically due to the presence of an insoluble
crosslinked portion. However, poor solubility of S-AAm was also
observed. In a control experiment, AAm was heated under
equivalent conditions without sulfur, but the product's solu-
bility in DMSO was also inadequate for NMR analysis. The
following hypotheses may explain this anomalous phenom-
enon: (i) AAm may undergo imidization upon heating above
100 °C, leading to crosslinking with sulfur (the assumed inter-
molecular imidization was illustrated Fig. S18).*° (ii) Intermo-
lecular hydrogen bonds may create stable polymeric networks
that hinder the entry of S-AAm into solvents.** Due to the partial
dissolution of S-AAm, S-PEGDA250, and S-EGDMA in NMR
solvents, the proposed structural analysis is limited to the
soluble section of each polymer. For polymer S-AAm, two mono-
sulfurated terminal species were suggested (Fig. S19). Species 1
shows two signals from methylene carbons (C., 36 ppm and Cy,
27 ppm), indicating a B-thio-ethyl group. Species 2 exhibits
signals for methyl carbons (C,, 19 ppm) and tertiary carbons
(Cq, 42 ppm), indicative of the a-thio-ethyl group. In S-

This journal is © The Royal Society of Chemistry 2025
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PEGDA250, a linear structure 1 was proposed, as evidenced by
two secondary carbons (C,, 27 ppm and Cy, 34 ppm), with no
tertiary and primary carbon signals (Fig. S20). Similarly, a linear
structure 1 was found in polymer S-EGDMA according to new
signals of tertiary carbons (Cyp, 24 ppm) and secondary carbons
(Ce, 43 ppm) next to sulfur atoms (Fig. S21).

Recently, the degradation of sulfur polymers using lithium
aluminium hydride (LiAlH,), which cleaves S-S bonds and
generates thiols with monomeric units, has been applied to
further structural confirmation.'***** These resulting thiols are
either purified by silica gel chromatography for solution NMR
analysis, or analysed directly using gas chromatography-mass
spectrometry (GC-MS). In this work, sulfur polymers were
treated with LiAlH,, and the resulting product mixtures were
analysed by NMR and GC-MS. The detailed structural analysis
was concluded in Fig. S22-S37. Complete reduction of carboxyl
acids and esters to alcohols, and amides to amines in sulfur
polymers was confirmed by the loss of the carbonyl carbon
signal in NMR spectra.** However, incomplete cleavage of S-S
bonds resulted in less broad peaks, compared to those of the
pristine polymers. Moreover, GC-MS analysis revealed the
presence of thiols, consistent with the assumed thiols derived
from previously proposed polymer structures (excluding S-NVP
and S-AAm). The peak signals of degraded S-NVP and S-AAm are
quite weak and do not align with any of the proposed thiol
structures. These findings indicate that, despite sulfur polymers
with easily reducible functional groups did not readily undergo
complete degradation, valuable structural information was still
collected which aided polymer structure elucidation.

The successful synthesis of sulfur polymers was further evi-
denced by Fourier-transform infrared (FTIR) spectra (Fig. S38-
$45). The alkene C=C stretching vibrations at 1610-1637 cm "
in comonomers disappeared or significantly weakened after
inverse vulcanisation. In addition, characteristic peaks induced
by C=0 bonds (1667-1728 cm ") were observed in all samples,
along with C-O bonds (1149-1238 cm ') in polymers contain-
ing ester groups, and C-N bonds in S-NVP (1408 cm™ ') and in S-
AAm (1394 cm™ ). It is reported that primary amine groups in
oleylamine likely participate in inverse vulcanisation, forming
secondary amines, as evidenced by a noticeable shift of N-H
bonds to a lower wavenumber in FTIR.** However, in S-AAm, no
significant N-H bonds shift was observed, indicating no reac-
tion between NH, in amides and sulfur. This is probably
because the nucleophilicity of the amine long pair is reduced by
conjugation into the amide oxygen. CHNS elemental analysis is
presented in Table S3. Sulfur polymers, except S-AAm, with
predetermined 50 wt% sulfur have roughly equivalent compo-
sition of elements to the theoretical values. In terms of S-AAm,
two measurements showed a significant difference in carbon
and sulfur content, indicative of the heterogeneity of the poly-
mer. The thermal properties of the polymers were characterized
by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). TGA illustrates that Tyeg, 50, Of sulfur poly-
mers ranges from 138 to 215 °C (Fig. S46). Glass transition
temperatures (T,) were recorded as: —28.9 °C (S-AA), —19.0 °C
(S-MAA), —30.4 °C (S-NVP), —36.1 °C (S-HEA), —15.6 °C (S-
HEMA), 70.0 °C (S-AAm), —25.4 °C (S-PEGDA250), and 15.1 °C

