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A B S T R A C T

In this study, we demonstrate that a bacterial isolate Paraccocus versutus XT0.6 from the Xikuangshan antimony
mine, the world largest antimony deposit, is capable of stibnite dissolution, oxidation of Sb(III), and formation of
secondary Sb(V) bearing mineral. The isolate could oxidize dissolved Sb(III) aerobically and anaerobically. It
was able to dissolve Sb(III) in solid minerals, which was subsequently oxidized to Sb(V) completely. Part of Sb(V)
was scavenged by the formation of secondary Sb(V)-bearing mineral mopungite [NaSb(OH)6] in the biotic ex-
periments. In contrast, Sb(III) released from mineral/rocks was only partially oxidized to Sb(V) and no secondary
Sb-bearing mineral was formed in abiotic controls. These results demonstrated that microbial processes involved
in the mobilization, oxidation, and transformation of antimony in minerals/rocks under ambient environmental
conditions and offer new insights in biogeochemistry of Sb at mining areas.

1. Introduction

Human activities such as mining and utilization of antimony in
various industries (He et al., 2018; Li et al., 2016a; Wilson et al., 2010)
result in the contamination of antimony in soil, sediments and aquatic
environments, posing great risk to ecosystems. For example, the con-
centrations of antimony have reached 1160mg/kg, 0.5–2.0mg/kg and

29mg/L, respectively, in soils, sediments and water bodies around
major mining regions of China (He et al., 2012). These levels are many
orders of magnitude higher than the set threshold concentration in
drinking water proposed by World Health Organization (20 µg/L) and
the Ministry of Health, China (MOHC) (5 µg/L) (WHO, 1996; He,
2007a). As one of the priority pollutants (He et al., 2012; Filella et al.,
2002), the toxicity and mobility of Sb are greatly influenced by its
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chemical and redox speciation. Sb(III) and Sb(V) are two forms com-
monly found in natural environments (Wilson et al., 2010; Filella et al.,
2003; Jinming et al., 2015) and Sb(III) is more toxic (Wang et al., 2011;
Cornelis et al., 2005) and less motile than Sb(V) (Leuz et al., 2006;
Buschmann and Sigg, 2004). It is thus of great significance to under-
stand the oxidation and transformation of Sb in natural environments as
these reactions will greatly enhance our understanding about Sb geo-
chemical circulations and their environmental impacts.

An important geochemical process of antimony in nature is the
dissolution and oxidation of Sb(III) from Sb-bearing minerals and rocks.
Antimony dissolution from minerals is a pH-dependent process (Biver
and Shotyk, 2012a; Hu et al., 2015a; Khan et al., 2019). For example,
Sb-sulfide minerals dissolve under alkaline conditions (Hu et al., 2015a,
a) and Sb-oxide minerals require acidic conditions for the dissolution
(Multani et al., 2016; Li et al., 2016b). Abiotic factors such as light
(sunlight, ultraviolet light, simulated sunlight) irradiation (Hu et al.,
2015b, 2014) dissolved O2, some cations (Ca2+,Mg2+) (Biver and
Shotyk, 2012a) and low molecular weight dissolved organic matter
(Biver and Shotyk, 2012b; Hu and He, 2017) may play a part in the
dissolution of Sb-minerals. Although microbial release and bio-
transformation of arsenic (similar chemical properties with antimony)-
bearing minerals was already reported (Paul et al., 2015; Zhang et al.,
2017, 2016), and the enhancing role of microorganisms in the release of
Sb from minerals has been established in acid bioleaching studies
(Nguyen et al., 2015), but the underlying factors are largely unexplored
and not elucidated for ambient, circumneutral pH conditions.

