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Abstract
of antimony species at the sediment-water interface of the Poyang Lake, the largest fresh lake in China,

In order to identify the effects of seasonal variation on the migration and transformation

a simulation study was carried out in the laboratory. Antimony species including antimonite Sb(III),
antimonate Sb(V) and the fraction of organic forms (Sb-org) in overlying water at different temperatures
were regularly measured during the simulation period. Different bound antimony forms in sediments were
also determined along with the different antimony species in porewaters after the simulation terminated. The
results indicated that temperature change during seasonal alternation plays an important role in the migration
and transformation behavior of antimony at the sediment-water interface of the Poyang Lake. Antimony
species both in porewaters and overlying water were sensitive to the variation of temperature, especially the
Sb-org species. Antimony migrates from porewaters to the overlying water when the temperature decreases,
and meanwhile the equilibrium between Sb(IIl) and Sb(V) in porewaters shifts toward Sb(V) when the
temperature increases during seasonal alternation. Although temperature had less influence on the antimony
species in sediments than in porewaters or in the overlying water, the average content of each antimony
species in sediments increased with the decrease of temperature, suggesting that the decrease of temperature

causes enrichment of antimony in the sediment.
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1 INTRODUCTION

Antimony (Sb) is ubiquitous throughout the
environment as a result of natural processes and
human activities. Large quantities of antimony
released into the environment through mining and
smelting processes result in serious antimony
contamination. Antimony can exist in many oxidation
states (-III, 0, III, V) in the environment, but it is
mainly found in two oxidation states as antimonite
[Sb(IIT)] and antimonate [Sb(V)] in environmental,
biological and geochemical samples (Filella et al.,
2002a). However, it can be converted into organic
species such as dimethylantimony (DMSb) and
trimethylantimony (TMSb) as a result of microbial
activity (Andrewes et al., 2000; Bentley and Chasteen,
2002). Antimony and its compounds are considered to
be hazardous to human health or even carcinogenic

(Gebel et al., 1997; Hammel et al., 2000). Sb(IIl) is
more toxic than the pentavalent form (He and Wan,
2004).

Aquatic environments are the ultimate sink of the
emitted antimony. However, the biogeochemical
behavior of Sb in aquatic environments is not well
understood due to its many existing forms and low
content (Filella et al., 2002a, b). At present, studies
about the migration and transformation of antimony
at the sediment-water interface (SWI) of aquatic
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environments, especially in lakes, are scarce. Usually,
the sequential extraction procedures proposed by
Tessier et al. (1979) or the European Community
Bureau of Reference (BCR) (Cappuyns et al., 2007)
are adopted to investigate the geochemical behavior
of trace elements in soil or sediment. However, in
order to facilitate the comparison of trace elements
such as antimony, arsenic and mercury in lake
sediments, a modified version of the Tessier method
(Chen et al., 2003; Belzile et al., 2000) was also used
to determine the proportion of total antimony
associated to oxidized [mainly bound to iron and
manganese oxyhydroxides, identified as Sb(oxal)]
and organic fractions [bound to organic matters and
amorphous sulfides, identified as Sb(H,0,)] in
sediment.

Poyang Lake is the largest freshwater lake in
China, and the geochemical behavior of antimony in
this environment is still unknown (Deng et al., 2014).
Studies of freshwater antimony geochemistry are
crucial to understand its geochemical behavior,
particularly insuch a fragile and dynamic environment.
Therefore, a simulation study based on speciation
analysis was carried out in laboratory. The purpose of
this research is to reveal the specific influence of
temperature on the geochemical cycling of antimony
in the sediment-water interface of Poyang Lake.

