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eochemistry of thioantimony:
formation, structure and transformation as
compared with thioarsenic

Li Yea and Chuanyong Jing *ab

Antimony (Sb), a redox-sensitive toxic element, has received global attention due to the increased

awareness of its rich geochemistry. The past two decades have witnessed the explosive development in

geochemistry of oxyanionic Sb(OH)3 and Sb(OH)6
�. Emerging thioantimony species (Sb–S) have recently

been detected, which actually dominate the Sb mobility in sulfate-reducing environments. However, the

instability and complexity of Sb–S present the most pressing challenges. To overcome these barriers, it is

urgent to summarize the existing research on the environmental geochemistry of Sb–S. Since Sb–S is an

analogous species to thioarsenic (As–S), a comparison between Sb–S and As–S will provide insightful

information. Therefore, this review presents a way of comparing environmental geochemistry between

Sb–S and As–S. Here, we summarize the formation and transformation of Sb–S and As–S, their chemical

structures and analytical methods. Then, the challenges and perspectives are discussed. Finally, the

important scientific questions that need to be addressed are also proposed.
Environmental signicance

The occurrence of thioantimony has been found in various geothermal systems, and its geochemical cycling is signicantly correlated with the mobility of
antimony. However, the chemical nature and redox transformation mechanisms of thioantimony still remain ambiguous. This paper reviews the latest
knowledge about the formation and transformation of thioantimony species, their molecular structures and analytical methods. Moreover, to provide insightful
information, the geochemistry of thioantimony is compared with that of thioarsenic. The critical challenges in this eld are pointed out, and the possible
solutions are discussed.
1. Introduction

Antimony (Sb) is a re-emerging contaminant, which has been
underappreciated but is becoming a global concern due to
increased awareness of its toxicity and mobility.1–5 As a chalco-
philic element, the geochemistry of Sb is usually coupled with
sulfur (S) cycling,6,7 and accordingly, stibnite (Sb2S3) is the
primary ore of Sb on the Earth.1 Recently, a lesser-known Sb
species, thioantimony (Sb–S), has been observed in geothermal
systems,8–10 and its occurrence increases the complexity of Sb
speciation and related environmental and geochemical
processes.11

Thioantimony is formed by replacing the hydroxyl groups in
antimony oxyanions (i.e. SbV(OH)6

� and SbIII(OH)3) with sul-
fydryl groups,12,13 generating thioantimonates (SbV–S) and thi-
oantimonites (SbIII–S). Interestingly, these two species were
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both identied in the lab,10,14 but only SbV–S was detected in the
environment.9,15 A recent study found that the formation of SbV–
S enhanced Sb release under sulfate reducing conditions,11

highlighting the importance of coupled Sb and S cycling.
Progress in the Sb–S study is relatively slow compared with

the increasing research on antimony oxyanions (Sb–O, i.e.
SbV(OH)6

� and SbIII(OH)3). By searching the ISI Web of Science
using the topics “thioantimo*” and “antimo*” in the “envi-
ronmental sciences ecology” area, we observed that the number
of papers on Sb–O constantly increased and exceeded 200 in
2020, but the number of papers on Sb–S remained in single
digits (Fig. 1a and b). A similar trend is also observed in arsenic
(As) studies. The number of papers on arsenic oxyanions (As–O,
i.e. H3�xAs

VO4
x� and H3�xAs

IIIO3
x�) has risen to over 1600 in

2020, whereas that of thioarsenic (As–S) remained around ten
(Fig. 1c and d).

The crux of Sb–S and As–S research is the instability and
complexity of these thio-species. Great efforts have been made
to identify the thio-species by using mass spectrometry (MS)
and Raman, and X-ray absorption spectroscopy (XAS). However,
till now, we still do not fully understand the molecular struc-
tures of these species. Furthermore, quantitative analysis of
Environ. Sci.: Processes Impacts, 2021, 23, 1863–1872 | 1863
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Fig. 1 The number of papers on the topics (a) “antimo*”, (b) “thioantimo*”, (c) “arsen*” and (d) “thioarsen*” in the “environmental sciences
ecology” area by searching the ISI Web of Science.
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thio-species is even more difficult due to the difficulty to isolate
various species. The challenges in qualitative and quantitative
analyses of thio-species hinder our exploration of their forma-
tion and redox transformation mechanisms, and their impor-
tant role in Sb/As geochemistry.