J. Mater. Chem. A, 2025, 13, 30480-30489 | 30483
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(S-EGDMA) (Fig. S47). Distinct crystal sulfur peaks at =105 and
116 °C were discovered in DSC curves for S-AA, S-AAm and S-
PEGDA250, due to the unreacted sulfur. Traces of crystal and
amorphous sulfur were identified in all polymers, proved by
powder X-ray diffraction PXRD and thin layer chromatography
TLC (Fig. S48 and S49).

Common sulfur polymers using divinylbenzene (DVB), 1,3-
diisopropenylbenzene (DIB), and dicyclopentadiene (DCPD) as
comonomers exhibited limited hydrophilicity, with water
contact angle (WCA) exceeding 83.5°.>* Notably, polymeric
sulfur-sunflower oil demonstrates high hydrophobicity with
a WCA of 112.2°. However, in this work, the incorporation of
hydrophilic comonomers enhanced the wettability of sulfur
polymers. As shown in Fig. 1c, S-NVP is the most hydrophilic
(with a lowest WCA of 16.4°), followed by S-HEA (23.3°), S-AA
(24.3°), SSHEMA (47.5°), S-MAA (51.9°), and S-AAm (56.8°). In
contrast, S-EGDMA is less hydrophilic (69.7°), while S-
PEGDA250 is hydrophobic (95.8°). This is because comono-
mers EGDMA and PEGDA250 bearing hydroneutral ester groups
show minimal impact on improving the wettability of sulfur
polymers.*> Solubility tests of sulfur polymers in water and
common organic solvents were carried out (Fig. S50 and S51). S-
AA, S-NVP, S-HEA, and S-AAm slightly dissolved in water with
soluble fractions of 22.02, 12.67, 10.68, and 16.31%, respec-
tively. The remaining polymers are water-insoluble. Regarding
these four polymers, the soluble and insoluble fractions were
collected and analysed by CHNS (Table S4). The higher C/S ratio
in the soluble portion than the insoluble portion indicates
a difference in chemical composition. This suggests that the
soluble portion consists of small thiols isolated from the poly-
meric backbone. To ensure that the limited water solubility of
these four polymers was not due to solution saturation, which
hindered further dissolution of the polymer, repeated dissolu-
tion tests were carried out on the insoluble fraction. After three
repetitions, the soluble fractions all dropped to below 3.40%
(Table S5), confirming minimal dissolution. Therefore, in
contrast to previously reported charged sulfur polymers that
readily dissolve in water, the hydrophilic sulfur polymers in this
work, which bear electroneutral units, exhibit poor water solu-
bility.**?** Gel permeation chromatography (GPC) analysis
illustrates that the obtained sulfur polymers are oligomers with
diverse molecular weights M,: 475 g mol " (S-AA), 738 g mol "
(S-MAA), 499 g mol™' (S-NVP), 1483 g mol ' (S-HEA),
2342 g mol ' (S-HEMA), 642 g mol™ ' (S-AAm), 4623 g mol
(S-PEGDA250), and 2703 g mol ' (S-EGDMA) (Fig. 1d). The low
molecular weight of polymers likely resulted from the linear and
terminal structures, as previously proposed in NMR section.

