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Abstract Water samples from Xikuangshan (China),
the world largest antimony (Sb) mine with a Sb mining
and smelting history of more than 200 years, were
analyzed. These water samples ranged from stream
water in the vicinity of the mining and smelting area
that received seepage from ore residues to the under-
ground mine-pit drainage. The concentrations of total
Sb, Sb (II1) and Sb (V) of the samples were determined
by HPLC-ICP-MS. In addition, water pH and concen-
trations of major cations and anions were analyzed. All
18 samples demonstrated total Sb concentrations with
ppmlevels from 0.33 ppmto 11.4 ppm, whichistwo to
three orders of magnitude higher compared to the
typical concentration of dissolved Sb in unpolluted
rivers (less than 1 ppb). This is probably the first time
that such high Sb contents have been documented with
complete environmental information. Distribution of
total Sb and Sb species was investigated, taking into
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account the respective local environment (in the
mining area or close to the smelter, etc.). Sb (V) was
the predominant valence in all 18 samples. Only trace
levels of Sb (II) were detected in 4 of the 18 samples.
Geochemical speciation modeling showed the domi-
nant species was Sb(OH)g . It is also probably the first
time that such high Sb contents have been documented
in the natural environment with Sb speciation distri-
bution information. Several potential oxidation path-
ways are also discussed that might have facilitated the
oxidation of Sb (III) in the natural environment. Signs
of intoxication were observed among local mine
workers with extensive exposure to different forms of
Sb for a long period of time.

Keywords Antimony - Speciation - Xikuangshan,
China - World’s biggest antimony mine

Introduction

Antimony (Sb) is a toxic metalloid that belongs to
group 15 of the Periodic Table of the Elements (Gebel
1997; Scheinost et al. 2006). Sb (III) and Sb (V) are
the most prevalent oxidation states of Sb in the natural
environment and biota (Filella et al. 2002a). Anti-
mony is geochemically categorized as a strong
chalcophile, occurring with sulfur and some heavy
metals (Titretir et al. 2008). This may contribute to the
most common forms of Sb ore in nature such as Sb,S;
(stibnite, antimonite), which is the only form of Sb ore
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mineral in Xikuangshan—the world’s largest Sb ore
deposit. Traditional applications of antimony include
manufacture of flame retardants, munitions, medi-
cines for some tropical diseases, batteries, and glasses,
with relatively modern uses in the semiconductor
industry for diodes, inferred detectors, and Hall-effect
devices (Krachler et al. 2001).

Antimony and its compounds are considered as
pollutants of priority interest by the Environmental
Protection Agency of the United States (USEPA
1979) and the Council of the European Communities
(CEC 1976). It is also listed as a hazardous substance
under the Basel Convention concerning the restriction
of transfer of hazardous waste across borders (UNEP
1999). Yet, probably because of its relatively low
abundance in most matrices (0.2-0.5 mg kg~ ' in the
earth’s crust, less than 0.3-8.4 mg kg_1 in soils, and
less than 1 pg1™' in unpolluted water), and low
solubility of most of its compounds, research on
antimony, its speciation, concentration, bioavailabil-
ity, and transformation have long been relatively
neglected (Crommentuijn et al. 2000; Filella et al.
2002a; Smith and Huyck 1999). It is commonly
assumed that antimony is similar to arsenic in both
chemical behavior and toxicity (Fowler et al. 1991).

According to the United States Geological Survey,
global Sb production (USGS 2004) amounts to
142,000 tons per year, with most produced in China
(88%). The most important mining district in China
is Xikuangshan, located near Lengshuijiang City,
Hunan province, in southwest China. The city is
renowned as the “World Capital of Antimony” with
the most abundant antimony deposit in the world:
more than 2,000,000 tons proved reserve (CMA
2006). The area belongs to the subtropical monsoon
climate zone with affluent precipitation (1,400 mm
on average annually) and dense river networks.

Sb mining and smelting have been the pillar
industry for local people and which has prospered in
Xikuangshan for more than 100 years. Due to the
lack of advanced technology, untreated ore tailings,
smelter clinkers, and smelting residues have piled up
in the open air, and wastewater from mineral
separation and smelting ran freely into the environ-
ment, leading to an unprecedented Sb-related envi-
ronmental crisis in this area.

