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Basel, 2 December 2024

Sb has gained significant attention due to its potential to cause harm to ecosystems and 
human health, especially in contaminated soils. Sb, both naturally occurring and 
introduced through anthropogenic activities such as mining, industrial processes, and 
military operations, can migrate through the environment, posing risks to water quality 
and biodiversity. Its mobility and toxicity are largely controlled by its chemical speciation 
and interactions with various soil components, including microbial communities. 
However, much of the existing research has been based on simplified laboratory 
conditions, and there remains a gap of Sb behavior under dynamic, real-world 
environmental conditions. This review highlights the current state of knowledge on Sb 
biogeochemistry and identifies key research areas essential for enhancing environmental 
management and remediation efforts.
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Abstract 

Antimony (Sb) has gained increased attention over the past few decades due to its possible 
detrimental effects on biota and its potential to leach and disperse from contaminated soils. The 
fate of Sb in the environment is largely controlled by its chemical speciation, as well as the 
speciation of solid phases (e.g. Mn/Fe-oxyhydroxides) that interact with Sb in soils. Microbes 
have the capacity to facilitate a multitude of oxidation and reduction reactions in soils. Therefore, 
they exert control over the reactivity of Sb in the environment, either directly and/or indirectly, 
by changing Sb speciation and/or affecting the redox state of soil solid phases. Here, we outline 
processes that determine the behaviour of Sb in soils. We conclude that based on laboratory 
studies there is a good theoretical understanding of pure soil components interacting with Sb 
species. However, comparatively little is known concerning the contribution of these interactions 
in complex natural systems that are dynamic in terms of biogeochemical conditions and that can 
hardly be simulated using laboratory incubations. We note that important biochemical 
foundations of microbially driven Sb conversions (i.e. molecular constraints on organisms, genes 
and enzymes involved) have emerged recently. Again, these are based on laboratory incubations 
and investigations in environments high in Sb. In this regard, an important remaining question is, 
which microorganisms actively impact Sb speciation under real-world conditions, in particular 
where Sb concentrations are low. Multiple dissolved Sb species have been described in literature. 
We note that more analytical development is needed to identify and quantify possible key Sb 
species in natural systems, as well as anthropogenically impacted environments with only 
moderate Sb concentrations. With these research needs addressed, we believe that the Sb fate in 
the environment can be more accurately assessed, and remediation options can be developed.

1. Introduction

Antimony (Sb) is a naturally occurring element with metallic and non-metallic characteristics. In 
its elemental form, it is a white, brittle, crystalline metalloid positioned within group 15 of the 
periodic table, with an atomic number of 51 and an atomic mass of 122 (Anderson, 2012). Sb is 
relatively rare in the Earth’s crust, with concentrations ranging from 0.2 µg g−1 to 0.3 µg g−1 

(Zhuang et al., 2018). In the natural environment, Sb is often associated with sulphur (e.g. Sb2S3, 
stibnite) or oxygen (e.g. Sb2O3, valentinite) (Zhuang et al., 2018). Sb can be found at elevated 
concentrations in anthropogenically impacted soils and sediments because of metal mining, 
military training, smelting and pharmaceutical and pesticide manufacturing (Zhuang et al., 2018). 
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The world’s Sb reserves amount to 1.8 million tonnes, and are concentrated in China (48%), 
Russia (18%) and Bolivia (16%) (U.S. Geological Survey, 2023). Due to its economic importance 
and potential risks and vulnerabilities related to future supply, the European Commission 
included Sb in its latest critical raw material list (European Commission, 2023). 
The use of Sb can be categorised into three main domains: metal production applications, non-
metal applications, and as a crucial component in flame-retardant materials. The largest share 
(43%) of Sb is utilised in flame retardants (European Commission, 2023). Here, antimony trioxide 
(Sb2O3) is used because of its synergistic capacity to interact with halogenated compounds for 
effective flame suppression (Dupont et al., 2016). Most metallic Sb is used as a hardening agent 
in lead (Pb) alloys, such as Pb electrodes in Pb-acid batteries [32% of total, (European 
Commission, 2023)], as well as lead bullets used in small-arms shooting ranges  (Schulz et al., 
2017). Such bullets typically contain Sb at concentration levels between 2%–8% (Lewis et al., 
2010), so large amounts of Sb enter the pedosphere because of shooting activities. In addition to 
its established role as a catalyst in the plastic and ceramics industry, emerging applications of Sb 
include its use in data storage technologies and as a component in semiconductors, including 
those used in photovoltaics (Jin et al., 2020). In the pharmaceutical/medical industry, Sb-
containing medications serve as emetics and laxatives (J. Li et al., 2018). 
In natural systems, Sb occurs mostly in four oxidation states: (-III), (0), (III) and (V). Sb(-III) and 
Sb(0) may be found, for instance, in solid phases, such as in ores (as sulphides or native Sb). In 
the aqueous phase, Sb(III) occurs as water-soluble Sb(OH)3 across a relatively large pH range 
(from very acidic to alkaline) in anoxic environments (Filella et al., 2002b) (Fig. 1). In contrast, 
Sb(V) can form water-soluble Sb(OH)6

-, which is predominant in more oxic environments across 
a large pH spectrum (Filella et al., 2002b). Various processes drive the transformation of natural 
Sb, including oxidation (Terry et al. 2015; Tsaplina et al. 2014; Li et al. 2015; J. Li et al. 2017), 
reduction (Nguyen et al. 2018; Kulp et al. 2014; Lai et al. 2016; Yamamura et al. 2021) and 
methylation reaction (Bentley & Chasteen, 2002) (Meyer et al., 2007). In most of these reactions, 
microorganisms are the primary agents that facilitate Sb turnover (Kasemodel et al. 2019; Pan et 
al. 2020; Jeyasundar et al. 2021; Sazykin et al. 2023). However, information on microbial identity 
(strains and community composition) and the enzymatic pathways involved is rare. 
Considering the potential detrimental effects of Sb on human health, and in the context of 
stringent environmental protection regulations, it is of utmost importance to understand the 
processes underlying the mobilisation and immobilisation of Sb in the environment. In this 
review, we present the fundamental biogeochemical mechanisms that underlie the possible 
transformation of Sb in the environment. We review existing knowledge of possible redox 
reactions with common soil phases [Fe/Mn oxyhydroxides, clay minerals, soil organic matter and 
dissolved sulphide]. We elucidate the complex interplay between these phases, Sb and soil 
microbiota, as well as the interactive effects involving plants. With this, we identify knowledge 
gaps that need to be addressed to transfer our solid fundamental understanding of simplified, 
static laboratory systems to complex, dynamic natural environments. Addressing them will lay 
the basis for successful remediation measures in Sb-contaminated ecosystems in the future. 