Sb(III) dissolved from minerals can be subsequently oxidized either
by abiotic or biotic processes, altering the toxicity and mobility of an-
timony in aquatic environments (Li et al., 2016b; Hu et al., 2014; Terry
et al., 2015; Abin and Hollibaugh, 2014; Kulp et al., 2015; Hu et al.,
2017). The abiotic oxidation of Sb(III) is very slow at neutral and al-
kaline (pH 8.5) conditions with a half-life of 170 years (Leuz and
Johnson, 2005; Asta et al., 2012), suggesting that it is the biotic oxi-
dation that contributes to high Sb(V) concentrations found in alkaline
environments (Herath et al., 2017). Several studies have shown that
various bacteria are capable of oxidation of dissolved Sb(III) at rates
of< 0.1 to 333 μM/d (Lu et al., 2018; Lehr et al., 2007; Li et al., 2013;
Shi et al., 2013; Nguyen et al., 2017; Li et al., 2018; Nguyen and Lee,
2015). Most of these bacterial isolates belong to Proteobacteria (Wang
et al., 2016), and the dominance of the phylum Proteobacteria was ob-
served throughout Sb-contaminated sediments, watersheds and soils
(Wang et al., 2016; Xiao et al., 2016; Sun et al., 2016). A cellular me-
chanism of the microbial oxidation of dissolved Sb(III) has been pro-
posed, which includes intracellular enzymatic catalysis and oxidation
by cellular H2O2 (Li et al., 2015, 2017).

Although the microbial role and molecular mechanism in the oxi-
dation of dissolved Sb(III) have been investigated under laboratory
conditions (Li et al., 2015), processes involved in the oxidation of Sb
(III) trapped in minerals and pristine rocks at mining areas remain
poorly understood. We hypothesize that bacteria can dissolve Sb-
bearing minerals via changing pH and subsequently oxidize the dis-
solved Sb(III) to Sb(V), and thus play an important role in the bio-
geochemistry of antimony. To test the hypothesis, we isolated a bac-
terium from mine tailing samples at the Xikuangshan antimony mine in
Central China and investigated its role in the release and redox spe-
ciation of antimony from Sb-sulfide samples. To our knowledge, this is
the first report to demonstrate bacterially-mediated dissolution and
oxidation of antimony associated with pristine Sb-bearing rocks.

2. Materials and methods

2.1. Sampling site

The Xikuangshan (XKS) antimony mine, the world’s largest anti-
mony mine, located in the Lengshuijiang city, in the middle of Hunan
Province, Central China. The XKS deposit is about 2 km wide and 9 km

long and the ore reserves contain stibnite (Sb2S3) as the main ore mi-
neral and quartz, calcite, and pyrite as the gangue minerals (He,
2007b). Smelter residues with high levels of antimony and other metals
(As, Al, Mn, Fe) have been disposed in the tailings dam over the years
(Liu et al., 2010). Groundwater at the site is neutral to slightly alkaline
(7.9–8.5) (Wen et al., 2016) and the concentration of total dissolved Sb
reached up to 29.4 mg/L (241 μM) (Wen et al., 2016). Mine tailing
samples (aprrox. 50 g each) were collected for bacterial isolation with a
tube soil drill at the depth of 0.2 to 1.6 m with an interval of 0.2 m
between each sample and stored in sterile bags at 4 °C. Rock samples
from mining tunnels 5, 25 and 27 (designated as 5M, 25M and 27M,
respectively) were collected to investigate the microbial dissolution and
oxidation of Sb(III) in Sb-bearing rocks with a sterilized shovel and
stored in sterile bags at 4 °C. All samples were shipped refrigerated to
the laboratory within one week for further analysis.

2.2. Isolation and identification of antimony oxidizing bacteria

One gram of mine tailing residues was inoculated into 100mL of
sterile modified chemically defined media (CDM) (Weeger et al., 1999)
amended with 50 µM Sb(III) added as antimony potassium tartrate
(C8H4K2O12Sb2·0.5H2O, from Sigma-Aldrich) and incubated at 30 °C
with 150 rpm. The initial pH was set at 7.2 (Weeger et al., 1999). After
5 days of incubation, the enrichment culture was serially diluted up to
10−4 in sterile saline and streaked onto CDM agar plates amended with
50 µM Sb(III). Colonies were subsequently purified by re-streaking
several times on antimony amended CDM plates. Colonies were trans-
ferred to liquid media and screened qualitatively for dissolved Sb(III)
oxidation using the KMnO4 method (Salmassi et al., 2002). Isolates
were stored in glycerol (20 %) medium at −80 °C.