Fabrication and mercury capture of sulfur polymer-coated
alumina (SP@AI,03;) beads

Given that the synthesized polymers are sticky and bulky,
providing limited availability of Hg** binding sites, their direct
application for mercury capture in aqueous solutions may be
awkward. Therefore, grafting of sulfur polymers onto support-
ing materials (e.g. alumina Al,O; beads) could address this
issue.

30484 | J Mater. Chem. A, 2025, 13, 30480-30489
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A soaking method was applied and briefly described here
(see the SI for details), which involved preparing polymer-in-
THF solutions, soaking Al,0; beads in the solution, then
isolating, washing, and drying the beads to obtain the sulfur
polymer coated beads SP@AI,O; (Fig. 2a). This method allows
the polymers-in-THF solution to be reused, enabling scale-up in
real systems. Upon coating, the original white beads turned to
brown or yellow (Fig. 2b and S52). Taking S-MAA@AI,O; beads
as an example, energy-dispersive X-ray (EDX) analysis confirms
the presence of sulfur from the polymer; however, scanning
electron microscope (SEM) reveals that the coating was not
ideally uniform, as evidenced by the uncoated dark areas
(Fig. 2¢). No significant polymer signals were detected in coated
beads by FTIR (Fig. S53). The coating ratio for each bead,
calculated based on the mass loss of polymers measured by
TGA, ranges from 1.86 to 7.90% (polymers/uncoated
beads, wt%) (Fig. S54). Pristine Al,O; beads exhibit a Bru-
nauer-Emmett-Teller (BET) surface area of 209 m> g™, which
decreased to 79-190 m> g~ " after polymer coating (Fig. $55). To
a certain extent, sulfur polymers occupied the pore sites of the
beads (Table S6).

Sulfur polymer coated porous supports exhibit potential as
mercury sorbents in water, with three key attributes in this
regard: amount of coated sulfur polymers, surface area, and
hydrophilicity. To evaluate the influence of these attributes on
the mercury adsorption, mercury capture was conducted using
SP@AI,0; beads. 50 mg of SP@AI,O; beads were applied to
10 mL of HgCl, aqueous solutions (500 ppm). Fig. 2d-f present
the Hg>" uptake capacity of the beads as a function of coating
ratio, BET surface area, and polymer wettability. Uncoated Al,O;
beads were initially chosen to test due to their high surface area
and moderate binding affinity for Hg>" on their own.** In
addition, the relatively large size Al,0; beads make them
convenient for handing and separation. However, after coating,
some SP@AI,O; beads exhibited lower capacities than uncoated
Al,0; beads, which is likely from the relative affinity for Hg*" of
Al,O3/polymers, as well as the blocking of pores. As well as
mercury being captured from solution into the solid phase,
there is the potential for undesirable leaching of partially
soluble polymers or sulfur into the aqueous phase. Notably,
when used as coatings, the leaching of sulfur polymers into the
aqueous solution can be mitigated, thereby reducing secondary
contamination to some extent. For example, using S-AA as
a coating reduced its leaching by approximately sixfold
(Fig. S56). Amongst these beads, S-MAA@AI,O; beads demon-
strated a binding efficiency of 28.96% and a capacity of
33 mg g ' for Hg*', which outperformed the other beads
(Table S7). However, S-MAA@AI,O; beads showed no significant
advantages in coating ratio, BET surface area, or hydrophilicity
compared to other SP@AI,O; beads. This indicates ranking
these three factors in terms of their importance for mercury
adsorption is complex, and likely involves trade-offs. Overall,
sulfur polymer S-MAA stood out from other polymers in
mercury uptake performance, and thus was selected as the
model coating for subsequent mercury uptake tests.

This journal is © The Royal Society of Chemistry 2025
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not the polymers.