1.1. Detrimental effects of antimony

Despite beneficial uses (e.g. treatment of parasitic disease leishmaniasis), there are several 
adverse health effects documented following exposure due to oral ingestion, inhalation or dermal 
contact with Sb. These include respiratory, myocardial, gastrointestinal, developmental and 
metabolic (impact on blood glucose levels) effects (Sundar & Chakravarty, 2010) as well as 
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genotoxicity (Wysocki et al., 2023) which has been the focus of several reviews [e.g. (Natasha et 
al., 2019; Z. Lai et al., 2022)]. Besides the negative impact on human health, wildlife toxicity of 
antimony has been documented (Sample & Arenal, 2015). Due to its possible adverse effects and 
widespread occurrence, Sb has been classified as a priority pollutant by the US Environmental 
Protection Agency (USEPA) (USEPA, 2014);  that is, it belongs to the group of substances that are 
identified as being particularly harmful to human health and the environment, and that require 
careful monitoring and management to mitigate their detrimental effects. According to the 
USEPA, both the maximum contamination level goal and the maximum contaminant level are set 
at 0.006 mg L-1 (USEPA, 2023). The European Union established a threshold 0.01 mg L-1 of Sb in 
drinking water (Official Journal of the European Union 2020; European Union 2023). According 
to the World Health Organization, the guideline value for Sb in drinking water is 0.02 mg L−1 

(World Health Organization, 2017). 
Several geogenic sources contribute to global Sb emissions in the order of wind-borne dust < 
volcanic activities < sea salt spray < biogenic sources < forest fires (Filella et al., 2002a).  A distinct 
rise of Sb in arctic ice cores starting approximately 900 years ago suggests that anthropogenic 
sources were contributing to atmospheric Sb emissions already in pre-industrial times (Krachler 
et al. 2008). Nowadays, anthropogenic activities result in locally and/or regionally elevated Sb 
concentrations in freshwaters, soils and sediments. For instance, Sb contamination in China has 
been related to mining activities, smelting and coal burning (Chen et al., 2013; Adnan et al., 2024). 
In other countries that do not mine or refine primary Sb, the possible origins of locally elevated 
Sb concentrations include shooting activities. In Switzerland, for instance, up to ~25 tons of Sb 
enter the pedosphere each year because of shooting activities  (Johnson et al. 2005; Robinson et 
al. 2008). As a result, target areas of shooting ranges are often heavily contaminated with high 
concentrations Sb and thus require remediation. In “moderately” contaminated soils (i.e., those 
with increased Sb concentrations compared to the background), studying the fate of Sb is 
particularly relevant, as such soils may not require remediation under current laws. Various 
mechanisms exist that act to mobilise Sb, increasing the likelihood of dispersal in the 
environment. This can pose severe threats to ecosystems, potentially affecting humans through 
food chain exposure (Antoniadis et al., 2019). 

1.2. Geochemistry of antimony

As is also the case for other elements, the ‘chemical speciation’ determines the fate of Sb. 
Speciation refers to the specific forms of an element defined as to its isotopic composition, 
electronic or oxidation state and/or complex or molecular structure (Templeton et al. 2000). 
Temperature, pH, redox potential (Eh) and Sb concentrations are the key factors that determine 
the ‘expected’ (i.e. thermodynamically favoured) Sb speciation and thus its solubility and mobility 
in soils. In the environment, thermodynamic equilibrium is often not reached; thus, several Sb 
species are found at once (Filella et al., 2002b). Sb exhibits a complex chemistry in the 
environment, which has been reviewed in several publications (Herath et al. 2017; Zhang et al. 
2022) and is only briefly presented here. 
In general, geochemical processes that control Sb mobility in soils or sediments are sorption–
desorption reactions, Sb-mineral phase formation and dissolution and redox transformations. 
Furthermore, chelation by biogenic compounds, as well as biologically mediated alkylation 
reactions, can occur. In nature, Sb may be associated with oxygen and hydroxide, resulting in 
oxides, hydroxides or oxyanions, either in the pentavalent oxidation state or in the trivalent 
oxidation state under more reduced conditions. Solid Sb(OH)3 is not known to occur naturally, 

Page 4 of 27Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
25

 1
0:

57
:3

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D4EM00743C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4em00743c


and the common convention is to represent the hydrolytic species of Sb(III) as hydroxide 
complexes, whereas the representation as oxyanions is also common (Filella et al., 2009). 
Pentavalent antimony can be is presented as Sb(OH)6

− and is the predominant form of Sb in 
aqueous phases under oxidising conditions (Fig. 1) (Filella et al., 2002b). Furthermore, Sb 
associates with sulphur, forming either insoluble (e.g. stibnite, Sb2S3) or soluble sulphides [mostly 
anionic Sb-S complexes (Besold et al. 2019)] (Fig. 2). Sb can also undergo biologically catalysed 
alkylation, leading to the formation of volatile Sb species, such as monomethyl Sb, dimethyl Sb 
and trimethyl Sb, in the environment (Bentley & Chasteen, 2002). Biomethylation has long been 
suggested as a mechanism for the detoxification of different elements (Bentley and Chasteen 
2002; Chasteen and Bentley 2002). Sb methylation appears to be a ubiquitous process in terms 
of organisms involved (fungi, archaea and bacteria), as well as environments, where methylated 
Sb compounds were detected (e.g. soil, sediment, sewage, freshwater, seawater and landfill gas) 
(Bentley & Chasteen, 2002). 
The environmental interactions between Sb and mineral phases and/or organic matter particles 
have been intensively researched and are briefly summarised below. Notably, Fe and Mn 
(hydr)oxides are well-known sorbents, as well as redox-catalysts, for Sb (Belzile et al. 2001; Leuz 
et al. 2006; Mitsunobu et al. 2010; Rakshit et al. 2011), and soil organic matter (SOM) is 
recognised as an important complexing agent for Sb (Scott et al. 1998; Kappler and Cappellen 
2010; Kulp et al. 2014; Besold et al. 2019). Possible interactions with other mineral phases, such 
as clay minerals or sulphides, have been acknowledged but have received much less attention in 
previous studies (Xi et al. 2010; Planer-Friedrich and Scheinost 2011).