Knowledge of the distribution, speciation, and
transformation of Sb in natural water systems is
important for understanding its geochemical and
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biological cycling as well as for the environmental
remediation and monitoring of this toxic metalloid.
Review papers (Filella et al. 2002a, b) on this topic
have also pointed out the urgent need for research on
the speciation of antimony in natural waters and the
kinetics of Sb (III) oxidation.

Despite the significance of quantitative speciation,
data of Sb in freshwater system are sparse, especially
those based on reliable analytical methods (Andreae
1983; Andreae et al. 1981; Deng et al. 2000; Hou and
Narasaki 1999; Laintz et al. 1992; Mohammad et al.
1990; Mok and Wai 1987; Shieh 1993; Sun et al.
1993; Takayanagi and Cossa 1997; Ulrich 1998; Van
der Sloot et al. 1989). Among this published litera-
ture, only three show Sb concentrations at the ppm
level, with samples that showed Sb at the ppm level
all collected from Sb mines or in the vicinity of Sb
mines (Laintz et al. 1992; Mohammad et al. 1990;
Ulrich 1998). Yet the data provided a very limited
number of samples (2-3) and insufficient sampling
site information to make a reasonable story.

In our study, we use a combination of field sample
analysis and geochemical modeling to study the
distribution and speciation of inorganic Sb species in
the mining and smelting area of Xikuangshan, as well
as in downstream runoff. A total of 18 fresh water
samples collected from related areas of Xikuangshan
were analyzed for total Sb, Sb (III), and Sb (V), as
well as other major cations and anions. Based on the
experimental analysis, we then performed geochem-
ical modeling and further investigated the Sb
speciation distribution. Several potential oxidation
pathways are also discussed that might have facili-
tated the oxidation of Sb (III) in the natural environ-
ment, as well as the toxicity of antimony related to its
oxidation state with relevance to the local mine
workers in Xikuangshan. In this way, a profile of Sb
distribution, speciation, and transformation behavior
in the world’s biggest Sb mining and smelting area
can be built up with complete natural environment
information.

Materials and methods

Site contamination

The studied site, the Xikuangshan mining area, is
situated between 27.7°N and 111.4°E in Hunan
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Province, in southwest China (Fig. 1; He 2007). The
Sb ore zone, which is about 2 km wide and 9 km
long, sits in the northern part of the Xiangzhong
Basin, a specific low-temperature mineralization
depression zone with rich deposits of mercury, gold,
zinc, lead, arsenic, antimony, and coal (Fan et al.
2004). The antimony ore was introduced into the
carbonaceous rocks of the Middle Devonian-age
Shetian Formation. These rocks contain 15-35 ppm
of antimony, compared to the average Sb content of
0.2-0.5 ppm in the earth’s crust, while the rocks of
the broad region around Xikuangshan contain about
6 ppm of antimony (Ottens 2007; Smith and Huyck
1999). The deposit also contains trace levels of
pyrite, pyrrhotite, and sphalerite with primary gangue
minerals such as quartz and calcite, and secondary
such as barite and fluorite (Fan et al. 2004).

The Sb mining history in Xikuangshan dates back
to the nineteenth century with the first antimony
smelter being constructed in 1897 (CMA 2006). Due
to the rising demand for antimony in ammunition
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Fig. 1 Study area. Surface water samples were collected from
18 stations in Xikuangshan, Hunan, China (after He 2007)

applications during the World War I, the Sb mining
and smelting industry boomed in Xikuangshan with
more than 160 family-style plants operating between
1914 and 1918. Mining and smelting were operated
by these small private plants until the 1950s when the
mines were nationalized and reorganized into one
state-owned enterprise, the present Hsikwangshan
Twinkling Star company, with more advanced
Sb-refining technique.Totals of 55,000 metric tons
of Sb ores and 40,000 metric tons of Sb products are
produced annually in the Xikuangshan area, mostly
by the Hsikwangshan Twinkling Star company
(He 2007). However, small plants are still spread
all over the mining area with simple, traditional
mining and smelting methods dominated by manual
labor (CCTV 2008).