2 MATERIAL AND METHOD
2.1 Site description

Poyang Lake, located in the north of Jiangxi
Province and to the south of mid-to-low reaches of
the Changjiang (Yangtze) River (28°24'-29°46'N,
115°49'-116°46'E) (Fig.1), is the largest freshwater
lake in China with an area of about 3 500 km? at high
level. The average depth is approximately 8 m, the
maximum depth being around 23 m. Poyang Lake is
surrounded by eleven counties, and is connected to
five main rivers named Xiushui, Ganjiang, Fuhe,
Xinjiang, and Raohe. The water from the five rivers
runs through the lake and then discharges into the
Changjiang River through a 1-km long channel at
Hukou. Poyang Lake belongs to a subtropical
monsoon climate with an annual average temperature
of 16.5-17.8°C. The lowest and highest monthly
average temperatures are 4.4°C and 30°C appeared in
January and July, respectively.

2.2 Sample collection and simulation

A sampling campaign was performed in Huhou
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Fig.1 Map of Poyang Lake and the sampling site (modified
from Deng et al., 2014)

(29°44'089"N, 116°11'71.4"E) with a water depth of
about 6—7 m. Overlying water at the surface was
collected using a pre-cleaned polyethylene container.
Three sediment cores of approximately 30 cm depth
were collected by a diver using light plexiglas corers
at the same site of Hukou where overlying water was
collected. These cores were immediately transported
to laboratory, and were subsequently placed at 5°C,
15°C and 25°C constant temperature and humidity
chambers respectively to simulate different seasonal
conditions (i.e., winter, spring/autumn and summer).
These chambers were filled with high-pure nitrogen
and placed in a dark environment during the
simulation. About 10 cm depth of overlying water
was added on the top of the sediment cores. The
temperature, conductivity, pH, DO and ORP of the
overlying water were regularly measured by an YSI
handheld multiparameter meter (556MPS, YSI Inc.).
A certain volume of overlying water on the top of
each core was collected at regular intervals, and then
acidified to pH<2 with superpure HNO; after filtration
through a microfiltration membrane. All samples
were preserved in pre-cleaned Teflon containers and
stored at -80°C to keep the stability of element
species. An identical volume of overlying water
collected at the sediment cores’ sampling site was
subsequently added to the cores to replenish the loss
by periodical sampling. The overlying water on the
sediment cores was kept un-stirred during the
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simulation period. When the physicochemical
parameters measured by the YSI multiparameter
meter remained unchanged, then the simulation
experiment was finished.

2.3 Sample preparation and analysis

After the simulation, each sediment core was
extruded in a glove-box bag filled with nitrogen gas to
prevent oxidation of Sb(IIl). Sediment slices from
each 1 cm depth were placed in pre-cleaned Teflon
bottles and kept frozen at -80°C until analysis.
Porewaters in sediments were obtained by
centrifugation at 4°C in an oxygen-free environment.
Different bound antimony forms in sediments at
different temperatures were obtained by the sequential
extraction technique described by Chen et al. (2003).

Different antimony species in overlying water and
porewaters were measured by hydride generation
atomic  fluorescence  spectrometry (HG-AFS)
according to the procedures previously developed by
Deng et al. (2001). The detection limit was 0.022 pg/L
for each antimony species with a relative standard
deviation less than 5%. Briefly, Sb(III) was determined
by HG-AFS after Sb(V) was masked by
8-hydroxyquinoline, then Sb(V) was obtained by the
difference between the total inorganic antimony and
Sb(Ill). A third sample was digested for the total
antimony (TSb) analysis. The concentration of
organic antimony (Sb-org) was obtained by
subtracting the sum of [Sb(V) + Sb(Ill)] from the
concentration of TSb.

For the determination of total antimony (Tot-Sb),
associated to oxidized [Sb(oxal)] and organic fractions
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Fig.2 Profiles of antimony species in overlying water at
5°C (a), 15°C (b) and 25°C (¢)

[Sb(H,0,)] in sediments, it was described in detail by
Chen et al. (2003). The difference among the Tot-Sb,
Sb(oxal) and Sb(H,0,) in sediment was identified as
sulfide minerals [M(pyrite)].