In this review, we attempt to deepen our understanding
about Sb–S via the comparison between Sb–S and As–S studies.
First, we summarize the formation pathway of Sb–S and As–S,
and their occurrence in the environments. Next, to address the
contemporary challenge in identifying and quantifying these
thio-species, we delineate the structure of these thio-species
and their identication techniques. Then, the transformation
of these thio-species and their inuence on Sb/As mobility are
discussed in Section 4. Finally, we briey present perspectives
and propose the important scientic questions about Sb–S
research.
2. Formation and occurrence

The research on thioantimony and thioarsenic (Fig. 2) began in
the late 1990s, and initially only trivalent thio-species (i.e. SbIII–
S and AsIII–S) were studied upon dissolution of Sb2S3 and
As2S3.16–19 Pentavalent thio-species (i.e. SbV–S and AsV–S) were
later identied by XAS.13,20 The natural occurrence of AsV–S and
SbV–S was reported for the rst time in geothermal waters in
2007 and 2011, respectively.10,21 Further studies found that the
ratio of AsV–S to total As reached up to 90% in hot springs,8 to
1864 | Environ. Sci.: Processes Impacts, 2021, 23, 1863–1872
21% in groundwater22 and to 24% in rice paddy pore water.23

Recently, the proportion of SbV–S was found to be up to 60% in
hot springs.9 The prevalence of As–S and Sb–S in the environ-
ment highlights their important role in As and Sb geochemical
cycling.
2.1. Dissolution of antimony/arsenic suldes

By comparison, trivalent thio-species (i.e. SbIII–S and AsIII–S)
were only observed in lab experiments, and formed during the
dissolution of Sb2S3 and As2S3 in sulde (HS�) solu-
tion.16,18,19,24,25 Earlier solubility studies suggested the presence
of trithiolated H2�xSb

III
2S4

x� at low temperatures (<90 �C, eqn
(1)) and dithiolated SbIII2S2(OH)2 at high temperatures >200 �C
(eqn (2)).16,17 The results were then supported by Raman anal-
ysis, showing that monomeric species SbIIIS2

� (eqn (3)) and
SbIIIS3

3� (eqn (4)) are dominant at low Sb concentrations (<0.06
M) when sulde is 1 M.26 The assignment of Raman peaks was
conrmed using DFT-based theoretical calculations, and this
theoretical study indicated that H2�xSb

III
2S4

x� was thermody-
namically more stable than monomeric and trimeric SbIII–S.12

Consistent with previous studies, a recent study employed XAS
and found H2�xSb

III
2S4

x� as the dominant species at sulde
>1 mM under near neutral to alkaline conditions.14

Sb2S3 + HS� / H2�xSb
III

2S4
x� + (x � 1)H+ (1)

Sb2S3 + 2H2O / SbIII2S2(OH)2 + H2S (2)
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Chemical structures of (a-1) antimonite (SbIII), (a-2) antimonate (SbV), (b-1) arsenite (AsIII) and (b-2) arsenate (AsV) species.
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Sb2S3 + HS� / 2SbIIIS2
� + H+ (3)

Sb2S3 + 3HS� / 2SbIIIS3
3� + 3H+ (4)

By comparison, earlier studies indicated that trimeric AsIII–S
(H3�xAs

III
3S6

x�) was the dominant As species in acidic solutions
in the presence of As2S3 and excess sulde (eqn (5)),16 whereas
arsenite (H3�xAs

IIIO3
x�) was the main species in sulde-

decient solutions (eqn (6)).19 This conclusion was soon
rebutted and researchers identied the dominance of mono-
meric AsIII–S (e.g. H3�xAs

IIIO2S
x�) in solutions under-saturated

with As2S3 by Raman and EXAFS analysis (eqn (7)).18 The
This journal is © The Royal Society of Chemistry 2021
identication of monomers was consistent with the thermody-
namic calculation27 and ion chromatography inductively
coupled plasma-mass spectrometry (IC-ICP-MS) detection.28

Overall, trimeric AsIII–S was theoretically predicted as the main
species by earlier studies based on its stoichiometry and
stability.16,19 However, recent experimental observation sug-
gested that monomeric AsIII–S was the primary species by
spectroscopic and IC-ICP-MS analysis.18,28

3As2S3 + 3HS� / 2H3�xAsIII3S6
x� + (2x � 3)H+ (5)

As2S3 + 6H2O / 2H3�xAsIIIO3
x� + 3HS� + (2x + 3)H+ (6)
Environ. Sci.: Processes Impacts, 2021, 23, 1863–1872 | 1865
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As2S3 + 4H2O / 2H3�xAsIIIO2S
x� + HS� + (2x + 1)H+ (7)

In general, the dominance of monomeric AsIII–S and dimeric
SbIII–S during sulde dissolution in excess sulde solution
suggests the easier aggregation of monomeric SbIII–S than AsIII–
S, in agreement with the Pearson's hard/so acid-base (HSAB)
concept that Sb is soer than As.