1.2.1. Reaction with iron (hydr-)oxides

In natural soils and sediments, both crystalline minerals and amorphous iron (hydr)oxide 
minerals can exist as e.g. hematite (Fe2O3), ferrihydrite [(Fe10O14(OH)2], goethite (-FeOOH) and 
magnetite (Fe3O4), which all represent possible sorbents for Sb (Denys et al. 2009; Hockmann, 
Tandy, et al. 2014; Tandy et al. 2018). Many studies have quantitatively and mechanistically 
studied the interaction of Sb species with such phases (Watkins et al. 2006; Kirsch et al. 2008; Qi 
and Pichler 2017; Yan et al. 2022). Fe (hydr)oxides have amphoteric properties and can steadily 
form complexes with cations and anions. Accordingly, one may expect that pentavalent Sb [being 
present as anionic Sb(OH)6

- across the entire pH range; see Fig. 1] will exhibit some sorption at 
pH values below the point of zero charge (PZC) of the respective iron (hydr-)oxide. Indeed, nearly 
complete Sb(V) sorption was observed, for example, on goethite at pH < 7 [average reported PZC 
= ~8; (Kosmulski, 2020)]. However, assessing the mobility of Sb is not simply a question of the 
ionic sorption of Sb species on pure mineral phases. For instance, in the natural environment 
neither Sb(III) nor Sb(V) will occur as the only dissolved species but will be present together with 
other ions; hence, competition for sorption sites on Fe oxyhydroxides is likely [e.g. competition 
with the arsenite oxyanion (Wu et al. 2024b)]. Furthermore, in simultaneous adsorption 
experiments with ferrihydrite, Sb(III) adsorption was not affected by the presence of Sb(V), while 
Sb(III) had an inhibitory effect on the adsorption of Sb(V) (Qi and Pichler 2016). This study points 
to another complication in the context of assessing Sb mobility: Sb species are prone to undergo 
redox reactions upon contact with certain solid surfaces. Ferrihydrite, for instance, can catalyse 
the oxidation of Sb(III) to Sb(V), which, in turn, influences Sb adsorption (Qi and Pichler 2016). 
The oxidation of Sb(III) has also been shown, for instance, on goethite (Leuz et al. 2006) and 
hydrous ferric oxide (X. Guo et al., 2014). On the other hand, the reduction of Sb(V) has been 
demonstrated, for example, on mackinawite and magnetite (Kirsch et al. 2008), as well as “green 
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rust” [various redox active Fe(II)/Fe(III) hydroxides] (Mitsunobu et al. 2008; Zhang et al. 2022). 
Recently, Peiffer et al. emphasised the universal importance of such redox-active mineral phases 
for the fate of contaminants (Peiffer et al., 2021). Metastable mineral phases – including those of 
Fe (e.g. ferrihydrite or goethite; eventually transforming to haematite or magnetite) – are 
considered highly reactive surfaces, delivering or consuming electrons in redox reactions. Redox-
active mineral phases obtain their specific redox-catalytic properties upon interaction with other 
redox-active constituents in solution and require activation by fluctuating redox conditions to 
maintain their high reactivity (Peiffer et al. 2021). The corresponding redox reactions of Sb often 
occur fast (i.e. from hours to a few days; Qi and Pichler 2016; Belzile et al. 2001), thus controlling 
Sb mobility on diurnal or weekly time scales (e.g. upon periodic flooding and waterlogging after 
rain). This is certainly a challenge in understanding the mobility of Sb (and other redox-active 
elements such as As, Se and Te) in the environment. Moreover, the reaction with the Fe phases 
represents just one of the many possible reactions that Sb can undergo in the environment. 
Nevertheless, it is crucial to understand the reactivity of pure Fe phases with Sb, considering that 
such phases may be applied in natural environments for in situ remediation to decrease metal 
mobility in general [e.g. (Komárek et al., 2013)], and specifically for Sb(V) and Pb from shooting 
range activities (Kolbe et al. 2011; Okkenhaug et al. 2016). 

1.2.2. Reaction with manganese (hydr)oxides

Many Mn oxide/hydroxide phases are known to exist near the Earth’s surface (Post 1999), yet 
birnessite, pyrolusite, manganite and amorphous Mn oxides represent some of the most common 
solid Mn(III/V) phases in soils. Sorption of Sb(III) and Sb(V) has been studied using several of 
such pure Mn phases. Sb(V) sorption on birnessite (Essington & Vergeer, 2015), pyrolusite and 
manganite (X. Wang et al., 2021) showed the typical behaviour of an anionic species, with 
increased sorption with decreasing pH. The high adsorptive capacity of Mn oxides has been 
exploited in several functional materials (e.g. nanofibers of α-MnO2, biogenic manganese oxides 
or Fe-doped birnessite) for Sb removal from waters (X. Zhang et al., 2021). When Sb(III) is 
brought into contact with solid manganese oxides, it gets oxidised due to the high oxidative power 
of these mineral phases. Reduced Mn(II)/(III) is either incorporated into the remaining solid or 
released as dissolved Mn2+, as shown for several phases (Sun et al. 2019; Nie et al. 2022). Belzile 
et al. (2001) showed a more efficient oxidation of Sb(III) by Mn oxides compared to Fe oxides, 
with the oxidation completed within a few days. Even faster oxidation of Sb(III) was observed on 
birnessite on a timescale of minutes by (Shi et al., 2018). The oxidation capacity of Mn oxides 
seems positively correlated with the Mn(III) content and surface-adsorbed oxygen but appears 
to be negatively correlated with its level of crystallinity (Sun et al. 2019; Liu et al. 2021). More 
precisely, it was demonstrated that the edge sites of birnessite represent key loci of Sb(III) 
oxidation and that, in turn, poorly crystalline birnessite exhibits higher oxidation and sorption 
capacities when compared with crystalline birnessite due to the availability of these edge sites 
(Q. Sun et al., 2019).
During periods of waterlogging, soils can become anoxic, and solid Mn(IV) oxides can undergo 
reductive dissolution reactions, either through abiotic interactions with reducing compounds or 
microbial dissimilatory Mn reduction (H. Li et al., 2021). When such reduced soil solutions 
become oxidised again, solid Mn phases form upon dissolved Mn2+ oxidation. The products can be 
either amorphous or, to some degree, crystalline [mostly in the form of birnessite, rhodochrosite 
or bixbyite (J. E. Johnson et al., 2016)], which impacts their sorption capacity (Peng et al., 2023). 
During redox transition periods, dissolved reduced Mn2+ and solid oxidised Mn may coexist (i.e. 
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during the transition from reducing to oxidising conditions, and vice versa). The interaction with 
Mn2+ affects Mn-oxide phase transformations and thus impacts Sb mobility indirectly. For 
instance, Sb(V)-bearing birnessite can undergo rapid (< 1 day) transformation at circumneutral 
pH to manganite and hausmannite in the presence of Mn2+, effectively sequestering Sb (Karimian 
et al., 2021). In contrast, the absence of Mn2+ did not result in phase transformation but in the 
release of Sb(V) to the aqueous phase (Karimian et al., 2021).
In the environment, the oxidation of dissolved Mn to form particulate Mn phases is mainly 
microbially driven [e.g. see review by (Zhou and Fu 2020; Cai et al. 2023)], and the products are 
thus of a ‘biogenic’ nature. Biogenic Mn oxides appear to display a considerably (sometimes 
orders of magnitude) higher sorption potential than their ‘synthetic’ counterparts. For instance, 
Nelson et al. (1999) demonstrated that commercially available crystalline MnO2 minerals showed 
a Pb sorption capacity between ~0.01 and 1 mmol Pb per mol Mn, whereas MnO2 that was 
produced through microbial Mn2+ oxidation by Leptothrix, displayed a much higher sorption 
capacity of around 550 mmol of Pb per mol Mn. This effect also seems to be pertinent to Sb 
sorption (Q. Li et al., 2023). In addition, Nelson et al. (1999) demonstrated that sorption capacity 
is not constant over time. For example, as fresh synthetic Mn oxide phases age, their sorption 
capacity decreases (Nelson et al., 1999). Therefore, studies that rely solely on experiments with 
commercially chemically synthesised Mn phases that have possibly undergone ageing may not 
fully capture the true potential of these phase sorbents for Sb in natural environments. In soils 
and sediments prone to waterlogging and/or fluctuating redox conditions, complex redox 
reactions involving Mn and Sb will determine the mobility and speciation of Sb to a large extent. 
The impact of the biogenic origin and ageing of MnO2 phases on the sorption of Sb remains to be 
systematically studied.