The mining district consists of a relatively historic
North Mine and, along the Qing River, approximately
5 km downstream to the southwest, a newer South
Mine. Both mines are equipped with a primary
smelter (Fig. 1). Ore concentrates are transported in
open rail carts for approximately 3 km from the mine
to the nearest smelter, where ore sorting, crushing,
and concentrating are performed. Most of the
processes involve many manual laborers, who are in
contact with the ores extensively throughout long
periods. In the ore separation and smelting processes,
huge amounts of ore-dressing residues, tailing parti-
cles, and smelter furnace clinkers are produced.
These residues still contain high levels of Sb and
other heavy metal contents compared to the uncon-
taminated environment. They are either piled up
untreated in the open air, ultimately releasing high
concentrations of Sb and other heavy metals to the
adjacent Qing River due to the weathering process
(Fig. 2), or washed down with other ore-dressing
wastewater via pipelines to a dammed tailing reser-
voir and occurring as silt- to sand-sized sediments
downstream (Fig. 3).

There is no constructed boundary between the
mining and residential areas. Land in among the
mining area is extensively used for cultivation, with
irrigation coming from the adjacent Qing River
which accepts the mining and smelting drainage.
Food from this farmland supplies most of the local
residents. This is a potential addition to the dietary
Sb burden, especially when the residential drink-
ing water plant was also built in the mining
area (approximately 1 km east of the Ore Tailing
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Fig. 2 Views of ore-tailing heaps

Fig. 3 View of ore-tailing reservoir

Reservoir) with locally supplied source-water con-
taminated by Sb (Sampling Station 3 is located within
the water plant). This also adds to the risk of skin
exposure to Sb.
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Sampling

Samples were collected in June 2007 for this study.
A profile of pH for each sample was obtained on-site
with a pH meter. Duplicate samples were collected at
each station. The first batch of samples was collected
in pre-cleaned polyethylene bottles for analysis of
Sb and other anions in water. The second batch
was collected in precleaned polyethylene bottles and
immediately acidified with HCI for cation analysis.
Both batches of samples were kept on dry-ice during
the transport to the laboratory in the U.S.A. where
they were kept at 4°C until analysis. For antimony
speciation measurements, storage at 4°C appears to
be appropriate for natural water samples (Florence
1982).

Analytical methods
Antimony total and speciation

The water samples were analyzed under the guidance
of the Inductive Coupled Plasma-Mass Spectrometer
Method (EPA 3125) for antimony of low concentra-
tion (below 50 pg 17Y). It is reported as the most
favored technique for the determination of antimony
in aqueous environmental samples to date (Nash et al.
2000).

Standard stock solutions of Sb (III) (1 mg 171) and
Sb (V) (5mg1™") were each prepared by adding
10 mg of either Sb (III) oxide (Sigma—Aldrich) or
potassium hexa-hydroxo antimonate to 1 1 of water
and then stirring for 24 h. All standard solutions were
calibrated with ICP-MS using a 10-ppm multi-
element environmental calibration standard (Agilent,
in 5% HNO3) and the National Institute of Standards
and Technology 1640 natural water standard refer-
ence material. Standards were also speciated using
HPLC-ICP-MS. Stocks of the Sb standards were
stored at 4°C and diluted on the day of analysis.

All chemicals used for the preparation of the
mobile phases were of analytical grade. For calibra-
tion and total antimony determination, the carrier
solution used was 1% HNO; with a flow rate of
1 ml min~' (Optima grade; Fisher Scientific). For
speciation, the mobile phase used was 20 mM
(Ethylenedinitrilo) tetraacetic acid disodium salt
dehydrate (EMD Chemicals) and, 2 mM potassium
hydrogen-phthalate (PHP; 99.5%; Sigma—Aldrich)
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adjusted to pH 4.5 using ammonium hydroxide (20—
22%, Optima; Fisher Scientific). All mobile phases
were sonicated prior to use. The water was deionized
and of high purity (Milli-Q).

The HPLC system consisted of a pump (Perkin
Elmer Series 200) and an autosampler (Perkin Elmer
Series 200). The detector was an inductively coupled
plasma mass spectrometer (Elan DRC Plus) operat-
ing in standard mode. PEEK tubing was used to
connect the HPLC to the ICP-MS. For the determi-
nation of total Sb and calibration of the standards,
the HPLC was run without the use of a column to
simulate a flow injection setup. The volume deliv-
ered by the autosampler was 20 pl. For total Sb
analysis, Rh (25 mg 17') was added as an internal
standard, and 1% HNO; was used as a dilution
buffer. Both isotopes of Sb, 121Sb, and 123Sb, were
monitored.