The dissolution of suldes is one of the main pathway for the
occurrence of thio-species in the environment. For example, the
dissolution of arsenic suldes and the formation of As–S were
considered responsible for the 180 mg L�1 of dissolved As in
groundwater at New Island, Botswana.29
2.2. Sulde-antimonite/arsenite reactions

SbIII–S/AsIII–S species can also be formed via replacing hydroxyl
(–OH) groups with sulfydryl (–SH) through the reaction between
sulde and SbIII–O/AsIII–O (Fig. 3). A previous study reacted
Sb2O3 with HS� from 25 to 250 �C, and the products were
identied by EXAFS. The results suggested the abundance of
SbV(HS)4

+ at temperatures <150 �C and SbV(HS)4�n(OH)n
+ at

higher temperatures.30 Another important study integrated
EXAFS and IC-ICP-MS analysis to study the effect of the HS�/
SbIII–O molar ratio on the formation of Sb–S. EXAFS analysis
indicated that with the increase in the HS�/SbIII–O ratio, SbIII

coordinated with four oxygen atoms was transformed into SbIII

coordinated with three sulfur atoms (i.e. SbIII–S) under anoxic
conditions and SbV coordinated with four sulfur atoms (i.e. SbV–
S) under oxic conditions. IC-ICP-MS analysis then re-conrmed
the dominance of tetrathioantimonate (H3�xSb

VS4
x�) in high-

sulde solutions under oxic conditions.10 The observation of
SbV–S is due to SbIII–S oxidation by dissolved oxygen.

Similar to reactions between AsIII–O and HS�, AsIII–S species
including H2As

IIIOS2
�, H3�xAs

IIIS3
x� and AsIII(SH)4

� were
identied by XAS when AsIII–O reacted with HS�. AsIII–S species
are readily oxidized to AsV–S; thus AsV–S is reported instead of
AsIII–S during the reaction between AsIII–O and HS�.27,31,32 Only
Fig. 3 Sb species in the reaction with different log activity (H2S) and pH
�200 mV according to that in sulfate-reducing environments. The mo
WORKBENCH modeling package by using a modified version of the
augmented with thermodynamic data from ref. 63 for antimony species

1866 | Environ. Sci.: Processes Impacts, 2021, 23, 1863–1872
two SbV–S species have been reported, namely, tri- (H3�x-
SbVOS3

x�) and tetrathioantimonate (H3�xSb
VS4

x�),10 whereas
four AsV–S species, mono- (H3�xAs

VO3S
x�), di- (H3�xAs

VO2S2
x�),

tri- (H3�xAs
VOS3

x�), and tetrathioarsenate (H3�xAs
VS4

x�) were
identied.32 As intermediates, mono- (H3�xSb

VO3S
x�) and di-

(H3�xSb
VO2S2

x�) may also exist, but they are too unstable to be
detected.15

The reaction between AsIII/SbIII–O and sulde usually occurs
under anoxic and sulfate-reducing conditions. Many studies
have found that thio-species were the main soluble species in
sulfate-reducing environment.11,33–35
2.3. Sulde-antimonate/arsenate reactions

Besides thiolation, the reaction between sulde and SbV–O/AsV–
O is usually accompanied by SbV/AsV reduction. As a strong
reductant, sulde is able to reduce SbV–O/AsV–O to SbIII–S/AsIII–
S. The reduction rate was controlled by the HS� concentration
and pH. In detail, 62–72% SbV(OH)6

� was reduced to SbIII–S
aer 162 h in the presence of 0.1 mM SbV(OH)6

� and 2 mMHS�

at pH 7 (eqn (8)). However, with 0.133 mM AsV–O and 13.3 mM
HS� at pH 7, no AsV–O reduction was observed aer 168 h.36 The
contrasting results suggested that AsV–O is more difficult to be
reduced by sulde than SbV–O. One of the possible reasons may
be the easier binding between sulde and SbV–O than AsV–O
based on the HSAB concept, facilitating the electron transfer
from sulfur to Sb.