1.2.3. Association with clay minerals 

Clay minerals play important roles in soil structure and function. They directly influence the 
availability of plant nutrients, control water retention/storage and contribute to the structural 
stability of soils (Bibi et al., 2016; Dixon, 1991). Sb mobility can be affected by the clay mineral 
content in soils, primarily due to their high surface area with abundant sorption sites. Certain 
phyllosilicates (for instance smectite- and montmorillonite-type clays) are well known for their 
capacity to sorb cations. This is because isomorphic substitution can occur (Liang et al., 2013), 
which gives these minerals a permanent negative charge under most soil pH conditions. 
Therefore, next to sorption on the external plane, cations can sorb as interlayer complexes as well 
(Kraepiel et al., 1999). Considering that dissolved Sb(V) occurs mostly as a charged anion, one 
can expect repulsion, and thus little retention on such phyllosilicates. Indeed, montmorillonite 
shows the lowest sorption affinity for Sb(V) in the sequence of montmorillonite < δ-MnO2 < 
ferrihydrite at pH 5.5 (van Genuchten & Peña, 2016). Not all phyllosilicates undergo extensive 
isomorphic substitution. Kaolinite, for instance, a common variable-charge clay mineral, has a low 
capacity to adsorb cations, both because of little isomorphic substitution and due to its 
comparatively low surface area (Bibi et al., 2016). Indeed, Sb(V) sorption on kaolinite is high at a 
low pH (Rakshit et al., 2015). Unlike anionic Sb(V), trivalent Sb(III) remains neutral over a broad 
pH range (Fig. 1) and should therefore be less susceptible to ion exchange reactions on positively 
charged minerals. However, only a handful of studies actually investigated Sb(III) sorption on clay 
minerals and other Al-rich phases. An early work by Thanabalasingam and Pickering (1990) 
investigated Sb(III) sorption on different synthetic hydrous oxides, showing that trace 
concentrations of Sb(III) can effectively be sorbed by the synthesised AI(OH)3 gel at a pH of 6-7. 
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Later, (Xi et al. (2011) compared the sorption of Sb(III) and Sb(V) by bentonite 
(Thanabalasingam & Pickering, 1990). The bentonite used had a low PZC of 2.6 due to 
isomorphic substitution, confirming the greater adsorption of neutral Sb(III) compared to anionic 
Sb(V) at pH 6. Similarly, Ilgen and Trainor (2012) observed greater sorption of Sb(III) compared 
to Sb(V) on kaolinite at a similar pH (pH = 5.5). Additionally, they found that Sb(V) sorption was 
enhanced at pH 5.5 compared to pH 8.0. Besides this expected general behaviour of Sb, further 
interesting observations could be made: Xi et al. (2011) noted some desorption of Sb following 
Sb(III) adsorption, and they assigned this to the oxidation of Sb(III) on the bentonite surface and 
subsequent desorption of Sb(V). Ilgen and Trainor (2012) used oxidised and reduced nontronite, 
a Fe-containing phyllosilicate, and found that for nontronite in the reduced state, sorption 
capacity towards Sb(III) was slightly decreased, whereas Sb(V) uptake was dramatically 
increased compared to oxidised nontronite. A certain Fe content in natural clay minerals is very 
common (as structural Fe in the lattice of clays, in interlayer space and/or adsorbed on the 
external surface), and this Fe can cycle between its Fe(II) and Fe(III) oxidation state (Q. Fan et al., 
2023). Therefore, one may speculate that Fe-containing clays can also act as redox catalysts 
similar to Fe oxyhydroxides (see above in section 1.2.3). Despite this possible role, it is fair to say 
that, in contrast to the Fe and Mn solid phases, these reactions have remained almost entirely 
unstudied thus far. 

1.2.4. Interaction of Sb with soil organic matter 

Soil organic matter (SOM) comprises components from the breakdown of plant material, faunal 
remains and microbial biomass, consisting of humic acids (HA), fulvic acids (FA) and humins 
(Angst et al., 2021). In addition to its generally important role in the context of nutrient supply, 
soil structure, water storage and carbon sequestration, SOM also influences the biogeochemical 
cycle of Sb in different ways. SOM promotes electron flow and can serve as an electron donor 
and/or electron shuttle for microbial respiration in anaerobic environments, either reducing 
Sb(V) to Sb(III) (Verbeeck et al., 2020) or reducing Sb-bearing solid phases of e.g. Fe (Lovley et al. 
1998; Stern et al. 2018) and Mn (M. Xie et al., 2024). SOM may also interact with Sb through 
complexation and binding. In general, Sb reactivity with natural organic matter will depend on 
the type of organic matter (HA, FA or humins), the type of reactive functional groups present. It 
has been shown that the decreased availability of Sb upon the ‘ageing’ of soils may be largely 
determined by Sb binding to organic matter (Diquattro et al., 2021). The interaction between SOM 
and Sb will depend on both Sb speciation and the presence of certain functional groups: cationic 
species (such as Sb(III) in the form of SbOH2

+, Fig 1) may interact with carboxylate functional 
groups (Buschmann & Sigg, 2004). Anionic Sb species [such as Sb(V) in the form of Sb(OH)6