Samples were stored at —60°C and portions were
thawed at room temperature on the day of analysis.
Then, 1 ml of each sample was added to a centrifuge
tube and centrifuged (Micro-MB; International
Equipment) to remove solids. The supernatant was
decanted into a glass HPLC vial (Fisher Scientific).
Samples were then diluted prior to analysis.

For speciation analysis, an anion exchange col-
umn was used (PRP-X100, 4.1 x 150 mm, 10 pm;
Hamilton). The mobile phase used was the aformen-
tioned pH 4.5, 20 mM EDTA, 2 mM PHP with a flow
rate of 1 ml min~'. Sample injection size was 20 pl.
The ICP-MS was run in standard mode and both
121gh and '?’Sb, were monitored. Samples for
speciation were treated in the same manner as for
that analysis of total Sb, except Rh was not used as an
internal standard. Instead, calibration standards were
run in duplicate before, in the middle of, and after
running the 18 water samples which were all run in
triplicate. No appreciable instrument drift was seen.
One sample was spiked with both Sb (II) and Sb (V)
to verify the speciation method.

The limits of detection of the instrument in this
study were 0.005 pM for total Sb and 0.001 puM for
Sb (V) and Sb (I1D).

Other ions
Cation concentrations were measured using a Perkin—

Elmer AAnalysit 800 Atomic Absorption Spectrom-
eter. The analyses were done following the Direct

Air-Acetylene Flame Method (EPA3111B) for Ca2+,
Mg2+, K", and Na'. For Si detection, the Direct
Nitrous Oxide-Acetylene Flame Method (3111D) was
adopted. A standard was run as a start-up and end of
the samples and intermittently between every five
samples.

Anion concentrations were analyzed using a
Dionex IC25 Ion Chromatograph. The analyses were
conducted obeying to the Ion Chromatography with
Chemical Suppression of Eluent Conductivity (EPA
4110B). The eluent was a carbonate-bicarbonate
solution run at a rate of 1 ml min~' at 30°C. In
successive order, tap water, de-ionized water, and
standard of 5, 10, and 20 ppm were run before the
samples and in the reverse order at the close.

Results and discussion

The sampling stations are shown in Fig. 1. Station 1
was located in a typical slot among the mining area
with both industrial and municipal wastewater inputs.
Station 2 was in an abandoned mine only around
200 m southwest of the South Smelter. Station 3 was
located in the source water pond within the drinking
water plant. Stations 6-1 to 7-3 tracked mining and
ore-dressing wastewater all the way from the mine to
the downstream Tailing Reservoir area. Samples
from Stations 8—1 to 8-5 were collected underground
at different elevations of a working mine-pit in the
North Mine area. Samples from these five stations
represented natural water in immediate contact with
the Sb ore.

Table 1 summarizes the pH values and concentra-
tions of total Sb, Sb (III), and Sb (V) from each of the
18 sampling sites. Concentrations of other major
cations and anions from the samples are presented in
Table 2.

Pollution source, other cations, anions, and pH
values analysis

The Sb contamination at the studied locations came
from ore tailing particles, smelter furnace clinkers,
alkali arsenic smelting residues, and wastewater from
the mining and smelting processes (see above).

All 18 stations carried slightly basic water with pH
values ranging from 7.7 to 8.5. Stations 5-1 and 6-1,
which were located in the residential area relatively
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Table 1 Concentrations of total Sb, Sb (II,V), and pH values
in the surface water samples

Station pH Sb Total ppm  Sb(IIl) ppm  Sb(V) ppm
1 8.44  5.31(0.05) Trace level 5.31
2 7.94 423 (0.03) n.d. 423
3 821 0.62 (0.02) Trace level 0.62
4-1 7.91 9.53 (0.09) Trace level 9.53
4-2 8.2 3.47 (0.02) Trace level 3.47
4-3 8.19  3.55(0.04) n.d. 3.55
5-1 7.88  2.00 (0.01) n.d. 2.00
5-2 8.26  3.80 (0.01) n.d. 3.80
6-1 7.88  0.33 (0.01) n.d. 0.33
6-2 8.11  8.57 (0.05) n.d. 8.57
7-1 8.23 3.21 (0.03) n.d. 3.21
72 8.01 2.70 (0.01) n.d. 2.70
7-3 8.02  2.50 (0.02) n.d. 2.50
8-1 8.05 5.21 (0.04) n.d. 5.21
8-2 7.9 9.30 (0.08) n.d. 9.30
8-3 7.71  11.4 (0.03) n.d. 11.4
84 792  4.88 (0.04) n.d. 4.88
8-5 8.13  1.04 (0.01) n.d. 1.04