3 RESULT

3.1 Variation of antimony species in overlying
water at different temperatures

The profiles of dissolved Sb(IIl), Sb(V), Sb-org
and TSb in overlying water as a function of time
during simulation period at different temperatures are
plotted in Fig.2. The concentrations of Sb(III), Sb(V)
and Sb-org in the overlying water when the sample
was collected were 0.020, 0.56, and 0.24 pg/L,
respectively. The simulation temperatures were
different from the temperature when the samples were
collected (about 20°C), thus the equilibrium of
antimony at SWI will be disturbed and a new balance
will be reached during the simulation process. The
results showed that the new equilibrium will be
achieved after about 20, 23 and 45 d for 5°C, 15°C
and 25°C, respectively. The average concentrations of
different antimony species at different temperatures
after equilibration are given in Table 1.

As we expected that the antimony concentration in
the overlying water presented obvious changes during
this simulation process, especially at the beginning of
the simulation (Fig.2). Probably resulting from the
larger temperature difference (the sediment cores
were collected at about 20°C), the concentration
variation of each antimony species at 5°C was
particularly drastic (Fig.2a). It is worth mentioning
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Table 1 Comparison of antimony species at different temperatures in overlying water

5°C 15°C 25°C
Species Horizontal comparison ©
Conc. (ug/L)® Trend Conc. (ng/L) Trend Conc. (ug/L) Trend
Sb(II) 0.065 1 TL—? 0.0329 tl— 0.134 | — 25°C>5°C>15°C
Sb(V) 0.102 tl— 0.0633 Tl— 0.177 Unobvious 25°C>5°C>15°C
Sb-org 0.500 11— 0.186 11— 0.040 1 Unobvious 5°C>15°C>25°C
TSb 0.667 11— 0.284 1 — 0.353 Unobvious 5°C>25°C>15°C

Vertical comparison ¢ Sb-org>Sb(V)>Sb(III)

Sb-org>Sb(V)>Sb(III)

Sb(V)>Sb(III)>Sb-org

@ Average concentration of antimony species in overlying water after equilibration for 20, 23 and 45 d for 5°C, 15°C and 25°C, respectively; ° 1, |, — stand
for the concentration increasing, decreasing and basically unchanged, respectively; ¢ comparison of the average values of the same antimony species at
different temperatures, similarly in Table 2 and Table 3; ¢ comparison of the average values of different antimony species at same temperatures, similarly in

Table 2 and Table 3.

that the concentration variation of antimony in the
overlying water mainly resulted from the temperature
variation as the simulation conditions were strictly
controlled.

The variation trend and numerical size relationship
of'the different antimony species were similar between
5°C and 15°C as shown in Table 1. Specifically,
inorganic antimony [Sb(II) and Sb(V)] gradually
increased at the beginning and subsequently decreased
before reaching a new equilibrium, while it was just
opposite for Sb-org. Inorganic species predominate
over organic species in most environmental systems
(Andreae et al., 1981; Ellwood and Maher, 2002), but
the concentration of Sb-org was the largest in this
study both at 5°C and 15°C. Sb(III) can be detected in
the overlying water at each temperature. It is noted
that Sb(V) should be the dominant and only detectable
species in oxic waters, and the concentration ratio
between Sb(V) and Sb(IIT) is 10+ in well aerated
oxic water at pH=7 and pE=13.6 (Turner et al., 1981).
However, a chemical equilibrium may not be attained
in real natural dynamic systems where energy and
matter can be exchanged, thus thermodynamically
unstable chemical species may exist (Byrd, 1990;
Takayanagi and Cossa, 1997). The continued
existence of Sb(IIl) in overlying water may be
explained by slow reaction rates (Filella et al., 2002b)
or biotic production (Cutter, 1992). The concentration
of Sb(V) was higher than Sb(III) at each temperature,
demonstrating that Sb(V) is more stable than Sb(III)
at oxidizing conditions.