-] 
might involve amine-type functional groups (Tella & Pokrovski, 2012). For neutral species [such 
as Sb(III) in the form of Sb(OH)3], the presence of thiol moieties appears to impact Sb retention. 
In peatlands, Sb(III) may complex with carboxylic or phenol groups when the thiol content is low. 
However, under high-thiol conditions, Sb(III) sorption to SOM and thiol groups tends to increase 
(Filella et al. 2002b; Besold et al. 2019). Under highly acidic conditions (pH  2), there is notable 
binding between both Sb species and SOM, with Sb(V) displaying a stronger preference over 
Sb(III) (present in cationic form, whereas Sb(V) is partially present as an anion) (Filella and 
Williams 2012; Tella and Pokrovski 2012). In contrast, under near-neutral conditions (pH > 4), 
the affinity to complex Sb(V) is reduced, which can be attributed to the negative charge of Sb(V) 
and SOM at neutral pH (Filella and Williams 2012; Tella and Pokrovski 2012). In soil solutions, 
the disposition and availability of dissolved organic matter (DOM) determines the fate of Sb 
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(Besold et al. 2019; Verbeeck et al. 2020). In this regards, complexation of Sb with DOM has been 
shown to increase Sb mobility (Verbeeck et al., 2020). Fan et al. evaluated the effects of DOM on 
the sorption of Sb(V) in soils, and demonstrated that the sorption of Sb(V) can be considerably 
reduced in soil regions where DOM has been removed experimentally [by extraction with CaCl2 
solution; see Fan et al. (2019)]. The ability of Sb to form complexes with smaller carboxylic 
organic acids, potentially from biogenic sources in soils, is well established [e.g. in the form of 
citric acid; (Zheng et al., 2001)] and may increase Sb mobility as well. 
In summary, a plethora of possible interactions between Sb and SOM exist, and a generally valid 
statement about whether SOM increases or decreases Sb mobility and bioavailability in soils 
seems almost impossible. Several fundamental reactions between SOM and Sb species have been 
quantitatively and spectroscopically examined. However, considering that SOM in healthy soils is 
continuously synthesised and decomposed (H. Wu et al., 2024), it is crucial to deepen our 
understanding of these dynamic interactions. 

1.2.5. Formation of dissolved thioantimony compounds

Recently, particularly in sulphide-rich environments, such as geothermal systems, the natural 
formation of thioantimony (Sb-S) species has been noted. As a chalcophile element, the 
geochemistry of Sb is often coupled with the cycling of sulphur (S). A good example in this context 
is the formation of stibnite (Sb2S3), the primary Sb ore on Earth (Hollabaugh 2007;Herath et al. 
2017). Dissolved inorganic thioantimony compounds are formed by formally replacing the 
hydroxyl groups in Sb(III) and Sb(V) oxyanions with sulphydryl groups, thus generating 
thioantimonates and/or thioantimonites (Fig. 2) (Bennett et al., 2017; Mosselmans et al., 2000). 
The natural occurrence of Sb(V)-S species was reported for geothermal waters, hot springs and 
sulphidic landfills (Q. Guo et al., 2020; Planer-Friedrich et al., 2007, 2020; Planer-Friedrich & 
Scheinost, 2011). Sb(III)-S species were, for instance, formed during the dissolution of Sb2S3 in a 
sulphide solution (Olsen et al., 2019; Yan et al., 2020). This may occur in the environment, when 
the sulphide solution is of biogenic nature (Ye et al., 2022). However, in natural systems Sb(III)-S 
species are hard to detect due to inherent challenges linked to their analysis in real matrices. On 
the one hand, Sb(III)-S species are redox labile (Planer-Friedrich and Scheinost 2011; Planer-
Friedrich and Wilson 2012) rendering sample preparation/conservation problematic. On the 
other hand, when using hyphenated techniques such as Liquid Chromatography Inductively 
Coupled Plasma Mass Spectrometry (LC-ICP-MS) for quantifying individual species, the 
chromatographic separation of multiple co-existent Sb-S species is difficult. 
In terms of mobility, the repulsion of typically negatively charged thioantimonates and 
thioantimonites by negatively charged mineral (hydr)oxides of Fe and Mn may generally enhance 
overall Sb mobility in sulphide-rich natural environments (Ye et al., 2020). Limited information, 
however, is available on the occurrence of thioantimony in natural waters outside of geothermal 
and hot springs [see (Ye & Jing, 2021) for more details]. Future research should therefore focus 
on exploring the potential existence and fate of thioantimonates and/or thioantimonites in other 
ecosystems containing reduced sulphur. Considering the widespread presence and activity of 
sulphate-reducing bacteria that produce biogenic sulphide (Muyzer & Stams, 2008), one can 
expect that such Sb-S species will be discovered in Sb contaminated anoxic environments once 
the analytical challenges associated with the conservation of their speciation and quantification 
of individual species during analysis are addressed. 

1.3. Role of microbial dissimilatory iron reduction in Sb mobility
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The reduction of Fe(III) in the environment is to a large degree catalysed by Fe(III)-reducing 
microorganisms. This trait is phylogenetically widespread among bacteria and archaea and can 
occur by two different metabolic mechanisms: Dissimilatory Fe-reducing microorganisms are 
strict or facultative anaerobes that conserve energy from the electron transfer to Fe(III) at the 
their respiratory chain. Others, mostly fermenting bacteria, can dump electrons onto Fe(III) 
independently of a respiratory chain and improve thereby their growth yield (Lovley and Phillips 
1988; Weber et al. 2006). When soils become anoxic due to water saturation Fe minerals may 
undergo reductive dissolution promoted by the activity of Fe(III)-reducing microorganisms, 
potentially releasing previously adsorbed metals and metalloids (Kappler & Cappellen, 2010). 
In this regard, some studies have used pure strains of Fe-reducing bacteria to demonstrate the 
mobilisation of Sb to the aqueous phase (e.g. Burton et al. 2019). Other studies involving natural 
soils and sediments and their associated microbial consortia have observed that the release of 
dissolved Fe and Sb are closely linked. For instance, Long et al. (2022) could relate the release of 
Sb and Fe from different paddy soils of the Xikuangshan Sb mine (China) in simulated flooding 
conditions. Hockmann et al. (2014a) showed that Sb(III) formed as a result of the microbial 
reduction of Sb, which was first sorbed on iron (hydr)oxides before it was released as a result of 
reductive Fe dissolution in a shooting range soil.
While there seems to be some potential for increased Sb mobility under Fe-reducing conditions, 
evidence exists that the opposite may also be true. Microbial Fe(III) reduction can cause phase 
transformations and/or secondary mineral formation in/from metastable iron oxides. For 
instance, traces of Fe2+ can induce the rapid transformation of ferrihydrite into more stable forms 
such as goethite, lepidocrocite and magnetite (Hansel et al. 2003; Liu et al. 2007; Cutting et al. 
2009). All these phases have a different metal-sorption capacity and a differential tendency to 
incorporate elements in their mineral structure compared to ferrihydrite. Thus, the 
transformation of metastable Fe phases into more stable phases can influence the mobility of the 
elements originally associated. For instance, using Shewanella putrefaciens, Burton et al. (2019) 
showed that Fe(II) can catalyse the rapid transformation of Sb(V)-bearing ferrihydrite to 
feroxyhyte and goethite, incorporating Sb(V) via substitution for Fe(III). Moreover, in a study on 
the microbial reduction of Sb(V)-bearing ferrihydrite by Geobacter sulfurreducens, Xie et al. 
(2023) demonstrated microbially induced phase Fe transformations immobilising Sb. Whereas, 
in general, microbial control over Fe cycling is very well understood (e.g. Kappler et al. 2021), the 
information on the impact of microbial Fe reduction on Sb mobilisation is still limited. The 
question of whether microbial Fe reduction ultimately results in increased or decreased mobility 
of Sb in nature cannot be fully answered to date. 

