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Large amounts of hazardous arsenic sulfide (As2S3) wastes are generated in many industries. These wastes, which
are extremely unstable and can partially transform into highly soluble arsenic oxide (As2O3) and then transform
into As2S3 and As2O3 mixed wastes (ASOW), are difficult to be solidified/stabilized using common binders. This
study proposed a thermally initiated copolymerization method employing elemental sulfur (S8) to chemically
solidify/stabilize ASOW. Under thermal conditions (140–200 ◦ C), the elemental sulfur rings break and poly
merize into diradical polymeric sulfur chains (•S-(S)m-S•). The ASOW is solidified/stabilized not only by
transforming As2S3 into poly(As2S3-r-S) copolymers through copolymerization of •S-(S)m-S• with As2S3 but also
by transforming As2O3 into As2S3 in the presence of poly(As2S3-r-S) copolymers. However, the sulfur chain in
poly(As2S3-r-S) copolymers gradually crystallizes into S8 after long-term aging, resulting in the depolymerization
of copolymers. Dicyclopentadiene (DCP) greatly improves the long-term stability of the solidified body through
maintaining the sulfur chain form by forming highly stable poly(As2S3-r-S-r-DCP) copolymers. The solidified
body showed high compressive strength (25.7 MPa) and low leaching concentration of arsenic (<1.2 mg L− 1)
even after 732 days of aging. This study provides a theoretical foundation for the S8-based chemical solidifi
cation/stabilization of ASOW as well as other sulfide-containing wastes.
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1. Introduction
Large amounts of hazardous arsenic sulfide (amorphous As2S3)
wastes, which are derived from the precipitation of arsenic by sulfide
(S2-) from acidic wastewater, are generated in many industries, such as
metal smelting, mineral processing, and sulfuric acid production (Kong
et al., 2018; Peng et al., 2018). Because of the low redox potential of the
S2-/S couple (0.142 V), As2S3 (solubility: 4.45 × 10− 4 g per 100 g H2O)
(Floroiu et al., 2004) is extremely unstable and sensitive to light, redox
potential, etc. (Knotek et al., 2012; Lu et al., 2019), and can be partially
transformed into highly soluble arsenic oxide (As2O3) (solubility: 2.05 g
per 100 g H2O) (Anderson and Story, 2002) and then As2S3 and As2O3
mixed wastes (ASOW) are produced. It has been reported that approx
imately 57.8% of As2S3 rapidly transformed to As2O3 after 12 days in
natural environments (Lu et al., 2016). The ASOW can release high