Based on the comparison of antimony species at
different temperatures as well as the average
concentrations in Table 1, we found that both Sb(V)
and Sb(III) were higher at 25°C than that at 5°C and
15°C. A high temperature may be more favorable for
antimony existing in inorganic forms. This conclusion
was supported by the finding that the higher the

Table 2 Comparison of antimony species in porewaters at
different temperatures

Species 5°C 15°C 25°C Horizopta]
(ng/L) (ng/L)  (ng/L) comparison
Sb(III) 0.646 0282  0.117 5°C>15°C>25°C
Sb(V) 0.951 1.06 2.07 25°C>15°C>5°C
Sb-org 2.59 1.37 8.93 25°C>5°C>15°C
TSb 4.19 2.71 11.1  25°C>5°C>15°C

Vertical comparison Sb-org>Sb(V)>Sb(III)

temperature, the lower the Sb-org in overlying water.
Meanwhile, TSb in overlying water at 5°C was
significantly higher than at 15°C and 25°C. We also
observed an apparent antimony migration from
porewaters to the overlying water when the
temperature is decreased. Furthermore, if the
concentration variation of antimony species in the
overlying water only results from the migration of
antimony at the SWI, only a trend of “increase —
equilibrium” or “decrease — equilibrium” will be
expected. However, for both Sb(V) and Sb(III) at 5°C
and 15°C the result was different. Therefore, obvious
transformation of antimony species also occurred at
the SWI when the temperature is changed.

3.2 Vertical distribution of antimony species in
porewaters at different temperatures

The profiles of dissolved antimony species in
porewaters at different temperatures are plotted in
Fig.3, and the average concentrations of different
antimony species are also given in Table 2.

Sharp concentration variations were found for Sb-
org in porewaters at 5°C and 25°C. It was far higher
at 25°C (8.93 pg/L) than that at 5°C (2.59 pg/L) and
15°C (1.37 pg/L). An obvious concentration peak
(10.1 pg/L) of Sb-org was observed in porewater of
subsurface sediment at 5°C (Fig.3a), while it was low
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in middle and lower porewaters below 6 cm depth.
The high concentration of Sb-org in top porewaters at
5°C probably resulted from microbial action or
release from sediments, in which organic antimony
existed in a bound state in organic matter or adsorbed
on Fe and Mn oxides/hydroxides. However, Sb(H,0,)
in sediment (Fig.4, to be discussed later) didn’t
present great vertical differences at any temperature;
thus it was confirmed that the high concentration of
Sb-org in top porewaters at 5°C is mainly derived
from microbial action (Bentley and Chasteen, 2002).
Meanwhile, the high concentration of Sb-org in
overlying water at 5°C was explained by the diffusion
of Sb-org from porewaters due to the sharp
concentration gradient at the SWI. The concentration
of Sb-org in bottom porewaters at 25°C were

extraordinarily high, while it was only 0.040 1 pg/L in
the overlying water. Although temperature variation
may promote the mobility of antimony at SWI
(Frohne et al., 2011), it seems more likely that the low
Sb-org concentration in the overlying water at 25°C
mainly resulted from the degradation of Sb-org to
inorganic forms. Both Sb(III) and Sb(V) in the
overlying water were higher at 25°C than that at 5°C
and 15°C can adequately support this conclusion.
Based on the analysis of antimony species in the
overlying water we knew that Sb-org was sensitive to
temperature. Distributions of Sb-org in porewaters at
different temperatures also indicated the temperature
sensitivity of Sb-org.

Sb(V) will diffuse from porewaters toward the
overlying water at 25°C due to its concentration
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Table 3 Comparison of antimony species in sediments at
different temperatures

Species 5°C 15°C 25°C Horizox}tal
(mg/kg) (mg/kg) (mgkg) comparison
Sb(H,0,) 0.0680 0.0488 0.0313  5°C>15°C>25°C
Sb(oxal) 0.644  0.631 0.629 5°C>15°C=25°C
Sb(pyrite) 0.717  0.602 0.370 5°C>15°C>25°C
Tot-Sb 1.43 1.28 1.02 5°C>15°C>25°C

Vertical comparison® c¢>b>a b>c>a b>c>a

a, b, ¢ stand for Sb(H,0,), Sb(oxal) and Sb(pyrite), respectively.

gradient. Thus, the concentration peak of Sb(V) in
subsurface porewater at 25°C (Fig.3c) cannot be
derived from the overlying water. Meanwhile, it is
impossible for Sb(Ill) in porewaters to be largely
oxidized into Sb(V) under reducing conditions in
sediments. Therefore we have adequate reasons to
believe that this concentration peak mainly resulted
from the desorption of antimony from sediment. It is
noted that desorption reaction belongs to an
endothermic process, thus a high temperature will
favor this process.