u-a Unanalyzed, n.d. not detected, trace level species was
detected but at levels below quantification, numbers in
parentheses standard deviation

far from the mining and smelting site, exhibited
slightly less alkaline character (pH = 7.88). Stations
8-3, 84, and 8-5, which were underground in the
mine-pit with direct contact with ores, also presented
slightly lower pH values (pH = 7.9, 7.7, and 7.9,
respectively). Quartz and calcite are the two primary
gangue minerals and are present in 90% of the total
Sb reserves of the deposit (Fan et al. 2004). As a
consequence, no significant acidification of the water
occurs probably due to the immediate neutralization
by the abundant calcite present (Singer and Stumn
1968).

The concentrations of other cations and anions
showed variation among samples (Table. 2). How-
ever, there is generally a correlation between high Sb
level and both high cation and anion concentrations
(Fig. 4). The consistency between sulfate and Sb
concentrations also indicate the source of Sb in the
water samples as stibnite (Sb,S3) ores, and the sulfide
is oxidized to sulfate during the exposure.
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Distribution of total antimony

All 18 samples contained total dissolved Sb with
ppm levels from 0.33 ppm to 11.4 ppm, which is
two to three orders of magnitude higher compared to
the typical concentration of dissolved Sb in unpol-
luted rivers (less than 1 ppb; Filella et al. 2002a).
Table 1 shows that the highest Sb concentrations
came from the sample collected in the underground
mine-pit (Stations 8-2 and 8-3) or mixed wastewater
fromthe ore-dressing process (Station 4-1, located
100 m downstream from the input of ore-dressing
water into the river). This indicates the direct contact
with stibnite ores as the main pathway of Sb into the
natural water system in the study area. As relatively
little transformation and migration of Sb have taken
place, water in the mine-pit with direct contact with
the stibnite ore showed the highest concentrations of
Sb among the samples. Stations 7-1, 7-2, and 7-3
were located downstream of the Tailing Dam where
huge amounts of seepage from the upper tailing heap
entered the river. From the source along the stream,
Sb concentrations decrease steadily. The decrease of
Sb concentrations in the series of ore-dressing mixed
water and tailing seepage mixed water were prob-
ably caused by the dilution from background river
water and other potential transformation and trans-
port due to the environment, including sediments,
soils, and plants. Iron and aluminum hydroxides
might form as Fe and Al released from the ore.
These hydroxides along with other suspended parti-
cles and sediments also have strong abilities of
adsorption of the Sb.