1.4. Role of dissimilatory manganese reduction in Sb mobilisation

The reduction of Mn(IV) and Mn(III) in soils and freshwater sediments is primarily catalysed by 
microorganisms. As for Fe(III), Mn(IV) reduction is linked to the anaerobic oxidation of organic 
carbon (Lovley & Phillips, 1988) and Mn(IV) can serve as the terminal electron acceptor for 
dissimilatory reduction. Various microorganisms possess the capacity to reduce Mn oxides to 
support their growth (see e.g. Su et al. 2015; Wang et al. 2022; Huang et al. 2022), and many 
microbes that can reduce Fe(III) can also reduce Mn(IV), and vice versa. Since Mn phases 
represent potent sorbents for Sb (see 1.2.2), their reductive dissolution may result in Sb 
mobilisation. For instance, column experiments using moderately contaminated shooting range 
soils showed that Sb(V) and Mn2+ effluent concentrations were correlated, providing evidence 
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that Sb(V) was associated with these phases and suggesting that Sb was released by reductive 
dissolution (Hockmann et al., 2014). Similarly, using an experimental setup with controlled redox 
conditions that suppress Fe- and sulphate reduction, Costa et al. (2024) showed that the reductive 
dissolution of Sb-hosting Mn phases conferred Sb release. A relatively large number of studies 
exist that exploit the potential of Mn phases as sorbents and/or oxidants for Sb(III) (see section 
1.2.2). Only a few fundamental studies, however, have investigated the interplay among Mn 
oxyhydroxides, Mn dissimilatory microbial activity, and its impact on Sb mobilisation, despite the 
evidence that this may control the Sb fate in soils and sediments to a large degree. 

2. Microbially catalysed redox reactions of Sb compounds
 
Microbial transformations directly involving Sb compounds can be broadly classified into 
oxidative and reductive reactions (including the reduction of Sb(V) as well as hydride generation 
and alkylation reactions, see (Bentley & Chasteen, 2002). Since the first isolations back in the 
1970s (Lialikova, 1974) there are currently well over 70 Sb oxidisers known (Biswas and Sarkar 
2022). Sb oxidisers can be divided into chemoautotrophs and heterotrophs. Chemoautotrophic 
oxidisers conserve energy from the oxidation of Sb(III) to the Sb(V) and use CO2 as a carbon 
source for biomass formation. Some examples of isolated pure cultures include Variovax 
paradoxus IDSBO-4, Sulfobacillus sp., Leptospirillum sp., Ferroplasma sp., Sulfobacillus 
thermotolerans Sb-K, Sulfobacillus sibiricus Sb-F and Sulfobacillus thermosulfidooxidans (Tsaplina 
et al. 2014; Terry et al. 2015; Deng et al. 2021). Heterotrophic Sb(III) oxidisers cannot conserve 
energy from this reaction and use organic compounds [e.g. tartrate; (Terry et al., 2015)] as carbon 
and energy source. Here, the oxidation of Sb(III) may represent a detoxification mechanism. Most 
isolated Sb oxidisers known so far use O2 as a terminal electron acceptor (Biswas and Sarkar 
2022), although nitrate appears to be used in some environments as well (M. Zhang et al., 2020).
As and Sb are both elements of the group 15 of the periodic table, and hence share some chemical 
properties, such as similar oxidation states and the tendency to associate with oxygen and 
sulphur in nature. This suggests that the two elements also share similar biochemistries. Min and 
Liu (2023) recently pointed out, however, that the biochemistry of As and Sb may be very distinct.  
Still, it has been observed that some Sb-oxidising strains can concomitantly oxidise As, whereas 
others cannot, which has implications regarding their proposed use in bioremediation (Nguyen 
& Lee, 2014a). The autotroph V. paradoxus can concurrently oxidise both Sb(III) and As(III), 
whereas in the heterotroph Hydrogenophaga taeniospiralis, As(III) inhibits Sb(III) oxidation 
(Terry et al., 2015). Arsenic and Sb often co-occur in environments contaminated by mining 
activities (Hiller et al. 2012; Guo et al. 2021). Here, microbial Sb(III) oxidation may thus be 
competitively hindered by the simultaneous presence of As; thus, the proposed bioremediation 
attempts using organisms such as Hydrogenophaga  taeniospiralis might be unsuccessful in 
mitigating Sb contamination. 
In contrast to microbial oxidation, the isolation of microorganisms that mediate the reduction of 
Sb(V) to Sb(III) is comparatively recent. The first reports of dissimilatory Sb(V)-reducing bacteria 
(DSbRB) date only from 10 years ago (Abin & Hollibaugh, 2014). This is surprising, considering 
that the dissimilatory reduction of other metals and metalloids (such as As) has been known for 
a long time (Lovley 1993; Lloyd 2003; Gadd 2010). DSbRB use Sb(V) as the final electron acceptor 
in its respiratory chain to conserve energy. The electron donors can be organic, but H2 as the sole 
inorganic electron donor is also possible (C. Y. Lai et al., 2016).
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Interestingly, Yamamura et al. showed that certain DSbRB can only reduce Sb(V) – but not As(V) 
- underlining the biochemical differences between the two elements in the context of reductive 
reactions (Yamamura et al., 2021). For arsenate, many resistant microorganisms are known to 
reduce As(V) for detoxification, not conserving energy (as opposed to dissimilatory reduction) 
(Oremland & Stolz, 2003). Whether such detox mechanisms, independent from energy 
conservation, may also exist for Sb(V) is not yet known.
Several studies have shown that the final product of Sb reduction is a Sb oxide, such as Sb trioxide 
(Sb2O3) (Abin and Hollibaugh 2014; Nguyen and Lee 2014; Lai et al. 2016; Yamamura et al. 2021). 
Given the low solubility of Sb2O3 (Oorts et al., 2008), only minor amounts of Sb(III) will remain in 
aqueous solution. However, in sulphidic environments, the formation of dissolved thioantimony 
compounds (see 1.2.5) and/or precipitation as stibnite (Sb2S3) can occur (Kulp et al. 2014; Zhang 
et al. 2016; Zhang and Hu 2019; Ramírez-Patiño et al. 2023). Sb2S3 is even less soluble in water 
compared to Sb2O3, resulting in significantly reduced dissolved Sb concentrations (Zotov et al., 
2003). Thus, the composition of the growth medium (i.e. presence or absence of sulphide) 
determines the final product of microbial Sb reduction in laboratory experiments. Whether other 
components of common buffered growth media (i.e. phosphate or carbonate) impact the final 
solid product formed in buffered laboratory media has not been studied systematically to date 
and is unknown. In the environment, concentrations of Sb, as well as those of sulphide, phosphate 
and/or carbonate are commonly/most often much lower than in laboratory incubations. Thus, 
the final product of Sb reduction in the environment remains to be elucidated. In industrial 
wastewater treatment, it is often necessary to reduce high initial concentrations of dissolved Sb 
to low residual levels before discharge (Ye et al. 2019). Here, it is appealing to use dissimilatory 
Sb reducers in combination with sulphate reducers to produce sulphide for precipitation in situ. 
Using bench-scale anaerobic reactors, Chen et al. (2020) recently confirmed successful Sb(V) 
removal using sulphate-reducing microorganisms. In remediation, so-called ‘permeable reactive 
barriers’ are being used to treat contaminated waters cost-effectively, removing metals via metal 
sulphide precipitation. If dissimilatory Sb reducers can be successfully seeded into and/or 
enriched onto such permeable reactive barriers, this may represent a potential Sb remediation 
option for the future. However, one should avoid re-oxidation (chemical or microbially catalysed) 
by ensuring consistently reducing conditions.
Despite growing information on strains capable of catalysing oxidative and reductive reactions of 
Sb compounds, the question remains as to whether they are abundant in soils and actively 
involved in mediating these reactions in the environment. Also, it remains to be elucidated how 
the presence of Sb shapes the microbial community. It has been shown that Sb affects e.g. 
microbial biomass formation, soil respiration and rates of nitrification (Wang et al., 2021). Sb(III) 
decreased the bacterial diversity and abundance of specific bacterial phyla, whereas little or no 
effect was observed with Sb(V) (Wang et al., 2021). This suggests that Sb species, particularly 
Sb(III), can have negative effects on microbial communities and the biogeochemical processes 
they catalyse. However, purely correlation-based studies are of limited value, as they do not prove 
a causal relationship. Studies that investigate the change in microbial community structures in 
soils (or another environmental system) using controlled and replicated experiments with 
additions of different Sb species and concentrations are clearly needed. Monitoring key 
biogeochemical processes along with the assessment of microbial community structures, or 
better, of the environmental transcriptome, will ultimately allow determining the degree of 
microbial control on the fate of Sb. It will also help to identify key responsive taxa indicating Sb 
stress or Sb tolerance, and RNAseq data will allow the identification of key responsive genes to 
Sb transformations or stress. This will allow us to develop genetic markers that may be used to 
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demonstrate, for example, the presence of potentially Sb-metabolising organisms in the 
environment or even specific Sb-transforming pathways. The first promising steps in this 
direction have been undertaken (e.g. Sun et al. 2021). Genes involved in Sb redox reactions have 
only recently become known (H. Liu et al., 2022) and can serve as genetic markers for microbial 
Sb transformations in the environment. 