The concentration relationship among different
antimony  species in  porewaters was Sb-
org>Sb(V)>Sb(IIl) for each temperature (vertical
comparison in Table 2). According to the horizontal
comparison we also knew that the higher the
temperature the lower the Sb(III) concentration, while
it was just on the contrary for Sb(V). The ratios
between Sb(V) and Sb(IIl) in porewaters were 1.46,
3.79 and 17.3 at 5°C, 15°C and 25°C, respectively.
Therefore, we can infer that it is beneficial to the
equilibrium shift toward Sb(V) when the temperature
was increased. Amorphous Fe and Mn oxyhydroxides
existing in sediments may play important roles in this
process (Belzile et al., 2001).

3.3 Vertical distribution of bound antimony species
in sediments at different temperatures

The profiles of different bound antimony species in
sediments at different temperatures are plotted in
Fig.4, and the average contents are also given in Table
3.

The contents of Sb(oxal), Sb(H,0,) and M(pyrite)
in the surface sediment when the samples were
collected were 0.611, 0.0706, 0.263 mg/kg,
respectively. After the simulation, the average
contents of Tot-Sb in sediments at different
temperatures (1.02—-1.43 mg/kg) were in the range
reported for other stream sediments (Reimann et al.,
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2010). The profiles of antimony in sediments (Fig.4)
did not present great variation for different bound
antimony species except for Sb(pyrite) at 5°C, for
which an obvious peak was present at a depth of
-23 cm. Table 3 shows that the content of antimony
bound to organic matter and amorphous sulfides, i.e.,
Sb(H,0,), was especially lower (<0.10 mg/kg) than
the other species at each temperature. This situation
was similar to the behavior of antimony in another
freshwater lake (Chen et al., 2003). Meanwhile, it is
interesting that the ratio between Sb(pyrite) and
Sb(oxal) gradually increased with the decrease of
temperature: 0.588, 0.954 and 1.11 at 25°C, 15°C and
5°C, respectively. Sb(pyrite) contents were lower
than Sb(oxal) both at 15°C and 25°C; the opposite
was true at 5°C. Therefore, we speculate that antimony
in sediment easier forms the more stable Sb(pyrite)
state at lower temperature.

The vertical distribution of the same antimony
species in sediments at different temperatures did not
present large differences, but the average content of
each bound antimony species presented a slight
increase with decreasing temperature as shown in
Table 3. It is inferred that a decrease in temperature
will be beneficial for the enrichment of antimony in
sediment.

4 DISCUSSION

Antimony and arsenic (As) are in the same main
group in the periodic table of elements, thus antimony
is assumed to exhibit a similar behavior to arsenic
(Hindmarsh, 2000). Some comparative studies on the
physicochemical behavior of antimony and arsenic in
soil or sediment have been carried out (Mitsunobu et
al., 2006; Wilson et al., 2010; Asaoka et al., 2012).
Like for arsenic, migration and transformation of
antimony at the SWI are closely correlated with its
existing species and the external conditions at the
SWI. Because the external conditions were strictly
controlled during the simulation period, differences
such as microbial actions in sediments, DO in
overlying water and physicochemical behavior of
antimony at SWI mainly resulted from the variation
in temperature. Based on our experimental results in
Tables 1-3, the behavior of antimony species at the
SWI in response to seasonal alternation can be
summarized as shown in Fig.5. The response to the
other two seasonal alternations, i.e., winter to spring,
spring to summer, is the reverse processes presented
in Fig.5b and Fig.5a, respectively.