Whole genome sequencing of XT0.6 was conducted at Personalbio
(Shanghai, China) and assembled with Illumina Miseq reads and Pacbio
reads (Lu et al., 2018). OrthoMCL (http://orthomcl.org/orthomcl/) was
used to analyze Ortholog Cluster Groups. Common orthologous single-
copy genes were used to construct the phylogenetic tree through Fas-
tTree (http://www.microbesonline.org/fasttree/).

2.3. Setup of experiments

2.3.1. Microbial oxidation of dissolved Sb(III) under aerobic and anaerobic
conditions

Aerobic Sb(III) oxidation experiments were performed in 250mL
conical flasks containing 100mL sterile CDM with 100–400 µM of Sb
(III) at 30 °C with 150 rpm in the dark. The media were inoculated with
XT0.6 previously grown in CDM without any Sb. Samples were col-
lected every 12 h and the supernatants were stored at 4 °C for dissolved
Sb speciation analysis. Abiotic controls without bacterial inoculum
were run under parallel conditions. Each experimental set was run in
duplicates.

For anaerobic oxidation experiments, serum bottles with CDM,
stock solutions of Sb(III), and nitrate were purged separately with N2

for 20min and another 15min in the headspace. The serum bottles with
CDM were capped with septa and aluminum crimps, and subsequently
sterilized at 120 °C for 20min. The stock solutions of nitrate and Sb(III)
were filter sterilized and added into the serum bottles with CDM with a
final concentration of 1.5mM (nitrate in each bottle) and 100, 150, and
200 μM (Sb(III) respectively using sterile syringes. The media were in-
oculated (1 % v/v) with XT0.6 in exponential phase in CDM without
any Sb and incubated at 30 °C under static conditions. Samples were
collected daily. Abiotic controls were run in tandem with biotic cultures
in each experimental set. All experiments were conducted in duplicate
in an anaerobic glove box (Vacuum Airlock AC17-022, Coy Laboratory
Products, Grass Lake, MI).

2.3.2. Measurement of the kinetics of dissolved Sb(III) oxidation
Kinetic study of dissolved Sb(III) oxidation was carried out under
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aerobic condition. Overnight culture grown in CDM without Sb was
harvested by centrifugation at 1681 g for 20min at 4 °C. Cells were
washed twice with tris−HCl buffer (10mM) at pH 7.2. Washed cells
were re-suspended into tris−HCl buffer to reach the density of about
1.2×107 cells/ml which was counted by hemocytometer. Oxidation
started with the addition of Sb(III) with a final concentration of 10 µM
to 400 µM into cell suspension buffer. Control was set in the buffer
without cells. Samples were collected with an interval 20 min and cells
were removed by centrifugation followed by filtration. The supernatant
was stored at −20 °C until antimony speciation analysis. Kinetic rates
were calculated following the Michaelis-Menten Eq. (1) and the values
of Vmax and Km were obtained by Lineweaver-Burk plot (Das et al.,
2016).

=

+

v Vmax S
Km S

[ ]
[ ] (1)

Here, v (µM/min) denotes reaction rate of microbial oxidation and [S]
represents substrate concentration. Whereas Vmax (µM/min) is the
maximum velocity of Sb(III) oxidation and Km is the Michaelis-Menten
equation constant.

2.3.3. Bacterial dissolution and oxidation of Sb(III) in stibnite and rock
samples

To understand the impact of Sb-bearing mineral content on Sb
dissolution, commercial Sb2S3 (97.19 %, Stibnite) (purchased from
Aladdin Industrial Corp., Shanghai) and three Sb-bearing rock samples
from the XKS mining area were selected in the study. The samples were
ground to 200 mesh for the experiments. Samples (0.1 g) were added to
100mL CDM and sterilized for 20min at 120 °C. After cooling, bacteria
was inoculated (1 % v/v) from CDM culture grown without Sb(III). The
media for the abiotic experiments were adjusted to initial pH 7.2, 8.2
and 9.3 respectively. The cultures and un-inoculated abiotic controls
were incubated at 30 °C at 150 rpm in the dark. Samples were collected
daily. Biomass was separated by centrifugation at 9400g for 10min, and
the supernatants were filter sterilized and stored at 4 °C for dissolved
antimony speciation analysis. All experimental sets were run in dupli-
cate under aerobic conditions.