concentrations of toxic arsenic, causing serious environmental pollu
tion. The safe disposal of ASOW has become an urgent demand.
Disposal in landfills after solidification/stabilization is a common
treatment strategy for handling hazardous wastes. Currently, solidifi
cation/stabilization using cementitious binders, such as alkaline cement
and lime binders, is the most widely used method for the treatment of
arsenic-containing hazardous wastes (Choi et al., 2009; Clancy et al.,
2013; Leist et al., 2000; Singh and Pant, 2006). This method, which
immobilizes the wastes into the matrix of binder, can significantly
decrease the leaching concentration of hazardous species (Chen et al.,
2009). However, these binders are inefficient to solidify/stabilize
ASOW. Because the solubility of As2S3 greatly increases under alkaline
conditions (Floroiu et al., 2004), an extremely high concentration of
arsenic can be released from ASOW. Large amounts of binders (bind
er/waste ratio (wt) as high as 13.3) must be used to meet landfill
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disposal requirements, resulting in a high enlargement ratio (Long et al.,
2014). Moreover, the long-term stability of these solidified bodies re
mains a concern because of the instability of As2S3. For instance, the
release amount of arsenic from a cement stabilized arsenic-containing
sulfide tailing waste increased more than 10-fold after 18 days of
curing because of the oxidation of sulfide (Coussy et al., 2011).
An effective solidification/stabilization method for ASOW is urgently
needed. One possible way would be to increase the stability of the ASOW
by transforming extremely unstable As2S3 and highly soluble As2O3 into
more stable forms. A recent study showed that As2S3 can be solidified/
stabilized using Fe(NO3)3 under hydrothermal conditions. As2S3 was
oxidized to As(V) and then transformed into a stable Fe(III)-As(V) coprecipitate (FeAsO4 2H2O) (Zhang et al., 2021). However, a large
amount of acidic wastewater with a high arsenic concentration may
generate during the hydrothermal treatment.
It has been reported that As2O3/As2S3 may be transformed into other
species in the presence of S8 under thermal conditions. For instance, a
previous study showed that As2O3 vanished in the presence of S8 and
As2S3 at 150–250 ◦ C during the preparation of InAs thin films
(Peña-Méndez et al., 2006), which indicates that As2O3 is transformed
into other arsenic species through interacting with S8. It has been also
reported that S8 can chemically interact with sulfide-containing com
pounds, such as arylene disulfide (Ding and Hay, 1997), ethylene tet
rasulfide (Tobolsky and Takahashi, 1964), and lithium sulfide (Zhang
et al., 2020), to form polysulfide material under thermal conditions
during polymer and electrode material preparation. Especially, it has
been known that elemental sulfur (S8) is thermoplastic and can be
transformed into a solid material with high compressive strength, low
porosity, and low permeability after being treated at 140–200 ◦ C with a
small amount of stabilizers, such as dicyclopentadiene (DCP) or styrene
(Blight et al., 2010; Bordoloi et al., 1980; Tobolsky and Takahashi,
1964), Therefore, we deduce that chemical interactions might take place
between As2O3/As2S3 and S8; thus, the stability of As2O3 and As2S3 may
increase, and the ASOW may be chemically solidified/stabilized.
In fact, the S8 material has been shown to be effective in the solidi
fication/stabilization of lead-contaminated soils (Lin et al., 1995) and
low-level radioactive wastes (Co-60 and Cs-137 containing sodium sul
fate salts, boric acid salts, and incinerator bottom ash) (Kalb et al.,
1990). These wastes can be solidified/stabilized by physically encap
sulating into the matrix of sulfur, but very little chemical interaction
occurs between the waste species and the sulfur (Mattus and Mattus,
1994). In this study, chemical interactions between S8 and As2O3/As2S3
may occur to achieve chemical solidification/stabilization of ASOW,
which have been rarely investigated.
In this work, the solidification/stabilization of arsenic sulfide/oxide
mixed waste (ASOW) by S8 was investigated, the long-term stability of
the ASOW solidified body and the effect of a typical S8 stabilizer, DCP,
on the long-term stability of the ASOW solidified body were investi
gated, and the solidification/stabilization mechanisms of ASOW were
elucidated. Additionally, the solidification/stabilization of the CdS
waste was also performed to investigate the solidification/stabilization
efficiency of the proposed method on other sulfide wastes. This study
provides a new chemical solidification/stabilization method for ASOW
as well as other sulfide-containing wastes, which will facilitate their safe
landfill disposal.

(Shanghai, China). ASOW was obtained from a nonferrous metal
smelting company located in Henan, China. Pure As2S3 and CdS were
prepared by precipitating As(III) and Cd(II) using Na2S from acidic so
lution, respectively. The pure CdS was aged for 60 days in the air at room
temperature and the aged CdS waste (ACW) was obtained. All sulfide
wastes and materials were dried and stored in a sealed and nitrogen
(N2)-filled beaker to prevent further oxidation of sulfide.
The ASOW was yellow, fine, and loose (Fig. 1a and b) with strong
hydrophobicity (contact angle of 140.5◦ ) (Fig. S1). The physicochemical
properties of the ASOW are listed in Table S1. The ASOW was composed
of As2S3 (59.5 wt%), As2O3 (20.7 wt%), and S8 (19.8 wt%) (Fig. 1c), in
which As2O3 and S8 were derived from the oxidation of S(-II) in As2S3
during long-term storage. In addition, the ASOW contained low levels of
cadmium (0.36 g kg− 1), lead (0.24 g kg− 1), chromium (0.02 g kg− 1), and
copper (0.13 g kg− 1). Arsenic, lead, and cadmium were detected in the
leachates. However, only the leaching concentration of arsenic, which
was as high as 181.71 mg L− 1 (TCLP) and 275.15 mg L− 1 (EPLT), greatly
exceeded the allowable limits (5.0 mg L− 1 for US EPA and 1.2 mg L− 1 for
the China MEE) (Table S2). Thus, the ASOW is a hazardous waste that
needs to be solidified/stabilized before landfill disposal.