Comparison of different S-MAA-coated composites

Silica (SiO,) powders, carbon black (CB) powders, and activated
carbon (AC) granules were also used as substrates and coated
with S-MAA, following the soaking method to produce S-
MAA@SiO, powders, S-MAA@CB powders, and S-MAA@AC
granules. The presence of hydrogen bonds was inferred to
strengthen the interactions between S-MAA and both Al,O; beads
and SiO, powders. Additionally, CB was proved to efficiently trap
sulfur radicals, thereby promoting the grafting of sulfur poly-
mers.® The interaction between S-MAA and activated carbon
remains obscure. Four S-MAA/inorganic composites are visual-
ized in Fig. S57. As shown in SEM and EDX images (Fig. 2¢ and
S58-S60), S-MAA@AIL,O; beads are spherical, with an average
diameter of 1 mm. S-MAA®@SiO, powders are irregular, averaging
50 um in size. Clusters of SSMAA@CB powders exhibit a wide
range of sizes at the micron scale. The pore structure of
millimetre-sized S-MAA@AC granules was also witnessed.
Successful grafting of polymer S-MAA onto the substrates was
evidenced by EDX, where elemental sulfur was detected. In
addition, the decrease in BET surface area is indicative of poly-
mer loading onto the substrates: from 209 m* g~ * to 111 m* g *
(S-MAA@ALO; beads), from 365 m> g ' to 323 m> g'
(S-MAA@SiO, powders), from 28 m> g ' to undetectable

This journal is © The Royal Society of Chemistry 2025

(S-MAA@CB powders), and from 584 m”> g~ ' to 283 m®> g~ (S
MAA@AC granules) (Fig. S61). Mercury uptake tests were con-
ducted to evaluate the performance of S-MAA coated materials,
with the removal of Hg>" at 500 ppm shown in Fig. 3a. The S-MAA
itself, without carrier materials, has an Hg”* capacity of 28 mg g™
and removal efficiency of 27.68%. This adsorption performance
is not particularly impressive, and a key reason is the limited
contact between the bulk polymer and the ions. For Al,O; beads,
the incorporation of sulfur polymers resulted in a slight uplift by
5.38% in removal efficiency. In contrast, S-MAA@SiO, powders
exhibited 23.09% removal of mercury, whereas the uncoated
powders showed negligible Hg”" adsorption. An uptake efficiency
of 99.05% endowed S-MAA@CB powders with considerable
potential as mercury adsorbents. The high efficiency is likely due
to the substantial sulfur polymer loading onto CB powders
(coating ratio of 57.08%), which enhanced Hg>" capture despite
the powders' limited surface area. However, a decline in uptake
was observed in the case of SSMAA@AC granules, which possibly
resulted from a reduction in surface area, leading to the loss of
available binding sites. Sorption isotherms for coated and
uncoated AC granules were depicted to investigate performance
at low concentration (Fig. $62). Uncoated AC granules exhibited
a sharp uptake, while SSMAA@AC granules showed a moderate

J. Mater. Chem. A, 2025, 13, 30480-30489 | 30485
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sorption. The coating of S-MAA onto AC granules appears to be
less effective for mercury capture. S-MAA@AL,O; beads,
S-MAA@SiO, powders, S-MAA@CB powders, and S-MAA@AC
granules presented capacities of 33, 22, 93, and 74 mg g ',
respectively at a Hg>" concentration of 500 ppm. The capacity was
calculated based on composites mass. The capacity calculation
based on polymer mass is displayed in Fig. S63.

In practical scenarios, mercury adsorbents are unlikely to
encounter wastewater with large concentrations of mercury.
Therefore, the ability to treat low concentration wastewater is an
important consideration for adsorbents. As long as the adsor-
bents demonstrate sharp uptake at low concentrations, they can
be used effectively. Removal of 10 ppm Hg>" was also tested. S-
MAA@SiO, powders, S-MAA@CB powders, and S-MAA@AC
granules achieved removals up to 99.22, 99.56, and 99.67%,
respectively, while S-MAA@AI,O; beads showed an adequate
uptake of 79.25%. Results from low (10 ppm) and high (500
ppm) concentration experimental groups are summarised in
Fig. 3b. The simplified isotherm represents a rough comparison
of the adsorption ability of each composite, noting that the
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steeper the line the more effective the adsorbent is. Among
these composites, S-MAA@CB powders performed the best and
were further applied in mercury capture tests.