2.4. Analytical methods

Bacterial cell density was measured with a UV–vis spectro-
photometer at 600 nm after 20min quiet sitting to avoid the impact of
mineral particles. The pH values were measured using a multi-para-
meter water quality analyzer (Hach Co., Loveland, CO). Total alkalinity
was determined by titration with 0.2M HCl (Kaksonen et al., 2003).
Speciation of dissolved antinomy in supernatant samples was con-
ducted by HPLC (LC-20AT, Shimadzu, Tokyo) and quantified by hy-
dride generation atomic fluorescence spectroscopy (SA-10, Beijing
Titan Instruments Co.).

Solid residues from cultures were collected by centrifugation at
2600g for 10min, treated with 10 % SDS to remove organic matter and
freeze dried (Alpha 1–2/LD Christ, Germany) at −55 °C with 0.10mbar
pressure for overnight. Solids in abiotic controls were collected and
freeze dried directly. Mineral phases of all biotic experiments and
abiotic controls were analyzed using X-ray diffraction (XRD, Bruker
AXS D8- Focus) equipped with Cu-Kα radiation at 40 kV and 40mA.
Samples were scanned from 5 to 90° 2θ at 2° 2θ/min. Quantification of
XRD patterns was done by X ray Run 2.0 based on the least square
method (with PDF 74–1046 for Sb2S3, PDF 75-0443 for quartz, PDF 83-
0578 for calcite, and PDF 85-0363 for mopungite) (Kong et al., 2019;
Zhou et al., 2019). Morphology of minerals and bacterial cells was
observed with SEM (acceleration voltage 30.0 kV, probe current
10.0 μA) used high vacuum and secondary electron imaging equipped
with EDS (Hitachi SU8010). Prior to SEM imaging, the samples on glass
slides were dehydrated with an ethanol series and fixed with critical
point drying (Quorum K850, Nanjing Tansi Technology) (Liu et al.,

2012).

3. Results and discussion

3.1. Microbial oxidation of dissolved Sb(III)

The isolate XT0.6 was identified as Paracoccus versutus (Fig. 1). The
cells were elongated and formed chains (Fig. S1A) with rough surfaces
(Fig. S1B) when Sb(III) was present, but were short rods (Fig. S1C) with
smooth surfaces when Sb(III) was absent (Fig. S1D). The morphological
change of XT0.6 in the presence of Sb(III) may indicate cell response to
metalloid stress which leads to the elongation (Nepple et al., 1999).
Isolate XT0.6 oxidized dissolved Sb(III) under both aerobic and anae-
robic conditions (Fig. 2). Within 24 h 300 µM Sb(III) was completely
oxidized by XT0.6 under aerobic conditions. No growth or oxidation
was observed at 400 µM Sb(III) even after extended incubation. In the
aerobic oxidation of dissolved Sb(III), Sb(III) decrease was coupled with
a corresponding increase in the concentration of Sb(V) (Fig. 2A). The
pH of culture medium increased from 7.2 to 9.2 after 48 h and alkalinity
increased to 1160mg/L during the incubation (Fig. S2). The isolate
could also completely oxidize 100 µM Sb(III) within 24 h under anae-
robic conditions (Fig. 2B). Increasing concentrations of initial dissolved
Sb(III) to150 µM and 200 µM slowed down the bacterial growth and
more time (72 h and 96 h) was needed to completely oxidize the dis-
solved Sb(III) under anaerobic conditions (Fig. S3A, B). The Sb(III)
concentrations in the abiotic controls under aerobic and anaerobic
conditions were relatively unchanged throughout the incubation
(Fig. 2).The oxidation of 10–400 µM dissolved Sb(III) by cell suspen-
sions (1.2× 107 cells/mL) yielded an apparent Km (the Michaelis-
Menten equation constant) of 148.1 µM (Fig. 3, Table S1). However,
due to different incubation and calculation methods (unit) adopted by
different authors, the direct comparison of kinetics parameters was
difficult.