With the decrease in pH, the reducing rate of SbV–O increased
and amorphous Sb2S3 precipitated.37,38 Similarly, AsV–O is readily
reduced under acidic conditions (eqn (9)), and the reduction rate
is over 300 times higher at pH 4 than that at pH 7.36

2SbV(OH)6
� + 6HS� + (8 � x)H+ /

H2�xSb
III

2S4
x� + 2S0 + 12H2O (8)

HAsVO4
2� + 4HS� + (6 � x)H+ /

H3�xAsIIIS3
x� + S0 + 4H2O (9)
value with (a) 1 mM SbIII–O and (b) AsIII–O at 25 �C. The Eh was set as
dels were calculated with the Act2 program of the GEOCHEMIST’S
Lawrence Livermore National Laboratory thermodynamic database66

67 and from ref. 25 for arsenic species.27

This journal is © The Royal Society of Chemistry 2021
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SbV(OH)6
� + 4HS� + (5 � x)H+ / H3�xSb

VS4
x� + 6H2O (10)

Different thiolation pathways have been proposed based on
experimental conditions. Direct ligand exchange of the hydroxyl
group in SbV–O/AsV–O by –SH was ruled out during the reaction
between SbV–O/AsV–O and HS�,10,39 and SbV–S/AsV–S formation
was proposed rst by sulde reduction and then oxidation. In
contrast, a recent study found that H3�xSb

VS4
x� can be formed

by direct HS� substitution between 1 mM SbV(OH)6
� and 2 mM

HS� at pH 7.5 (eqn (10)), as evidenced by the detection of six-
coordinate (SbV(OH)2(SH)4

�) and ve-coordinate SbV–S
(SbVS(SH)4

�).11 The direct ligand exchange of –OH by –SH in
SbV(OH)6

� is attributed to the ready binding of SbV and sulde.
In general, sulde prefers to reduce SbV–O to Sb2S3 under

acidic conditions, while the formation of SbV–S usually occurs
in an alkaline environment. Thus, pH is the key factor deter-
mining the role of sulde as a “culprit” of Sb release11 or as
a “weapon” in Sb removal from wastewater.40

2.4. Occurrence of thiolated species in the environments

Thiolated species usually occur in sulde-rich environments.
Due to their instability and difficulty in analysis, limited infor-
mation is available on their occurrence in the environment. As
summarized in Table 1, only pentavalent SbV–S/AsV–S species
were detected in the environments. SbV–S/AsV–S species were
rst detected in geothermal water. In Yellowstone, the ratios of
mono-, di-, tri- and tetra-thioarsenate constituted a maximum
Table 1 Thio-species in the environment

Region Environment

Yellowstone National Park, USA Geothermal water

South and Southwest Iceland Geothermal water

Tengchong, China Hot springs

Mono Lake, USA Groundwater

Bangladesh Groundwater
Florida, USA Suldic landll

Italy Rice paddy

France

Yellowstone National Park, USA Geothermal water

South and Southwest Iceland Geothermal water

Daggyai and Rehai, China Hot springs

This journal is © The Royal Society of Chemistry 2021
of 42%, 45%, 56% and 12% of total As, respectively. In
comparison to thioarsenate, the amount of tri- and tetra-
thioantimonate contributed to 30% and 9% of total Sb,
respectively.10,21 The signicantly higher proportions of AsV–S
rather than SbV–S suggested the ready formation of AsV–S than
SbV–S. In fact, the preferential formation of AsV–S was also
observed in the hot springs in Iceland8 and Tengchong,
China.9,41 Although theoretically Sb is soer and easier than As
to coordinate with sulfur, the complexation of Sb and dissolved
organic carbon prevent Sb from reacting with sulde,15,42 and
thus AsV–S was readily formed.