2. Materials and methods

2.4. Analytical methods

2.1. Reagents and materials

The chemical composition of the ASOW and the solidified body was
determined using an X-ray fluorescence (XRF) spectrometer (AxiosmAX, PANalytical, Holland). The surface morphology and elemental
composition were recorded on scanning electron microscopy coupled
with energy-dispersive X-ray spectroscopy (SEM/EDS) (S-4800, Hitachi,
Japan). The crystal structure of the ASOW and solidified body were
characterized by X-ray diffraction (XRD) using an X′ Pert Pro MPD
diffractometer (Malvern Panalytical Ltd, Netherlands) with Cu K

2.2. Experimental procedure
The solidification/stabilization experiments were performed in a
glass beaker placed in a silicon oil bath with mechanical stirring. One
hundred grams of the mixture (wastes and/or S8 and/or DCP at various
ratios (wt)) was added to the beaker and heated to 140–200 ◦ C until it
was completely melted, and then, the temperature was maintained for
30 min. Subsequently, the melted mixture was transferred from the
beaker to a Teflon mold and cooled to room temperature. The solidified
body obtained was demolded and aged in the air at room temperature
for 0–732 days for use in investigating its long-term stability.
To determine the emission of gaseous SO2, sulfur, and DCP during
the solidification/stabilization, the mixture was heated in a tube furnace
at 170 ◦ C. The generated gas was blown out by N2 and adsorbed by
deionized water (Fig. S2). Detailed descriptions are provided in the
supplementary material.
2.3. Leaching tests of the ASOW and the solidified body
Two leaching methods, i.e., the toxicity characteristic leaching pro
cedure (TCLP, method 1311) described by the US Environmental Pro
tection Agency (US EPA) (USEPA, 1992) and solid waste-extraction
procedure for leaching toxicity-sulphuric acid nitric acid method (EPLT,
method HJ/T299) described by the Ministry of Ecology and Environ
ment of the People’s Republic of China (China MEE) (ChinaMEE,
2007a), were performed to evaluate the leaching concentration of the
arsenic. The sample was crushed and passed through a 9.5 mm standard
sieve. One gram of sample and specific volume of extraction solution
(20 mL acetic acid solution at pH 4.93 for TCLP, 10 mL H2SO4/HNO3
solution at pH 3.20 for EPLT) were added to a 50 mL centrifuge tube,
shook for 18 h at 25 ◦ C in an oscillator at 30 r min− 1. Then, the sample
was centrifuged and filtered through a 0.45 µm cellulose acetate mem
brane to determine arsenic, heavy metal, and DCP. Detailed operation
conditions are provided in the supplementary material (Table S3).

Elemental sulfur (S8), dicyclopentadiene (C10H12), sulfuric acid
(H2SO4), nitric acid (HNO3) sodium arsenite (NaAsO2), hydrochloric
acid (HCl), sodium sulfide (Na2S), acetic acid (CH3COOH), sodium hy
droxide (NaOH), arsenic trioxide (As2O3), cadmium chloride (CdCl2),
and lead chloride (PbCl2) were of analytical reagent (AR) grade. All
chemicals were purchased from Sinopharm Chemical Reagent Co. Ltd.
2
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Fig. 1. Solidification/stabilization of ASOW by S8 at
different S8/ASOW ratios and temperatures. (a) Picture, (b)
SEM image, and (c) XRD pattern of the ASOW. (d) The
leaching concentration of arsenic from the ASOW solidified
body obtained at 170 ◦ C at different S8/ASOW ratios. (e)
The leaching concentration of arsenic from the ASOW so
lidified body obtained at different temperatures
(140–200 ◦ C) with a S8/ASOW ratio of 2.0. (f) Picture, (g)
SEM image, and (h) XRD pattern of the ASOW solidified
body obtained at 170 ◦ C with a S8/ASOW ratio of 2.0.

radiation at 40 kV and 40 mA over the 2θ range of 5–90◦ and the
scanning speed 0.2◦ /s. The species of arsenic, cadmium, and sulfur were
determined by X-ray photoelectron spectroscopy (XPS) (ESCALAB
250Xi, Thermo Fisher, Japan) with Mg K radiation and the C1s peak at
284.6 eV as the standard. XPSPEAK 41 software was used to analyze the
obtained spectra. X-ray absorption near edge structure (XANES) of As Kedge spectra was recorded on beamline 4B7A in the fluorescence mode
at the Beijing Synchrotron Radiation Facility (BSRF, Beijing, China) with
a storage ring of 2.5 GeV and 250 mA. The scanned energy ranged be
tween − 200 and 1000 eV from the As K-edge with minimum energy
steps of 0.2 eV. As2S3 and As2O3 were used as the reference material.
The concentration of arsenic was determined using hydride generationatomic fluorescence spectrometry (HG-AFS) (AFS 9800, Haiguang In
strument Co. Ltd., China), as described by a previous study (Hen et al.,
2011). The concentrations of cadmium, lead, chromium, and copper
were analyzed using inductively coupled plasma optical emission
spectrometry (ICP-OES) (Optima 8300, PerkinElmer Co., USA). Sulfite
was determined by iodometry, as described by a previous study (Lein
weber and Monty, 1987). Emission of all possible gases during solid
ification/stabilization was identified using a Pyrolysis Gas
Chromatography-Mass Spectrometry (Py-GCMS), detailed operation
procedures and test conditions are provided in the supplementary ma
terial. DCP was determined using gas chromatography-mass spectrom
etry (GC-MS) (7890B, Agilent Technologies Inc., USA) equipped with a
flame ionization detector and a capillary column (30 m × 0.25 mm ×
0.25 µm) (Yao et al., 2020). The compressive strength of the solidified
body was determined by an automatic pressure testing machine
(YAW-300D, Kent, China) according to the Method GB/T 17671–1999
from the China MEE (ChinaMEE, 1999). The contact angle of the so
lidified body was measured using the standard contact angle method
with a goniometer (OCA20, DataPhysics Instruments Ltd., Germany).
The ignitability of the solidified body was identified by Method GB
5085.4–2007 from the China MEE (ChinaMEE, 2007b). The measure
ment methods used for the enlargement ratio and density are provided
in the supplementary material.