To date, several heterotrophic bacterial genera, mainly affiliated
with Proteobacteria, have been reported to be able to oxidize dissolved
Sb(III) under aerobic conditions (Lu et al., 2018; Lehr et al., 2007; Li
et al., 2013; Shi et al., 2013; Nguyen et al., 2017; Li et al., 2018; Nguyen
and Lee, 2015). Previously reported oxidation rates of dissolved Sb(III)
vary from<1 μM/d to 333.3 μM/d (Table S2), with 300 μM/d de-
termined for XT0.6 in this study. The oxidation rates of dissolved Sb(III)
under anaerobic conditions are in the range of 31.2–66.6 μM/d (Terry
et al., 2015; Nguyen et al., 2017). Strain XT0.6 had the highest oxi-
dation rate of 100 μM/d in comparison with two bacterial isolates

Fig. 1. The phylogenetic tree of XT0.6 was constructed by the maximum like-
lihood method (bootstrap= 1000, LG+ I+G+F model) using 1749 single-
copy orthologous genes.
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previously reported under anaerobic conditions, with lactate as the
electron donor and nitrate as the electron acceptor.

3.2. Bacterial oxidation of Sb(III) in mineral phases

The dissolution and oxidation experiments were conducted under
aerobic conditions with an initial pH of 7.2 at 30 °C to understand the
changes of Sb speciation after the exposure of Sb-bearing minerals/
rocks to atmosphere during mining activities. The commercial Sb2S3
and the ground rock samples of 25M, 27M and 5M with various
content of stibnite (Table 1) were used. In all bacterial treatments, the
pH increased from 7.2 to 8.5 within one day and subsequently con-
tinued to rise to 9.3 (Fig. 4). The pH values in the abiotic controls in-
itially decreased and stabilized at pH 6.3 at the end of the time course
(Fig. 4). Under abiotic conditions, only Sb(III) was detected and its
maximum concentration stayed at 33mg/L (271 μM) for the standard
stibnite sample and at 14mg/L (115 μM), 16mg/L (131 μM ) and
15mg/L (123 μM) for the rock samples of 27M, 25M and 5M, re-
spectively (Fig. 4). In contrast, 5-23mg/L (41–189 μM) Sb(III) was in-
itially present in bacterial cultures but was depleted within a day and
was not detectable for the rest of the time course (Fig. 4). The con-
centration of dissolved Sb(V) increased within the first 4–5 days
(Fig. 4), and reached the maximum concentration of 68mg/L (559 μM)
(Fig. 4A), 58 mg/L (476 μM) (Fig. 4B), 65 mg/L (534 μM) (Fig. 4C) and
86mg/L (706 μM) (Fig. 4D) on days 4, 5, 8 and 9 with the addition of
standard stibnite and the rock samples 27M, 25M and 5M, respec-
tively. Subsequently the concentration of Sb(V) decreased in all cul-
tures, suggesting precipitation of Sb(V)-bearing secondary minerals.
Optical density of cells reached the maximum at 60 h in all cultures
(Fig. S4).

3.3. Impact of alkaline pH on Sb(III) dissolution and oxidation in mineral
phases

To distinguish the impact of pH on the dissolution and oxidation of
Sb(III) in minerals, abiotic experiments were also conducted at initial

Fig. 2. Oxidation of dissolved Sb(III) by XT0.6 under aerobic (A) and anaerobic conditions (B–D). Error bars indicates the standard deviation (n=2).

Fig. 3. Oxidation kinetics of dissolved Sb(III)mediated by XT0.6.A) Oxidation rate at different initial concentrations of dissolved Sb(III). B) Oxidation rate data fit to
the Lineweaver-Burk plot to determine Vmax and Km values. Error bars in A) indicates the standard deviation (n=2).