Mercury capture of S-MAA@CB powders

As shown in Fig. 4a and b, the untreated CB powders are
hydrophobic, with a WCA of 139.09°, and they float on the
water's surface rather than entering water. This floating
behaviour weakens their contact with mercury ions in aqueous
solutions. Similarly, when hydrophobic S-sunflower oil was
used as a coating, the obtained powders also floated on the
water surface, resulting in poor Hg>" adsorption performance,
with an uptake efficiency of only 5.06% and a capacity of
5 mg g '. However, upon coating with S-MAA, CB powders
became hydrophilic and could be wetted and well dispersed in
water. The marked change in wettability has endowed CB
powders with new potential as adsorbents, and it increases the
likelihood of binding with mercury ions.

The maximum mercury sorption capacity is a key parameter
in evaluating adsorbents. However, in practical scenarios,
absorbents are unlikely to encounter the amounts and
concentrations of Hg>" necessary to achieve saturation capac-
ities. As long as materials with an appreciable capacity (e.g. over
100 mg g~ ') ideally exhibit a steep uptake at low concentration,
they can be used effectively. Fig. 4c reveals high affinity of S-
MAA@CB powders for Hg>", fitted well with Langmuir model
(R*> = 0.9197). The saturation capacity was found to be
362 mg g ', which is comparable to that of reported hydro-
phobic mercury adsorbents, and is more than adequate for
practical use (Table S8). S-MAA@CB powders nearly removed all
mercury at low concentration; for example, reducing Hg*" from
250 ppm to 2.4 ppm. The sharp initial uptake at low concen-
trations highlights the material a favourable adsorbent.

In real life, mercury pollution exists in household water and
the ocean, where sodium chloride is common and found to
interfere with mercury sorption by reducing the rate and
amount of mercury capture.®’” Accordingly, Hg”" uptake (500
ppm) by S-MAA@CB powders was analysed kinetically in DI
water, simulated tap water (6.85 mM NaCl) and seawater
(599 mM Nacl) (Fig. 4d). After 24 hours, S-MAA@CB powders
exhibited Hg”" uptakes of 270 mg g~ (DI water) and 261 mg g~
(tap water), corresponding to 66.40% and 64.15% removal. This
similarity suggests that low NaCl levels do not significantly
affect mercury sorption. However, a dramatic reduction in
uptake (76 mg g~ ') and removal (18.59%) was observed in
simulated seawater, indicating that high NaCl levels hinder the
adsorption performance of S-MAA@CB powders, likely due to
competition between NaCl and Hg** for binding sites on the
composite.

The Hg>" removal process may be affected by solution pH;
therefore, mercury solutions with various pH were applied to
assess the sorption performance of S-MAA@CB powders. As
shown in Fig. 4e, S-MAA@CB powders achieved a 99.37%
removal of Hg>" in a neutral solution. At pH 4, the acidity had
negligible effect on mercury sorption, with removal remaining
at 99.29%. Due to the presence of -COOH groups in S-MAA, no

This journal is © The Royal Society of Chemistry 2025
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protonation occurred to repel Hg>" binding on S-MAA through
electrostatic barriers under acidic conditions.*® Nevertheless,
sorption in the alkaline solution (pH 10) resulted in the atten-
uation of mercury removal (83.97%), likely due to the precipi-
tation of hydroxide species Hg(OH)" and Hg(OH), on the
material surface, which blocks active sites and reduces reten-
tion.* Additionally, hydroxide might break S-S bonds in the
polymer, hindering the sorption.*’