the 6–311 +G(d,p) basis (Krishnan et al., 1980). Dispersion corrections
were computed with Grimme’s D3(BJ) method with optimization
(Grimme et al., 2010). The intrinsic reaction coordinate (IRC) path was
traced to check the energy profiles connecting each transition state (TS)
to two associated minima of the proposed mechanism (Gonzalez and
Schlegel, 1989). The As2S3 structure was optimized according to a pre
vious study (Štrbac et al., 2020). Because the repeated structural units in
the copolymers generally have little effect on the calculation results,
sulfur chains with eight S atoms and As2S3 clusters with four As atoms
were used to improve the computational efficiency in all calculations.
All the unsaturated S atoms in the As2S3 structure were terminated by H
atoms to balance the unsatisfied bonds (Štrbac et al., 2020).
3. Results and discussion
3.1. Solidification/stabilization of ASOW using S8 under thermal
conditions
The solidification/stabilization of ASOW by S8 was investigated
under different conditions. Fig. 1d exhibits the leaching concentration of
arsenic from the ASOW solidified body prepared at 170 ◦ C at different
S8/ASOW ratios. The leaching concentration of arsenic sharply
decreased with the increase in the S8/ASOW ratio, and it was below the
thresholds of the US EPA and China MEE when the S8/ASOW ratio was
greater than 1.0 and 2.0, respectively. Fig. 1e showed that the leaching
concentration of arsenic from the ASOW solidified body decreased with
increasing thermal treatment temperature in the range from 140 ◦ C to
170 ◦ C with a S8/ASOW ratio of 2.0, and it decreased from 3.34 mg L− 1
to 0.82 mg L− 1 for TCLP and from 3.97 mg L− 1 to 1.03 mg L− 1 for EPLT.
With a further increase in temperature from 170 ◦ C to 200 ◦ C, the
leaching concentration of arsenic slowly decreased to 0.67 mg L− 1
(TCLP) and 0.88 mg L− 1 (EPLT). After thermal treatment, the yellow
ASOW was transformed into a brown solidified body with a low
enlargement ratio (0.47) (Fig. 1f and g), which showed high hydro
phobicity (contact angle of 104.6◦ ) (Fig. S3), high density (2.53 g cm− 3),
high compressive strength (22.5 MPa) and incombustibility. These re
sults showed that ASOW can be efficiently solidified/stabilized by S8
under thermal conditions.

2.5. Density functional theory (DFT) calculations
All calculations were carried out using the Gaussian 09 program
package (Frisch et al., 2013). Full geometry optimizations were per
formed to locate all the stationary points using the B3LYP method with
3
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3.2. Copolymerization of As2S3 with S8 during the solidification/
stabilization of ASOW using S8