2.3. Interaction with plants

Bioavailable soil Sb poses a risk for both the animal and human food chains, as well as for crop 
yield.  It has been shown that Sb concentrations in soils and plant-tissue concentrations show a 
strong positive correlation (Pratas et al. 2005; Tschan, Robinson and Schulin 2009). Sb 
concentrations exceeding 150 mg kg-1 in soils and > 5 mg kg-1 in the plants can disrupt the normal 
functioning of the plants (Natasha et al. 2019; Feng et al. 2020). The adverse effects can manifest 
in different ways, some are growth deficiencies or retardation (F. Cai et al., 2016; Chai et al., 2017), 
biomass reduction (Bech et al., 2012), impaired photosynthesis (Pan et al. 2011; Vidya et al. 
2022), and generation and excessive accumulation of reactive oxygen species harmful to plants 
(Ortega et al., 2017; Vidya et al., 2022). Although the mechanism of Sb(III) uptake is relatively 
well known (Kamiya and Fujiwara 2009; Feng et al. 2019), the mechanisms responsible for the 
uptake of Sb(V) into plants remain incompletely understood. It has been suggested that Sb(V) 
enters plants through anionic transporters. For example, transporters for Cl− and NO3

−are not 
very selective and they may also facilitate the uptake of other anions, such as Sb(V) (R. Feng et al., 
2013). Recent studies have suggested that the uptake of Sb(V) can also be affected by the 
concentration of phosphorous (Tisarum et al. 2015b; Feng et al. 2019). The mechanism of uptake 
and the possible negative effect of other dissolved Sb species (i.e. sulphur-containing or thio-
species) is entirely unknown. 
Phytoremediation is frequently proposed as a cost-efficient and socially acceptable remediation 
technique for metals [see recent review by e.g. (Tang et al., 2023)]. Certainly, some promising 
progress has been made in phytoremediation [e.g. the development of hyperaccumulating plants 
through genetic engineering and bioaugmentation with specific microbial strains; Tang et al. 
(2023). Nonetheless, several limitations remain to date and often render phytoremediation 
uneconomic and/or unpractical. One of the most common limitations of phytoremediation is the 
insufficient uptake and concentration of metals in plant tissues. For instance, Qi et al.  (2011) 
investigated the levels of Sb accumulation across > 34 plant species in an area heavily polluted 
with Sb (~6000 mg kg−1), observing tissue concentrations of max ~143.7 mg kg−1. So-called 
‘enhanced phytoremediation’ tries to overcome this limitation by using complexing agents to 
increase dissolved Sb concentration in the soil pore water and with this metal uptake in plants 
(Antoniadis et al. 2021; Gavrilescu 2022; Seridou et al. 2023). However, the application of 
complexation comes at the risk of increased leaching from soils (Wu et al. 2004; Yano et al. 2005; 
Wu Li et al. 2020). Furthermore, for effective phytoremediation, Sb should be transferred to 
above-ground harvestable parts of the plant, which is quantified by the ‘translocation factor’ 
(ratio of shoot versus root concentration) (Antoniadis et al., 2021). This renders many plants with 
a low translocation factor unsuitable for phytoremediation [e.g. Arundo donax in the study of (C. 
Qi et al., 2011)]. Accumulation of Sb within roots might in fact be a good strategy for plants to 
prevent Sb accumulation and transport into reproductive tissues in highly Sb-contaminated 
environments. For instance, some plants in a Sb mining area in Southwest China showed high Sb 
concentrations in the root tissue (>1000 mg kg-1), but translocation factors were well below 1 
(Ning et al., 2015). To extract a high total amount of metals from the soil, it is necessary to build 
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up a large amount of harvestable biomass with increased metal concentrations within the above-
ground biomass. Despite being cost-efficient and socially acceptable, it remains to be proven 
whether phytoremediation of Sb will ever prove to be an ‘effective’ method of remediation, 
allowing to extract a high mass of Sb in a relatively short period of time. A better understanding 
of the processes governing Sb mobilisation into soil pore water, as well as the molecular 
processes of uptake and translocation within the plant, will be imperative for effectively 
identifying appropriate plants for bioremediation.