Table 1
The relative contents (wt%) of mineral phases of samples before and after 13
days of incubation at different pH.

Solid material used Sb2S3 (%) SiO2 (%) Ca(CO)3 (%) NaSb(OH)6 (%)

Stb Initial 97.19 2.81 – –
Abiotic (7.2) 82.20 17.80 – –
Abiotic (8.2) 89.75 10.07 – –
Abiotic (9.3) 81.87 18.08 – –
Biotic(7.2) 74.45 17.30 – 8.25

27M Initial 40.83 59.17 – –
Abiotic (7.2) 30.50 69.50 – –
Abiotic (8.2) 18.78 81.22 – –
Abiotic (9.3) 21.64 78.38 – –
Biotic(7.2) 21.01 68.99 – 10.00

25M Initial 56.93 19.38 23.69 –
Abiotic (7.2) 40.54 26.76 32.70 –
Abiotic (8.2) 24.84 41.07 34.07 –
Abiotic (9.3) 8.66 40.48 50.85 –
Biotic(7.2) 28.89 30.05 31.24 9.82

5M Initial 29.78 70.22 – –
Abiotic (7.2) 23.28 76.71 – –
Abiotic (8.2) 14.83 85.19 – –
Abiotic (9.3) 16.22 83.78 – –
Biotic(7.2) 16.49 73.31 – 10.20

Note: Stb: stibnite; 27M, 25M and 5M are the rock samples collected from
mining tunnel 27, 25 and 5 at XKS, Hunan province, respectively. Numbers in
the parenthesis are pH values.
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pH 8.2 and 9.3. Overall an increase in concentrations of the total dis-
solved Sb and Sb(V) was observed with the increase of the initial pH
(Fig. 5, Table S3). At initial pH 8.2, the concentrations of Sb(III) were
higher than or comparable to those of Sb(V) (Fig. 5). The maximum
concentration of total dissolved Sb reached up to 61mg/L [501 μM,
33.9 % Sb(V)] with the addition of 27M rock sample (Table S3). At
initial pH 9.3, the highest concentration of total dissolved Sb was
88mg/L (723 μM), and 70 % of it was oxidized to Sb(V) in the system
with the addition of stibnite (Fig. 5 and Table S3). Contrasting with the
biotic experiments, the pH values decreased throughout the time course
(Fig. 5), and Sb(III) and Sb(V) coexisted in these abiotic experiments.

The dissolution of antimony from the mineral phase and the redox
state of antimony are significantly impacted by pH. For example, more
antimony was dissolved from Sb-sulfide under alkaline conditions (pH
9.8) than under acidic condition (pH 2.0) (Hu et al., 2017, 2016b). This
trend is also consistent with our abiotic results as the total Sb dissolved
increased with the increase of pH (Table S3). The pH increased from 7.2
to 9.3 in the culture of strain XT0.6 during growth with lactate and thus
favored the dissolution of Sb from the mineral phases. The highest
concentration of dissolved Sb reached 86mg/L (706 μM) after 13 days’
incubation with XT0.6 in 5M powder suspensions (Fig. 4D). The dis-
solved Sb was completely oxidized to Sb(V) in the XT0.6 cultures,
whereas Sb(III) and Sb(V) coexisted in abiotic systems throughout the
time course. This strongly confirmed the microbial role in the complete
oxidation of Sb(III).

Conflicting with some previous reports (Leuz and Johnson, 2005;
Asta et al., 2012) about the extremely slow abiotic dark oxidation of Sb

(III) under alkaline aerobic conditions (pH 8.5), we observed an in-
crease in Sb(III) oxidation with the increase of pH in the abiotic systems
(Table S3). At initial pH 7.2, chemical oxidation of Sb(III) was not
detected, but it distinctly increased at initial pH 8.2 and 9.3 (Table S3).
Up to 70 % of dissolved Sb can be oxidized in the abiotic system with
stibnite addition at pH 9.3. Therefore under alkaline conditions both
the microbial and chemical oxidation of Sb(III) was confirmed in our
experimental systems. Bacteria enhanced the dissolution of Sb by in-
creasing the pH and subsequently contributed to the complete oxidation
of dissolved Sb(III) to Sb(V). Given that the pH of the groundwater at
the XKS has varied between 7.9–8.5, both microbial and chemical
factors are involved in the dissolution and oxidation of Sb-bearing
minerals, thus resulting in elevated concentrations of Sb(V) in the
groundwater in the study area. However, their contributions may vary
with pH values and microorganisms may play more important role
under neutral conditions.