ASOW-S8 system showed that As2S3 greatly increased the stability of the
sulfur chain (Fig. S5). An XPS analysis was performed to investigate the
interactions between As2S3 and S8. Fig. 2b and c present the S 2p spectra
of the ASOW and S8 mixture before and after thermal treatment. It has
been reported that S 2p contains S 2p3/2 and S 2p1/2 with a spin-orbit
splitting of 1.2 eV and a peak area ratio of 2:1 (Smart et al., 1999).
Notably, except for S2-, S2n commonly exists in arsenic and metals sul
fides (Jain et al., 2006; Smart et al., 1999). Three S 2p3/2 peaks at
162.6 eV, 163.5 eV, and 164.0 eV, which can be assigned to S2-, S2n and
S8, respectively (Han et al., 2011; Liu et al., 2016; Pratt et al., 1994;
Smart et al., 1999), were obtained from the S 2p spectra for both the
ASOW and S8 mixture and the ASOW solidified body (Fig. 2b and c). In
the ASOW and S8 mixture, the content of S2-, S2n and S8 was calculated to
be 38.0%, 6.2%, and 55.8%, respectively. However, in the ASOW so
lidified body, the content of S2-, S2n and S8 changed to 8.1%, 86.4%, and
5.5%, respectively (Table S4). Thus, a large portion of S2- in As2S3
transformed into S2n after thermal treatment. These results imply that
As2S3 reacted with S8 to form a new substance with the S2n structure. It is
known that the unsaturated sulfurs (dangling bonds) wildly exist on the
surface of the As2S3 cluster (Dembovskii et al., 1998; Kasap, 2007;
Tanaka et al., 1995). Therefore, we deduce that the •S-(S)m-S• radicals
react with these unsaturated sulfur to form (As2xS3x-1)-S-S-(S)m-S-S-(S3
2x-1As2x) with the Sn structure (Eq. 4). It has been reported that the redox
2potential of the Sn /S couple is much higher than that of the S2-/S couple
(Yang et al., 2020), which means that S2n in the solidified body is more
difficult to oxidize than S2-.

The physicochemical properties of the products obtained from the
thermal treatment of the S8, As2S3, and As2S3-S8 mixture were
compared. After thermal treatment, S8 particles were transformed into a
brittle solid, in which most of the sulfur remained in the form of crys
talline S8 (Fig. S4). The morphology of pure As2S3 did not change after
thermal treatment. However, the As2S3-S8 mixture was transformed into
a compact solidified body with high compressive strength after thermal
treatment (Fig. 1f and g), in which most of the crystalline S8 was
transformed into amorphous sulfur (Fig. S5 and 1 h). These differences
in physicochemical properties implied that chemical interactions may
occur between As2S3 and S8.
It is reported that crystalline S8 with an eight-membered ring
structure can be transformed into amorphous sulfur with a diradical
chain structure (•S-S-S-S-S-S-S-S•) at 140–200 ◦ C, which subsequently
polymerizes into a linear diradical polymeric sulfur chain (•S-(S)m-S•)
(Eqs. 1 and 2). However, •S-(S)m-S• is unstable and can easily depoly
merize to S8 at room temperature (Eq. 3) (Chung et al., 2013).
S8

∆

→• S− S− S− S− S− S− S− S •

(1)

m+2
( • S − S − S − S − S − S − S − S • ) ↔ • S − (S)m − S •
8

(2)

m+2
S8
• S − (S)m − S • →
8

(3)

⏞

S2−
n

2As2x S3x− 1 − S + •S − (S)m − S • ↔ As2x S3x− 1 − S − S − (S)m − S − S

DFT calculations were performed to investigate the stability of the
sulfur chain. In the calculation, •S-(S)m-S• was replaced by •S-S-S-S-S-SS-S• to improve the computational efficiency since the repeated struc
tural units generally have little effect on the calculation results. As
shown in Fig. 2a, the transformation of S8 to •S-(S)m-S• passes through a
transition state, TSa1, where the calculated energy barrier of the reaction
is 25.2 kcal mol− 1. Additionally, the calculated Gibbs free energy of •S(S)m-S• is 20.6 kcal mol− 1, indicating that •S-(S)m-S• is thermodynam
ically unstable and rapidly convert into S8 at room temperature.
The transformation of crystalline S8 into amorphous sulfur in the