Aerwards, AsV–S species were found in groundwater, sulde
landlls and rice paddy pore water. In addition, the formation
of AsV–S has been enhanced in the presence of zero-valent
sulfur.22,23 By comparison, limited information was available
about the occurrence of SbV–S in other environmental systems
except hot springs. More efforts are needed to explore the
possible existence of SbV–S and its role in a wide range of
ecosystems.
3. Structure and characterization

The molecular structure of thiolated species is usually deter-
mined by Raman, XAS, and IC-ICP-MS. In situ spectroscopic
methods including Raman and XAS can provide molecular-level
structural information, but the methods generally require high
concentration samples up to the mM level, appreciably higher
Thio-species Conc. (mg L�1) Reference

H3�xAs
VSO3

x� 180–280 21
H3�xAs

VS2O2
x� 350–550

H3�xAs
VS3O

x� 70–500
H3�xAs

VS4
x� 0–50

H3�xAs
VSO3

x� 0–8.3 8
H3�xAs

VS2O2
x� 0–10.4

H3�xAs
VS3O

x� 0–22.7
H3�xAs

VS4
x� 0–40.8

H3�xAs
VSO3

x� 0–305 41
H3�xAs

VS2O2
x� 0–349

H3�xAs
VS3O

x� 0–392
H3�xAs

VSO3
x� 0–300 64

H3�xAs
VS2O2

x� 0–300
H3�xAs

VS3O
x� —

H3�xAs
VS4

x� —
H3�xAs

VSO3
x� 0–32 22

H3�xAs
VS2O2

x� 0–30 65
H3�xAs

VS3O
x� 0–200

H3�xAs
VS4

x� 0–30
H3�xAs

VSO3
x� 0–0.5 23

H3�xAs
VS2O2

x� 0–0.6
H3�xAs

VSO3
x� 0–0.2

H3�xAs
VS2O2

x� 0–0.1
H3�xSb

VS3O
x� 0–23 10

H3�xSb
VS4

x� 0–6
H3�xSb

VS3O
x� 0–15 8

H3�xSb
VS4

x� 0–3
H3�xSb

VS3O
x� 0–22 9

H3�xSb
VS4

x� 0–4

Environ. Sci.: Processes Impacts, 2021, 23, 1863–1872 | 1867
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than the environmental samples at the mM level. IC-ICP-MS is
able to detect low thio-species concentrations at mM, but it fails
to provide structural information. Thus, spectroscopic and IC-
ICP-MS methods are integrated to explore the molecular struc-
ture of thio-species.10,39,43

However, multiple thio-species usually co-exist, which pose
an extra conundrum in qualitative and quantitative analysis.
The overlapping of different thio-species in Raman and XAS
spectra, and the ready transformation of thio-species during IC
separation in IC-ICP-MS analysis exacerbate the challenge in
identifying the “true” molecular structures of multiple thio-
species. The rapid development of high-resolution mass spec-
trometry and high energy resolution uorescence detected X-ray
absorption near edge structure (HERFD-XAS) spectroscopy
provide a good alternative to explore the molecular structure of
the multiple thio-species, improving our understanding about
the chemical nature of thio-species.

On the other hand, the spectroscopic analysis cannot
quantify these thio-species due to the “mixed signals” from
these complex thio-species. Until now, IC-ICP-MS is the only
technique to quantify several thio-species (mainly monomeric
AsV–S and SbV–S), but not all thio-species. The limitation in
quantication mainly results from the difficulty in isolating and
separating multiple co-existent thio-species, which needs
further exploration.

3.1. Triply-coordinated SbIII–S/AsIII–S

SbIII–S species including H3�xSb
IIIS3

x� and H2�xSb
III

2S4
x� and

AsIII–S species including H2As
IIIOS2

� and H3�xAs
IIIS3

x� are all
triply-coordinated structures (Fig. 2). This recognition mainly
depends on Raman and EXAFS analysis. Specically, the Raman
peaks at 314 cm�1 and 390 cm�1 were attributed to the SbIII–S
and AsIII–S bonds, respectively,26,44 consistent with the calcu-
lated Raman vibrational frequencies for H2�xSb

III
2S4

x�

(302 cm�1)45 and HAsS3
2� (388 cm�1).46 The triply-coordinated

structure was re-conrmed by Sb and As K-edge EXAFS anal-
ysis, which revealed the presence of three SbIII–S paths at 2.41–
2.42 Å (ref. 10, 13 and 14) and three AsIII–S paths at 2.23–2.34 Å,
respectively.47 In conclusion, the coordination number remains
three aer the transformation from SbIII–O/AsIII–O into SbIII–S/
AsIII–S, and substitution is the only reaction.