Although the high mercury capture capacity of S-S MAA@CB
powders is noteworthy, their performance was also evaluated
under more practical conditions, specifically at low mercury
concentrations with competing metal ions. A trace metals
solution (certified reference material, CRM) with ion concen-
trations at ppb levels was applied to simulate real industrial
wastewater. As depicted in Fig. 4f and Table S9, S-MAA@CB
powders captured 68.60% of Hg>" in one hour, with concen-
tration decreasing to 1.313 ppb. Moreover, 26.57% of selenium
(Se) ions were adsorbed, while other ions were largely unaf-
fected. SSMAA@CB powders demonstrated high selectivity for
Hg>*, as competing ions at low concentrations did not affect the
sorption. Meanwhile, S-MAA@CB powders demonstrated
a potential for Au®" adsorption, effectively reducing the

This journal is © The Royal Society of Chemistry 2025

concentration of Au®*" from 500 ppm to 0.7 ppm, corresponding
to an efficiency of 99.8%.

S-MAA@CB powders, after binding mercury in 1000 ppm
Hg>" test, were collected as S-MAA@CB/Hg, and their compo-
sition was analysed via X-ray photoelectron spectroscopy (XPS)
(Fig. 5). New peaks corresponding to Hg 4p, 4d, 4f, and 5d
confirmed Hg>" accumulation onto the composite surface. To
investigate Hg”" interactions with the powders, high-resolution
S 2p spectrum in S-MAA@CB revealed peaks related to C-S
(162.0 and 163.1 eV) and S-S (163.8 and 165.0 eV) bonds. After
sorption, C-S bonds displayed higher binding energy, implying
the generation of coordinate bonds as C-S-Hg>".** However, no
significant shift occurred regarding S-S bonds, indicative of no
detectable coordination between S-S bonds and Hg>*. Further,
O 1s spectrum was studied due to oxygen's potential as a Hg”"
binding site, yet no significant interaction with mercury was
observed (Fig. S64a). PXRD analysis (Fig. S64b) reveals no
characteristic peaks for hexagonal (wurtzite) a-HgS or cubic
(zinc blende) B-HgS, indicative of no generation of crystalline
HgS after sorption.”® The lack of detected crystallinity is
consistent with the Hg>* being bound by the sulfur polymer,
rather than crystallising with free sulfur. SEM imaging shows no

J. Mater. Chem. A, 2025, 13, 30480-30489 | 30487
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substantial change in powder size after mercury binding, indi-
cating minimal powder aggregation. EDX maps confirms the
successful sorption, with Hg detected on the complex surface
(Fig. S65).

Conclusions

Hydrophilic sulfur polymers were successfully synthesized
through inverse vulcanisation using various polar comonomers,
with S-AA and S-NVP being reported for the first time. Structural
analysis revealed that the resulting polymers comprise
a mixture of linear (or crosslinked) and terminal structures.
Compared to traditional hydrophobic sulfur polymers, for
example polymeric sulfur-sunflower oil (water contact angle of
112.2°), these polymers reveal enhanced hydrophilicity (as low
as 16.4°). The enhanced hydrophilicity enables these polymers
to be wetted by water, facilitating improved interaction with
aqueous mercury ions compared to traditional hydrophobic
sulfur polymers. Used as coatings onto Al,O; beads, sulfur
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polymer S-MAA exhibited superior Hg>" sorption. Additional
Hg>" sorption assessment of S-MAA coated on SiO, powders, CB
powders, and AC granules, showed that S-MAA®@CB achieved
a high Hg®" uptake capacity (362 mg g ), and selectivity for
Hg>". By incorporating hydrophilic comonomers, the wettability
of sulfur polymers was improved. Evaluation of these polymers
as coatings on diverse supporting substrates highlighted their
potential utilization in industrial applications. In future
studies, it is necessary to optimize inverse vulcanisation path-
ways under mild conditions to expand the range of suitable
comonomers for hydrophilic sulfur polymers, along with
developing scalable coating methods, and potential secondary
crosslinking pathways post-coating to eliminate leaching.**
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