− S3x− 1 As2x
(4)
The copolymerization of As2S3 with •S-(S)m-S• is expected to un
dergo a chain propagation process. Two or more unsaturated sulfurs on
the surface of the As2S3 cluster may react with •S-(S)m-S•, resulting in
the propagation of the chain. In this process, As2S3 randomly co
polymerizes with S8 to form poly(As2S3-random-S) (poly(As2S3-r-S))
copolymers. DFT calculation results showed that the copolymerization
of As2S3 with •S-(S)m-S• passes through intermediate species IMb1
Fig. 2. (a) Energy profile for the reaction path of the transformation of S8
to •S-(S)m-S• and fully optimized structures of S8, transition state TSa1 and
•S-(S)m-S•. (d) Energy profile for the reaction path between •S-(S)m-S• and
As2S3 and fully optimized structures of the intermediate IMb1, the transition
state TSb1, and the poly(As2S3-r-S) copolymers. XPS spectra of the S 2p
peaks for the (b) ASOW and S8 mixture before thermal treatment and (c)
the ASOW solidified body. Conditions: [ASOW:S8] = 1:2, [temperature]
= 170 ◦ C.
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(3.9 kcal mol− 1) and transition state TSb1 (22.5 kcal mol− 1) (Fig. 2d).
The energy barrier of this reaction (18.6 kcal mol− 1) is lower than that
of S8 transformation to •S-(S)m-S• (25.2 kcal mol− 1), indicating that
copolymerization of As2S3 and •S-(S)m-S• can thermodynamically occur
once S8 is transformed into •S-(S)m-S•. The lower Gibbs free energy of
the poly(As2S3-r-S) copolymers (− 22.9 kcal mol− 1) indicated the higher
stability of the poly(As2S3-r-S) copolymers than As2S3.

calculated to be 70.0% and 30.0%, respectively (Table S6). However,
one peak located at 43.5 eV, which is assigned to As(III)-S, was derived
from the As 3d5/2 spectra of the solidified ASOW body (Fig. 3c). The
results further verified that the As(III)-O species was transformed to As
(III)-S species, namely, As2O3 in the ASOW was transformed into As2S3
after solidification/stabilization.
We found that the transformation of As2O3 did not occur in the
presence of S8 at 170 ◦ C (Fig. S6), indicating that As2O3 cannot directly
react with S8 at this temperature. However, the transformation of As2O3
to As2S3 in the As2S3-As2O3-S8 system implies that As2S3 is essential for
As2O3 transformation. Since the As2S3 copolymerizes with S8 to form
poly(As2S3-r-S) copolymers, it is rational to deduce that the poly(As2S3r-S) copolymers can efficiently react with As2O3 to form As2S3 and SO2.
We found that approximately 0.0154 mol SO2 was released from 30 g
ASOW/S8 mixture (ASOW: S8 =1: 2) at 170 ◦ C, which was consistent
with the theoretical amount (0.0150 mol) of SO2 produced. The result
strongly suggests that this transformation process occurred. The results
can be also supported by the previous studies, which showed that metal
oxides have a high affinity for polysulfides because of the strong metalsulfur interaction (Ahn et al., 2019; Pang et al., 2014; Yao et al., 2014).

3.3. Transformation of As2O3 to As2S3 during the solidification/
stabilization of ASOW using S8
XRD patterns of the ASOW solidified body showed that the As2O3
peak vanished after solidification/stabilization (Fig. 1h). In addition,
EDS analysis showed that the oxygen atom in the ASOW significantly
decreased from 13.87% to 0.13% after solidification/stabilization
(Table S5), suggesting that As2O3 might transform to other arsenic
species. Arsenic species in the ASOW and the ASOW solidified body was
determined by XANES. As shown in Fig. 3a, the maximum absorptions of
arsenic K-edge XANES spectra of As2S3 and As2O3 were 11867.6 eV and
11870.6 eV, respectively, which were consistent with the reported
values (Burton et al., 2013; Couture et al., 2013). The arsenic K-edge
XANES spectra of the ASOW exhibit a well-resolved edge structure with
an absorption maximum at 11869.7 eV, indicating the presence of As2S3
and As2O3 in the ASOW. However, the maximum absorption of arsenic
K-edge XANES spectra of the ASOW solidified body was 11867.6 eV,
corresponding to As(III) in As2S3. The above results showed that the
As2O3 in the ASOW transformed to As2S3 after solid
ification/stabilization. An XPS analysis was further performed to char
acterize the variation in arsenic species. It has been reported that the As
3d spectrum exhibits two contributions, i.e., As 3d5/2 and As 3d3/2 (with
a spin-orbit splitting of ~0.7 eV between them), and the area of the As
3d5/2 peaks is 1.5-fold the area of the As 3d3/2 peak (Kim and Batchelor,
2009). Two peaks located at 43.5 and 44.8 eV, which can be assigned to
As(III)-S and As(III)-O, respectively (Kim and Batchelor, 2009; Stec
et al., 1972), were obtained from the As 3d5/2 spectra of the ASOW
(Fig. 3b). The proportions of As(III)-S and As(III)-O in the ASOW were