3.2. Quadruply-coordinated SbV–S/AsV–S

SbV–S species including H3�xSb
VOS3

x�, H3�xSb
VS4

x�, and
H2�xSb

V
2S6

x� and AsV–S species including H3�xAs
VO3S

x�,
H3�xAs

VO2S2
x�, H3�xAs

VOS3
x�, and H3�xAs

VS4
x� are quadruply-

coordinated (Fig. 2). Sb/As K-edge EXAFS analysis showed that
SbV and AsV both bind to four sulfur atoms with an SbV–S
distance of 2.33–2.34 Å (ref. 10, 13, 14 and 30) and AsV–S
distance of 2.13–2.18 Å, respectively.20,47 In addition,
electrospray-mass spectrometry (ES-MS-MS) was used to iden-
tify the structure of AsV–S, and them/z signals matched the four-
coordinate AsV–S.32

Pentavalent As remains quadruply-coordinated in both
H3�xAs

VO4
x� and AsV–S, but the coordination number of SbV

changes from six in SbV(OH)6
� to four in SbV–S. This change
1868 | Environ. Sci.: Processes Impacts, 2021, 23, 1863–1872
was illustrated by Fourier transform ion cyclotron resonance
mass spectrometry (FT-ICR MS), and the results reveal that the
coupled substitution and elimination reactions lead to the
transformation from six-coordinate SbV(OH)6

� to four-
coordinate SbV–S.11 The decrease in the coordination number
of SbV is due to the larger size of –SH than –OH.

3.3. Chromatographic separation and mass quantication

To identify and quantify trace amounts (ng L�1-mg L�1 range) of
SbV–S and AsV–S in natural environments, IC-ICP-MS is
commonly employed. In fact, the observation of thio-species in
the environments, as summarized in Table 1, relies on IC-ICP-MS
detection. For IC separation, an AG16/AS16 IonPac column with
a gradient elution from 20 to 100mMNaOHor KOH at a ow rate
of 1.2 mL min�1 is used to separate oxyanions and thio-
species.10,21,48 Signicantly, aer OH� removal by the suppressor,
Sb(OH)4

� will change to Sb(OH)3 precipitate, preventing the
detection of SbIII–O. Thus, the suppressor is not used for Sb
speciation analysis.10 For the ICP-MS detector, the reactive oxygen
mode is applied for As speciation analysis with measuring AsO+

at m/z 91;21 and standard mode is used for Sb speciation at m/z
121 of 121Sb.10 The limitation of IC-ICP-MS is that it cannot
distinguish SbIII–S/AsIII–S and SbIII–O/AsIII–O because excess
OH� in the eluent promotes the transformation from SbIII–S/
AsIII–S into SbIII–O/AsIII–O during the IC separation process.10

4. Transformation and mobilization

SbV–S/AsV–S species are formed in sulfate reducing environ-
ments. The negative charge of SbV–S/AsV–S49 weakens their
affinity to solids such as iron oxide minerals;11,50 therefore, the
formation of SbV–S/AsV–S always enhances Sb/As
release.11,15,34,35,51–53 In addition, the chalcophilic nature of Sb
and As leads them to readily bind to organic sulphur in solids,
resulting in Sb and As sequestration.54–57

On the other hand, SbV–S/AsV–S species are labile and easily
transform into oxyanionic Sb–O/As–O, especially with the
decrease in the HS� concentrations and increase in the pH
value. Contrary to the enhancement of Sb release via SbV–S/AsV–
S formation, the transformation of SbV–S/AsV–S always leads to
Sb/As immobilization.

4.1. Ligand exchange

The OH�/SH� molar ratio is the key factor determining the
transformation between Sb–S/As–S and Sb–O/As–O. As shown in
Fig. 3a, the replacement of –OH with –SH hardly occurs at high
OH�/SH� molar ratios, i.e. under alkaline conditions with low
sulde concentrations, and Sb remains as oxyanions Sb(OH)3 or
Sb(OH)6

�. Accordingly, in the hot springs with 0.3 mg L�1 sulde
at pH > 8, no Sb–S was detected and Sb–O was the dominant
species.10 With the increase of the SH� concentration, the
substitution begins to occur and soluble Sb–S species are formed.
A recent study reported the formation of H3�xSb