3. Conclusions and outlook

The interactions between Sb and soil phases have been extensively studied. Iron and manganese 
(hydr)oxides are recognised as important sorbents for Sb, and SOM is known to complex with Sb. 
Although interactions with other phases, such as clay minerals and sulphides, are acknowledged, 
they have been less thoroughly explored despite their prevalence in nature. There is certainly a 
large body of literature covering the interaction of Sb with pure mineral phases. We believe that 
such research is crucial for understanding the behaviour of Sb in the frame of a potential 
treatment for Sb contamination when defined minerals are added, for instance, during in situ 
remediation or drinking water treatment. Most studies are, however, oversimplified regarding 
the behaviour of Sb in the natural environment, as they often do not account for its complexity 
and dynamic redox conditions.
Sb undergoes various redox reactions, and its fate is influenced by its speciation. Redox-active 
minerals, such as Fe/Mn oxides and phyllosilicates containing Fe, not only sorb and complex Sb 
but may also cause changes of its redox state. These minerals gain their redox properties and 
enhanced reactivity through interactions with redox-active constituents in solution and require 
fluctuating redox conditions to remain highly reactive. In soils subject to waterlogging and/or 
periodic flooding, such dynamic redox conditions are typical. In laboratory experiments, redox 
conditions are mostly much less dynamic (and the composition of media less complex). Many 
redox reactions in nature are catalysed by microbes, so laboratory experiments using pure strains 
and sterile conditions are considered too simplistic to accurately determine the ultimate 
environmental fate of Sb. We recommend conducting future studies with greater complexity that 
more closely mimic field/natural conditions. In this regard, one may, for instance, study the 
impact of natural microbial consortia in soils contaminated with Sb from the field in lysimeter 
experiments, capturing the impact of seasonal climatic changes. 
While the microbial control of Fe and Mn cycling is well understood, information on how the 
microbial reduction of Fe and Mn affects Sb fate is still limited. In general, mobilisation in 
conjunction with the reductive dissolution of the host phases is expected, yet some studies have 
shown increased Sb sorption following initial release. When reduced soil solutions become 
oxidised again, dissolved Fe and Mn form solid particles, often driven by microbial activity. The 
so-called ‘biogenic’ Mn oxides have a significantly higher sorption potential than chemically 
produced ones (the same may hold true for Fe phases). Moreover, the sorption capacities of these 
phases change over time due to ‘ageing’. This highlights the need for studies under biologically 
active and field-like conditions to realistically assess the true Sb environmental fate. 
The interaction between Sb and SOM involves complexation by either DOM or organic matter 
associated with solid soil phases. These reactions are well studied, but it is still unclear whether 
SOM complexation generally increases or decreases the mobility and bioavailability of Sb. To 
resolve this uncertainty, we propose the use of species-specific methods, such as spectroscopic 
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techniques (e.g. XAFS) and mass spectrometry (e.g. LC-ICP-MS), to quantify and identify Sb–SOM 
complexes and thus to provide more conclusive answers related to the impact of SOM on Sb 
mobility. Having species-specific methods at hand would also allow a better understanding of the 
toxicity of Sb, which is species-dependent. However, hyphenated methods such as LC-ICP-MS will 
face a particular challenge regarding proper sample preparation, preserving original Sb 
speciation and resolving various species with sufficient sensitivity.
Another important open research question that we identified here is whether the interaction of 
Sb with sulphide ultimately increases or decreases Sb solubility and mobility. In sulphide-rich 
environments, such as geothermal systems, dissolved thioantimony species form naturally. 
Several studies exist on Sb solubility and speciation in sulfidic solutions [e.g. (Olsen et al., 2018) 
and refs herein]. However, there is only limited information on the occurrence of thioantimony 
in natural waters beyond geothermal settings and hot springs. Biogenic sulphide, produced by 
sulphate-reducing bacteria, can also form these species, as demonstrated in laboratory 
experiments. Given the widespread presence and activity of these bacteria, thioantimony species 
are likely to be found in many environments. On the other hand, some studies suggest that under 
sulphide-rich conditions, stibnite (Sb2S3) may form as a product of dissimilatory Sb reduction, 
potentially replacing Sb trioxide (Sb2O3) precipitation when sulphide is present. Since Sb2S3 is 
practically insoluble in water, this reaction would result in significantly lower dissolved Sb 
concentrations in the environment. 
Microbial reactions involving Sb compounds can be broadly classified into oxidative reactions 
and reductive reactions. The genes and enzymes, particularly those involved in Sb(V) reduction, 
were identified only recently. Before the identification of specific genes and enzymes conferring 
Sb oxidation and/or reduction, our understanding of microbial interactions with Sb was limited 
to high-level taxonomic classifications and correlations with the Sb species quantified. This 
provided only little insight into the actual metabolic activities of specific strains in the 
environment. With the identification of relevant genes and enzymes, we can now perform 
transcriptomic analyses and design specific probes (such as RT-PCR) to investigate, which 
microbial strains are actively driving Sb redox reactions in complex consortia in the environment. 
We emphasize that laboratory incubations typically use high Sb concentrations to enrich pure 
microbial strains. Soils and sediments, however, are not necessarily heavily contaminated with 
Sb (but still pose a risk of Sb migration and uptake into the food chain). Therefore, it remains to 
be determined whether the pure strains isolated thus far are truly representative of communities 
in moderately contaminated areas. A deeper understanding of the microbial processes affecting 
Sb in such environments will hopefully enhance our ability to manage Sb-associated risks and to 
remediate Sb contamination effectively.
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