3.4. Improving the long-term stability of the ASOW solidified body by
DCP
The long-term stability of the ASOW solidified body was investi
gated. As shown in Figs. 1f, g, and 4a, the surface of the ASOW solidified
body changed from brown and smooth to white and rough after 732 days
of aging, along with the formation of a large number of flaky particles. In
addition, XRD patterns of the ASOW solidified body showed that the
intensity of the S8 peaks gradually increased with increasing aging time,
and the As2O3 peak appeared after 732 days of aging (Fig. 4b). More
over, the leaching concentration of arsenic significantly increased from
0.82 mg L− 1 (TCLP) and 1.04 mg L− 1 (EPLT) before aging to
8.51 mg L− 1 (TCLP) and 10.91 mg L− 1 (EPLT) after 732 days of aging
(Fig. 4a). These results implied that a portion of the poly(As2S3-r-S)
copolymers in the ASOW solidified body slowly depolymerized back to
S8 and As2S3, and that As2S3 was transformed into As2O3 after long-term
aging. The depolymerization of the poly(As2S3-r-S) copolymers might be
attributable to its relatively higher Gibbs free energy
(− 22.9 kcal mol− 1).
A possible way to improve the long-term stability of the poly(As2S3-rS) copolymers is to further increase the stability of the sulfur chain. It has
been reported that S8 can interact with olefins to form stable polymeric
materials during polymer preparation (Bordoloi et al., 1980). Therefore,
the effect of a typical olefin, DCP, on the stability of the ASOW solidified
body was investigated. As seen in Figs. 1f and 4c, the ASOW solidified
body changed from brown to black when DCP was added. The
DCP-modified ASOW solidified body was also characterized by a low
enlargement ratio (0.53), high hydrophobicity (contact angle of 95.8◦ )
(Fig. S7), high density (2.76 g cm− 3), high compressive strength
(25.7 MPa), and incombustibility. The leaching concentration of arsenic
decreased with the addition of DCP from 1.0 to 0.7 mg L− 1 (TCLP) and
0.8 to and 0.5 mg L− 1 (EPLT) at an ASOW/S8/DCP ratio of 1:2:0.2
(Fig. 4c). In particular, the leaching concentration of arsenic did not
increase during 732 days of aging (Fig. 4a). When the DCP/S8 ratio
exceeded 0.1, the crystalline S8 completely transformed into amorphous
sulfur and did not crystallize during 732 days of aging (Fig. S8, Fig. 4d).
Therefore, DCP has a higher capacity to stabilize the sulfur chain than
As2S3. It has been reported that S8 can react with the double bond of DCP
through an addition reaction to form copolymers (Bordoloi et al., 1980;
Bordoloi and Pearce, 1978). That is, •S-(S)m-S• can copolymerize with
DCP to form poly(S-r-DCP) copolymers (Eq. 5).

Fig. 3. (a) Comparison of Arsenic K-edge XANES spectra of the ASOW and the
ASOW solidified body with those of As2S3 and As2O3 reference materials. XPS
spectra of the As 3d peaks for (b) the ASOW and (c) the ASOW solidified body.
Conditions: [S8:ASOW] = 2:1, [temperature] = 170 ◦ C.

2 • S − (S)m − S • + DCP ↔

5

• S − (S)m − S − DCP − S − (S)m − S •

(5)
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Fig. 4. Long-term stability of the ASOW solidified body
and DCP-modified ASOW solidified body. (a) The leaching
concentration of arsenic from the ASOW solidified body as
a function of aging time; the inset picture shows the
morphology of the aged ASOW solidified body after 732
days. (b) XRD patterns of the ASOW solidified body at
different aging times. (c) The leaching concentration of
arsenic from the DCP-modified ASOW solidified body as a
function of different As2S3/S8/DCP ratios; the inset picture
shows the morphology of the DCP-modified ASOW solidi
fied body. (d) XRD patterns of the DCP-modified ASOW
solidified body at different aging times. Conditions: [tem
perature] = 170 ◦ C; (a and b) [ASOW:S8] = 1:2, (d)
[ASOW:S8:DCP] = 1:2:0.2.

DFT calculations results showed that the copolymerization reaction
between DCP and •S-(S)m-S• path passes through two transition states
TSc1 and TSc2, where the energy barriers of TSc1 and TSc2 are 8.2 and
3.8 kcal mol− 1, respectively (Fig. 5a). The energy barriers of this reac
tion are much lower than those of the copolymerization of As2S3 with •S(S)m-S• (18.6 kcal mol− 1), indicating that the copolymerization of DCP
with •S-(S)m-S• is thermodynamically favorable. That is, •S-(S)m-S• is
expected to copolymerize preferentially with DCP rather than As2S3.
Compared with the poly(As2S3-r-S) copolymers (− 22.9 kcal mol− 1), the
poly(S-r-DCP) copolymers have higher Gibbs free energy of
(− 52.6 kcal mol− 1), indicating its higher stability. These results
confirmed that DCP has a higher capacity to stabilize the sulfur chain.