Station 3 is located within a local drinking water
plant, and water collected is supposed to serve as the
source water of the plant. Total Sb concentration is
0.62 ppm at Station 3. Stations 4-1, 4-2, and 4-3,
which are in the vicinity of the water plant (within
300 m radial distance from the water plant), showed
total Sb concentrations of 9.53, 3.47, and 3.55 ppm,
respectively. These concentrations are also three
orders of magnitude higher than both USEPA’s
maximum contaminant level (6 ppb; USEPA 1999)
and EU’s maximum admissible concentration for Sb
(5 ppb; CEC 1998) in drinking water and reveal the
potential severe Sb contamination of drinking water
in the area.
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Table 2 Concentrations of other major anions and cations in the surface water samples
Station F~ @ clr? Br~*® NOj ® PO;~ @ Neorm Ca®t?® Nat® Mg>t® K+©®
mg 17! mg 1~ mg 17! mg 1~ mg 17! mg 17! ppm ppm ppm ppm
1 1.57 8.2 0.55 25.5 bdl 200 84.4 55.5 7 49
2 bdl 13.4 22 34.6 bdl 426 176 35 21 5
3 bdl 287 bdl 0.8 bdl 112 91 6 7 3
4-1 1.62 84.4 bdl 10.7 bdl 763 203 335 20.4 6.5
4-2 bdl 74.2 bdl 2 bdl 63 25 143 14 6
4-3 0.07 2.1 bdl 1.1 bdl 43.5 123 29 12 4.2
5-1 0.09 4.6 bdl 1.6 bdl 55.2 135 29.9 21.6 44
5-2 1.06 2.6 bdl 1.9 bdl 46.3 125 29 11.7 39
6-1 u-a u-a u-a u-a u-a u-a u-a u-a u-a u-a
6-2 bdl 73.5 bdl 2.7 bdl 55.6 195 251 25 7
7-1 bdl 29.6 bdl 19.6 bdl 464 195 31 26 6
72 bdl 6.3 bdl 1.8 bdl 93.6 225 63 25 10
7-3 6.1 6.8 bdl 2.8 bdl 60.6 176 40 23 5
8-1 1.08 0.93 bdl 0.3 0.01 57.6 127 21.5 35 52
8-2 0.3 19 bdl 353 bdl 666 269 23 34 11
8-3 14.5 73.5 bdl 36.4 bdl 872 324 28 35 14
84 0.4 10.8 4.5 28 bdl 1267 430 23 43 23
8-5 22 2.6 bdl bdl 0.28 236 80.5 6 29.4 1.9

bdl Below the detection limit, u-a unanalyzed
? Detected by ion chromatography
® Detected by AAS

Antimony speciation and mobility

The speciation of solubllized antimony in the nature
system is not adequately understood, especially that
of Sb (V). Data on antimony is strikingly limited
partly because the hydrolization of both Sb (III) and
Sb (V) ions in water, thus the difficulty of “free”
antimony ions detection in solution except in extreme
pH conditions or in highly diluted solution.

In all our samples, Sb (V) is the predominant
valence which is consistent with the antimony
speciation discussion in oxygenated systems (Filella
et al. 2002a). To evaluate the speciation in our
samples, geochemical modeling was performed using
PHREEQC (Parkhurst and Appello 1999).

In our simulation, antimony sulfide species were
excluded as the oxidation process (above) would result
in the formation of sulphate ions in the natural water
system (Ashley et al. 2003). The database for
antimony was built after the evaluation of Filella and
May (2003). PHREEQC database (Parkhurst and

Appello 1999) was employed for the calculations of
other ions in the solutions. The results of Sb (V)
speciation simulation are summarized in Fig. 5.
Sb(OH)g is the predominant species in all water
samples with trace levels of Sb(OH)s and Sb(OH){,
which is more than four orders of magnitude lower
than the concentrations of Sb(OH)g. Our results
suggest the relatively high mobility of Sb in natural
environment with Sb(OH)s as the dominant species,
which concurs with Vink’s Eh—pH diagram of Sb
(Vink 1996). Previous experts have shown that high
pH (e.g., pH = 6-9) is generally unfavorable to the
adsorption of Sb(OH)g onto amorphous Fe(OH); or
soils (Tighe et al. 2005).

Trace levels of Sb(IIl) were found in four samples
(Stations 1, 3, 4-1, and 4-2). Station 1 was in the North
Mine area with waste mining water and municipal
water mixtures. As municipal wastewater typically
contained high levels of DOC (dissolved organic
carbon) and was depleted in DO (dissolved oxygen;
Asano et al. 2007), this might produce a relatively
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reducing environment for the existence of Sb (III).
Stations 4—1 and 4-2 were located close to the input of
ore-dressing wastewater (100 and 300 m downstream,
respectively). The ore-dressing wastewater probably
also contained high levels of DOC such as from the
ore-washing process. Another possibility is the rela-
tively short exposure time of the Sb released from
minerals into the environment, which limited the
oxidation of Sb (IIT) to Sb (V). The latter reason might
play a subsidiary role in this case, as no Sb (III) was
detected among Stations 8—1 to 8-5, which were
located within the mine and had the shortest exposure
time to the environment.