3.4. Transformation of mineral phases during Sb dissolution and oxidation

Stibnite and quartz were detected in all mineral/rock samples used
in this study (Fig. 6). The 25M rock sample also contained about 33 %
calcite (Fig. 6, Table 1). The Sb2S3 contents of the stibnite and the rock
samples 25M, 27M and 5M were 97.19 %, 56.93 %, 40.83 % and
29.78 %, respectively (Table 1). After 13 days of incubation with strain
XT0.6, the stibnite content of standard stibnite had decreased by about
23 %. The corresponding stibnite decrease in the rock samples 25M,
27M and 5M were 28 %, 20 %, and 13 %, respectively. In contrast, the

Fig. 4. Changes in pH and concentrations of dissolved Sb(III) and Sb(V) in XT0.6 cultures and their abiotic counterparts versus time with the addition of standard
stibnite (A), ore rock samples from tunnel 27(B), 25(C) and 5(D). Error bars indicate the standard deviation (n=2).
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Fig. 5. Variation in pH and concentrations of dissolved Sb(III) and Sb(V) in abiotic systems with different initial pH (A–D, pH 8.2; E–H, pH 9.3). Sample designations
are the same with those in Fig. 4. Error bars indicate the standard deviation (n=2).
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stibnite contents of the corresponding abiotic samples after 13 days of
contact with sterile CDM solution were decreased by 15 %, 16 %, 10 %,
and 6.5 % respectively (Table 1).

A secondary Sb(V)-bearing phase mopungite[NaSb(OH)6] was de-
tected in all biotic samples (Fig. 6) and accounted for 8.2 %, 9.8 %, 10.0
% and 10.2 % of the mineralogical content of the standard stibnite,
25M, 27M and 5M samples, respectively (Table 1). The decrease of
soluble Sb(V) over time in bacterial cultures is attributed to the for-
mation of mopungite (Fig. 4). In contrast, mopungite was not detected
in the abiotic experiments (Fig. S5) despite the higher concentration of
total Sb was in the standard stibnite series at initial pH of 9.3 (88mg/L
or 723 μM, Fig. 5E, Table S3) than that in its biotic counterpart (68mg/
L or 559 μM, Fig. 4A). To be noted, the final concentration of Sb(V) in
abiotic experiments varied from 0 to 507 μM (Table S3), which are
lower than those in the their biotic counterpart systems and may result
in the absence of mopungite.

SEM and EDS analyses provided evidence for bacterial attachment
on the mineral surfaces as well as morphological changes of mineral
particles under abiotic and biotic conditions (Fig. 7). Roughness of Sb-
mineral surfaces increased in all biotic samples (Fig. 7B, E, H and K), in
striking contrast with the smooth surfaces in the abiotic samples after
13 days’ incubation (Fig. 7A, D, G and J). The EDS analyses showed that
Sb, S, Si, Na, and Ca were the main components in the abiotic and biotic
samples. The dominance of stibnite mineral accounts for the strong
peaks of Sb and S in EDS spectrum (Fig. 7C, F, I, and L). The detection of
Na peaks in the solid samples from bacterial cultures supports the in-
corporation of Na in the solid phase, consistent with the detection of

mopungite via XRD analysis. Our results provide the evidence that
microorganisms can directly play an important role in biogeochemical
cycling of antimony through the dissolution and oxidation of Sb-sulfide
and the formation of secondary Sb(V)-bearing minerals.