Based on the above discussion, it is deduced that DCP, S8, and As2S3
can copolymerize into more stable copolymers, i.e., poly(As2S3-r-S-rDCP) copolymers. The calculated Gibbs free energy of the poly(As2S3-rS-r-DCP) copolymers was as low as − 78.5 kcal mol− 1 (Fig. 5b). This
value is much lower than that of the poly(As2S3-r-S) copolymers
(− 22.9 kcal mol− 1)
and
the
poly(S-r-DCP)
copolymers
(− 52.6 kcal mol− 1), indicating that the poly(As2S3-r-S-r-DCP) co
polymers are highly stable.
The leaching concentration of DCP from the DCP-modified ASOW
solidified body was only 0.033 mg L− 1 for TCLP and 0.028 mg L− 1 for
EPLT. Such a low concentration of DCP may have little effect on the
environment. Moreover, Py-GCMS results showed that, except for SO2,
approximately 1.6% of gaseous sulfur and DCP was emitted during so
lidification/stabilization (Table S7, Fig. S9). These substances can be
cooled and recycled for solidification/stabilization.
3.5. Proposed mechanisms
The solidification/stabilization mechanisms of ASOW by S8 are
proposed as follows (Fig. 6).
Under thermal conditions, the elemental sulfur rings (S8) break and
polymerize to •S-(S)m-S• radical (process 1). The ASOW can be chemi
cally solidified/stabilized by transforming As2S3 into poly(As2S3-r-S)
copolymers through its copolymerization with •S-(S)m-S• (process 2).
However, the poly(As2S3-r-S) copolymers may gradually depolymerize
into As2S3 and S8 during long-term aging because of its relatively high
Gibbs free energy (process 3). DCP can greatly increase the long-term
stability of the solidified body by forming highly stable poly(As2S3-r-Sr-DCP) copolymers through the copolymerization of DCP with •S-(S)m-

Fig. 5. (a) Energy profile for the reaction path between •S-(S)m-S• and DCP and
fully optimized structures of DCP, intermediates IMc1-IMc3, transition states TSc1
and TSc2, and the product poly(S-r-DCP) copolymers. (b) Energy and fully
optimized structure of the poly(As2S3-r-S-r-DCP) copolymers.

Fig. 6. Proposed mechanisms for the solidification/stabilization of ASOW by S8
and DCP.
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S• (process 4). Moreover, As2O3 can be stabilized by transforming into
As2S3 through reactions with these copolymers (process 5).
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3.6. Implications for the solidification/stabilization of other sulfidecontaining wastes
The solidification/stabilization efficiency of the proposed method on
other sulfide wastes was further investigated. After ACW was solidified/
stabilized (Fig. S10, Table S8), the leaching concentration of cadmium
from the solidified body was below the allowable limits even after 175
days of aging (Fig. S11). XPS results showed that the Cd-O component in
ACW was transformed into Cd-S after thermal treatment (Fig. S12,
Table S9). Moreover, we also observed the transformation of S2- and S8
into S2n during solidification/stabilization (Fig. S13, Table S10). These
results indicated that the solidification/stabilization of sulfide wastes by
this method should follow similar mechanisms. Considering the high
chemical affinity between S8 and sulfide (Ding and Hay, 1997; Tobolsky
and Takahashi, 1964; Zhang et al., 2020), this method is expected to be
effective in the treatment of other sulfide wastes, such as heavy metals
sulfide wastes and organic sulfide wastes. Moreover, this study also
provides a potential method for the treatment of heavy metal-containing
wastes after transforming these wastes into their sulfide forms.
4. Conclusions
In summary, the present work proposed a thermal copolymerization
method employing S8 to chemically solidify/stabilize ASOW. After so
lidification/stabilization, the obtained solidified bodies showed high
compressive strength (25.7 MPa) and low leaching concentration of
arsenic (< 1.2 mg L− 1) even after 732 days of aging. The ASOW can be
efficiently solidified/stabilized not only by transforming the highly
soluble As2O3 to As2S3 but also by stabilizing As2S3 through its copo
lymerization with S8 and DCP to form long-term stable poly(As2S3-r-S-rDCP) copolymers with low solubility. This study not only proposed an
efficient method for chemically solidifying/stabilizing ASOW but also
provides a potential method for the treatment of other wastes, such as
heavy metal sulfide wastes and organic sulfide wastes.
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