Station 3 was located within the reservoir of the
water plant, downstream at the foot of the abandoned
ore heap of South Mine. The trace level of Sb (III)
might be due to the processing of the water plant. The
results also showed the lowest concentration of Sb,
0.62 ppm, among all 18 samples.
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The oxidation pathways of Sb (III) to Sb (V)
in the water system

As mentioned earlier, Sb (V) is the predominant
valence present in all 18 samples (Table 1). Sb (V),
which has less affinity to Fe and Mn (hydr)oxide
surfaces than Sb (III) (Thanabalasingam and Picker-
ing 1990) and forms oxides that are more soluble than
oxides of Sb (III) (Sb,O3) (Onishi 1978), solubilizes
better than Sb (III) in aqueous system. Since
antimony 1is initially introduced into the environment
as stibnite (Sb,S3), oxidation of Sb (III) to Sb (V)
plays a critical role in understanding the mobility and
fate of Sb in the water system.

Several potential oxidants have been indicated in
publications that might facilitate the oxidation of Sb
(II) yet no quantitative data has been observed
(Belzile et al. 2001; Filella et al. 2007; Leuz 2006;
Leuz et al. 2006; Leuz and Johnson 2005; Quentel
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Fig. 5 a Logarithm
concentrations of Sb(V)
species, and b the
corresponding pH values
of the 18 water samples
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et al. 2004). Leuz and Johnson (2005) found that O,
as the sole oxidant of Sb(IIl) appeared to be
extremely slow in homogenous aqueous solutions
under environmental conditions. No significant oxi-
dation of Sb (III) with O, was observed within
200 days at pH range of 3.6-9.8, which covers the
full pH range of our studies. However, a co-oxidation
reaction pathway of Sb (III) with Fe(I) by both O,
and H,O, was invoked recently (Leuz et al. 2000).
The study proved that there are increasing oxidation
rate coefficients of Sb (III) in the presence of Fe(Il)
and O, with increasing pH. At neutral pH values,
45% of initial Sb (IIT) was oxidized at a Fe:Sb ratio of
1:1 within 60 min. A hypothetical reaction model
dominated by Fenton reaction was first proposed by
Leupin and Hug (2005) in the iron-mediated oxida-
tion and removal of arsenic in the groundwater. Leuz

¢"J 7o %3 3\1 3_?

6 65 25 25 23 &4 &5 85 &y &
Analysis ID

et al. (2006) indicated that this model was also
applicable to the explanation of the iron-mediated
oxidation of Sb, in which protonated Fe(Il) species
exchange H,O with H,0, via an inner-sphere
electron transfer. Two intermediates {[(H,O)5Fe"-
O,H,]*" — INT - OH or [(H,0),(OH)Fe"-O,H,]
+ — INT-OH — possibly Fe(IV)} are probably
formed at nanomolar steady-state concentrations.
According to the compositional analysis of Xiku-
angshan stibnite ores, the ores generally contained
an iron-mineral (mainly pyrite with trace amount of
pyrrhotite and sphalerite) composition of 3.2% com-
pared to antimony abundance of 2.43% (Table 3; Fan
et al. 2004). The pyrite might have been washed
down together with the stibnite and gone through the
following oxidation reactions with antimony. In the
presence of calcite (above), Reaction (1) was rapidly
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Table 3 Components of Block Stibnite Ore of Xikuangshan, China

Component Sb As Cu Pb

S F6203 8102 CaO Ale';

% 7-12 0.04-0.05 0.003-0.004

0.006-0.007

0.00017 1.4-2.6 80-90 0.16-0.2 0.3-5.0

After Fan et al. (2003)

pushed to the right with the neutralization of acidity,
producing Fe(Il) in the process (Singer and Stumn
1968). The rate-determining step in pyrite oxidation
was Reaction (2). Nevertheless, the oxidation rate of
this step could be increased to 10- to 20-fold higher
than pure chemical reaction by the possible existence
of Fe-oxidizing bacteria (e.g., Thiobacillus ferroox-
idans and T. thiooxidans; Battaglia-Brunet et al.
1998; Singer and Stumm 1970). In the slightly
alkaline water of our site, the released ferric iron
might either hydrolyze and form ferric oxyhydroxide
as in Reaction (3) (Brieger et al. 1954), or react as
oxidant with additional pyrite as in Reaction (4).
Therefore, no matter the existence of sufficient
Fe-oxidizing bacteria, both Fe(Il) and oxidized iron-
oxyhydroxides might have formed during the solubi-
lization (Simon et al. 2001).