VOS3
x� and

H3�xSb
VS4

x� when HS� ¼ 2 mM at pH 8.11 With the decrease of
pH, monomeric SbIII–S begins to aggregate and gradually
precipitates as Sb2S3, leading to Sb immobilization (Fig. 4).38
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 The transformation and mobilization of thioantimony.
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The ligand exchange between –OH and –SH for As almost
follows the same rule as that for Sb (Fig. 3b). Remarkably,
monothioarsenate (HAsVO3S

2�) can be formed at <1 mM sulde
whereas SbIII(OH)3 cannot be thiolated, consistent with the
occurrence of HAsVO3S

2� without Sb–S observation when
sulde <3 mM.10 In addition, SbIII–S is easier to aggregate and
precipitate as sulde minerals than AsIII–S, as evidenced by the
wide sulde range for Sb2S3 formation (Fig. 3).
4.2. S0-Induced oxidation

The AsIII–S oxidation pathway of AsV–S under anoxic conditions
has been a subject of debate, and the proposed mechanisms
include the disproportionation of AsIII–S to AsV–S and elemental
As,31 and AsIII–S oxidation coupled with the reduction of H+ to
H2.27 Until now, elemental sulfur (S0) or polysulde (Sn

2�) is
considered as the oxidant for AsIII–S in the anaerobic environ-
ments (eqn (11)).23,58 Consistent with this opinion, a recent
study suggested that the presence of S0 enhanced the formation
of AsV–S.23 S0 is able to thermodynamically oxidize SbIII–S to
SbV–S with DG ¼ �5.6 kcal mol�1 according to a theoretical
energy calculation (eqn (12)).45

H3�xAsIIIS3
x� + S8 / HAsVS4

2� + S7 + (2 � x)H+ (11)

HSbIIIS3
2� + S8 / HSbVS4

2� + S7 (12)

S0-induced oxidation of SbIII–S/AsIII–S explains the observa-
tion of SbV–S/AsV–S alone in previous lab experiments13,15,30–32 and
in natural environments (Table 1). This pathway also suggests the
possibility that SbV/AsV–S may occur on early Earth even with
extremely low oxygen, such as in the periods predating the Great
Oxidation Event. However, limited experimental data were
available on the molecular mechanisms of S0-induced oxidation
This journal is © The Royal Society of Chemistry 2021
of SbIII–S/AsIII–S. More studies are needed to explore its molec-
ular mechanisms and environmental signicance.

5. Challenges and perspectives

Antimony and arsenic both belong to Group 15 elements and
threaten human health.59–61 The geochemistry of oxyanionic Sb
and As has been extensively studied. Recently, thiolated Sb and
As species have received increasing concerns, and their rich
environmental geochemistry has driven a consorted develop-
ment in a wide spectrum of sciences. Despite great progress,
current research is still facing difficult challenges.

The critical challenge to study thiolated species is to develop
identication and quantication methods for these extremely
labile species. Now, IC-ICP-MS is the only choice to detect trace
amounts of thio-species in the environment. Since IC-ICP-MS is
generally operated in the lab, the detected concentrations of
thio-species may not be “true” due to their unavoidable trans-
formation during the sampling process from elds to the lab.
One possible solution is to develop on-site detection methods
for thio-species. Surface enhanced Raman scattering (SERS)
spectroscopy may be a good alternative based on the successful
identication of thioantimony (Sb–S) and thioarsenic (As–S)
species by Raman spectroscopy. More efforts should focus on
the design and fabrication of sensitive and selective SERS
substrates for analyzing thio-species.

The geochemical cycling of Sb–S in the environment show
the future focus on fundamental research. First, the kinetics
and thermodynamics of Sb and As binding to sulfur are not fully
understood. Sb and As usually co-exist in the environment, and
SbIII–O and AsIII–O should compete for sulde to form SbIII–S
and AsIII–S, respectively. Similarly, SbIII–S and AsIII–S will also
compete for S0 or polysulde to form SbV–S and AsV–S. The
environmental fate of these thiolated species largely depends
on their competition for sulfur. Second, the adsorption of Sb–S
on mineral surfaces remains unknown. The mineral–water
interface behavior determines its partition and mobility, espe-
cially in the real subsurface environment with co-existing
interference ions.5,62,63 Third, discovery of previously unknown
thioantimony or thioarsenic species has drawn researchers'
attention. As thiolation of methylated arsenic has been found in
both environmental and biological systems, whether methyl-
ated thioantimony exists and its role in the geochemistry of Sb
are also interesting scientic questions.
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