To be noted, an increase in the dissolved Sb concentration was
observed with the decrease of stibnite content in rock samples in the
biotic systems (Fig. 4, Table 1), indicating the impact of Sb-bearing
sulfide content on the dissolution of Sb. Our observation is also con-
sistent with previous report about that the extent of Sb dissolution is
negatively correlated with content of Sb in the mineral phase (Hu et al.,
2016a). These results infer that at mining areas much attention should
be paid to the disposal and management of solid materials such as waste
rocks, mining tailings, and smelters with relatively low level of Sb-
bearing minerals. The progressive dissolution of Sb(III) from the mi-
nerals followed by microbial complete oxidation to Sb(V) decreases the
toxicity of Sb(III) to microorganisms and resulted in the accumulation
of Sb(V) in the solution. In addition, the replacement of Sb(III)-bearing
sulfide, stibnite, with Sb(V)-bearing mopungite which also scavenge
part of the dissolved Sb(V) (Multani et al., 2016; Selim, 2012).

3.5. Mechanism of microbial oxidation of Sb-minerals in natural
environments

We proposed a two-step model concerning the interaction between
Sb-bearing materials and microorganisms in natural environments. As
we discussed above about the batch cultures in the lab, bacteria may
dissolve Sb(III) in sulfide minerals via increasing pH and subsequently

Fig. 6. X-ray diffraction patterns of untreated samples (C, I, F and L), and after 13 days of contact with XT0.6 culture media (A, G, D and J) and the corresponding
abiotic controls (B, E, H and K). 1: Stibnite (Sb2S3), 2: Quartz (SiO2), 3: Calcite [Ca(CO3)], 4: Mopungite[NaSb(OH)6].
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Fig. 7. SEM images of solid phases at the end of experiments (13 days) in the abiotic (A, D, G, J) and biotic (B, E, H, K) treatments. EDS spectra of the solid phases in
abiotic (spot a,b) and biotic (spot c,d) treatments are also shown in parallel to the SEM images (C, F, I, L).
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oxidize Sb(III) to Sb(V) completely, which result in the formation of Sb
(V)-bearing precipitates as secondary minerals (Fig. 8).

At mining sites, Sb-sulfide minerals, low-grade waste ore materials,
and tailings provide an attaching substratum for aerobic microorgan-
isms when they expose to the air with mining activities. With bacterial
growth the pH around the microbes will increase and lead to the dis-
solution and subsequently complete oxidation of Sb(III) dissolved
(Fig. 8). The accumulation of Sb(V) overtime will result in the forma-
tion of mopungite in the presence of available Na+, which is actually
abundant in aquatic environments (Wen et al., 2016), up to 199mg/L
in groundwater at XKS (Nyirenda et al., 2015).

This mechanism greatly enhances our understanding about micro-
bial involvement in the mobilization, oxidation and transformation of
Sb(III) in antimony sulfides which are the main Sb-bearing ore minerals
at XKS and other mining areas. These ore minerals are often exposed to
air with mining activities and become a high-risk pollution source to the
surrounding environments. Our results also provide valuable knowl-
edge on the management of mining tailings and waste via inhibition of
microbial mobilization of Sb in minerals or formation of secondary Sb-
bearing minerals to re-stabilize Sb released.

4. Conclusion

Paraccocus versutus XT0.6 isolated from XKS can oxidize dissolved
Sb(III) aerobically and anaerobically. XT0.6 interacts with Sb(III)-
bearing minerals/rocks through the dissolution of Sb(III) from Sb-sul-
fide followed by microbial oxidation, and the formation of secondary Sb
(V)-bearing minerals. The dissolution and oxidation alter the toxicity
and mobility of Sb, whereas the formation of secondary minerals sta-
bilize part Sb(V) into minerals. All these processes are of significance to
understand biogeochemistry of antimony at mining area. In combina-
tion with the abiotic results we concluded that both the chemical and
microbial factors contribute to the high concentration of Sb(V) in
groundwater at XKS. However, microbes can also decrease the Sb(V)
concentration to some extent via the formation of secondary Sb(V)-
bearing minerals under natural environment, which offer new ideas
about Sb(V) bioremediation.
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