ZFGSZ(S) + 702(g) + 2H,O
& 2Fe*" (aq) + 4503~ (aq) + 4H' (aq) (1)

4Fe’*(aq) + 05(g) + 4H" (aq) < Fe’*(aq) + 2H,0
(2)
Fe’*(aq) + 3H,0 < Fe(OH);(am) + 3H'(aq)  (3)

FeS,(s) + 14Fe*" (aq) + 8H,0O
& 15Fe*t (aq) 4+ 2807 (aq) + 16H" (aq) (4)

The toxicity of antimony species
and the health & environmental impacts

Antimony has no known biological function and, like
arsenic, it is toxic (Filella et al. 2002a). The toxicity
of antimony is closely related to its oxidation state,
the solubility of the Sb compounds, and the presence
of potential ligands in its surrounding environment
(Fowler et al. 1991). Elemental Sb is known to be
more toxic than its salts yet this has little environ-
mental relevance as Sb rarely exists in the elemental
form in the natural system (Shotyk et al. 2005).
Similar to other toxic elements, Sb (III) can bind to
sulfhydryl groups of cell constituents to inhibit many
metabolic functions. Trivalent species are generally

@ Springer

10 times more toxic than pentavalent forms (Bencze
1994). Upon hydrolysis, [Sb(OH)3] ° (. and [Sb
(OH)e]™ are formed respectively. The Sb(III) species,
[Sb(OH);] ° @ag» has no electrical charge, which
allows it to pass more readily across cell membranes,
and it exhibits a higher affinity for sulfhydryl and
erythrocytes; these might help to explain why Sb (III)
tends to be more toxic (Lewis et al. 2006; Shotyk
et al. 2005). Antimony trioxide was listed in the
group of substances that are suspected of being
carcinogenic in humans by the International Agency
for Research on Cancer (IARC; Angere and Schaller
1985). Trivalent antimony was also found to inhibit
of enzymes involved in DNA repair (Schaumloffel
and Gebel 1998).

There are generally three pathways for antimony to
be absorbed by human bodies: inhalation, ingestion,
and transcutaneous contact. Animal data showed
increased mortality and pulmonary edema following
inhalation exposure of rats and Guinea pigs to stibnite.
Pulmonary function alternations (airway obstruction,
bronchospasm, and hyperinflation), gastrointestinal
disorders, and increased blood pressure have also been
reportedly caused by occupational exposure to anti-
mony by both inhalation and oral exposure (Brieger
et al. 1954; Cooper et al. 1968; Dunn 1928; Potkonjak
and Vishnjich 1983).

According to EPA’s Toxics Release Inventory
(TRI 1987), the industries that contribute the bulk of
releases of antimony particles to the air are those
that produce antimony and antimony trioxide. As the
world’s biggest manufacturer of antimony, huge
amounts of antimony dusts are introduced into the
surrounding atmosphere of Xikuangshan during the
mining and smelting processes. Most local workers in
the mines are observed to come into contact with
stibnite ore and airborne antimony extensively
through both inhalation and derma exposure without
sufficient work-place protection. Local drinking
water is severely polluted with antimony, as shown
from the analysis above (Stations 4—1, 4-2, and 4-3),
and oral exposure to antimony can therefore be
expected. Though further clinical tests are needed for



Environ Geochem Health (2010) 32:401-413

411

further investigation of the damage to other body
organs, skin lesions have been observed among local
smelter workers in Xikuangshan with prolonged
contact with antimony.

In the environment, most antimony compounds
generally show low bioavailability in the surface
layers of the soil and water (Flynn et al. 2003). Yet
some plants, mosses, lichens, and fungi are shown to
hold a high level of antimony (Filella et al. 2007). He
(2007) reported elevated Sb concentrations in soils
near/adjacent to the Xikuangshan mine area. Local
terrestrial plants (radish plant) containing high con-
tents of antimony showed a positive correlation with
soil Sb concentration (He 2007). Accumulation of
antimony was also observed in freshwater algae
exposed to high Sb levels and in aquatic plants in the
vicinity of the ore mining area (Hozhina et al. 2001;
Maeda et al. 1997).

This evidence suggest that the Sb contamination
due to mining and smelting operations in the
Xikuangshan area might present a severe threat to
the environment and to human health if not addressed

properly.
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