The ratio between Sb(IIl) and Sb(V) in the
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overlying water was slightly higher than generally
found for As(II) and As(V) (Deng et al., 2014); the
opposite was true in porewaters. As(IIl) mainly exists
in reducing environments for thermodynamic reasons
(Sadiq, 1997). However, Sb(III) can be detected in the
overlying water in Poyang Lake in different seasons,
and it was especially high in summer, suggesting that
Sb(IIT) may be more soluble than arsenic over a wide
range of pE—pH. This conclusion was supported by
observations of dissolved Sb(III) in aqueous systems
(Filella et al., 2002b). Usually, Sb(IIl) is the main
antimony species in anoxic waters and porewaters
(Cutter, 1991; Cutter et al., 2001) except in highly
contaminated areas. Therefore the reasons for high
ratio between Sb(III) and Sb(V) in overlying water
are still unknown. Organic arsenic compounds usually
cannot be detected in overlying water by common
analytical methods. However, Sb-org can be measured
both in overlying water and porewaters. Meanwhile,
it was sensitive to variations of temperature during
seasonal alternations. The Sb-org concentration in the
overlying water was distinctly higher at low
temperature (winter) than that at high temperature
(summer). Thus, low temperature will favor existence
of organic forms of antimony in the overlying water.

The vertical distribution of antimony species in
porewaters presents large differences in different
seasons, thus seasonal variation has important effects
on the behavior of antimony species in porewaters,
especially for Sb-org. Usually, Eh is the dominating
factor to affect the fate of metals (Du Laing et al.,
2009), but the concentration peak of Sb-org in the
subsurface porewater (Fig.3a) (5°C) may derive from
microbial action, while the high concentration of Sb-
org in porewaters of the middle and lower sediments

(Fig.3¢c) (25°C) more likely resulted from upward
migration of Sb-org from deep sediments. TSb
increases both in overlying water and porewaters
when season alternates from autumn to winter
(Fig.5b). A high temperature in summer will contribute
to the release of Sb(V) from top sediments into
porewaters by desorption, leading to the appearance
of a concentration peak of Sb(V) (Fig.3c). The ratios
between Sb(V) and Sb(IIl) in porewaters gradually
increase with the increase of temperature, thus the
equilibrium between Sb(III) and Sb(V) in porewaters
will shift toward Sb(V) when the temperature
increases during seasonal alternation.

The average content of each antimony species in
sediments increased with the decrease of temperature.
Therefore a decrease in temperature will result in the
enrichment of antimony in the sediment. Especially, it
leads to the generation of stable Sb(pyrite). Antimony
is thus easily transferred into the sediment by
adsorption/coprecipitation or reacting to form
Sb(pyrite) in winter when the temperature is
decreased. The latter seems to be the main reason.

In summary, the behavior of antimony at the SWI
(Fig.5) demonstrates that seasonal variations in
Poyang Lake will result in strong effects on the
migration and transformation of antimony species at
the SWI. Of course, the physicochemical behavior of
antimony at the SWI in real environments will be
affected by many factors such as aquatic organisms,
flow disturbance, human activities, adsorption/
desorption processes, organic matter, etc. (Du Laing
et al., 2009). Therefore, further research is needed,
including more experimental conditions, development
of new analytical methodology, and establishment of
a theoretical model.



1948 J. OCEANOL. LIMNOL., 36(6), 2018

5 CONCLUSION

A simulation study was carried out in the laboratory
to reveal the migration and transformation behavior
of antimony at the SWI of Poyang Lake showing the
action of seasonal variation. Concentrations of
different antimony species in the overlying water
presented major changes, especially at the beginning
of the simulation. The concentration of Sb(V) was
higher than Sb(IIl) in the overlying water at each
temperature, and high temperature is more favorable
for antimony to exist in inorganic forms. The ratio
between Sb(V) and Sb(IIl) in porewaters gradually
increased with the increase of temperature, suggesting
that the equilibrium between Sb(IIl) and Sb(V) in
porewaters will shift toward Sb(V) when the
temperature increases during seasonal alternation.
TSb increases both in overlying water and in
porewaters when the season alternates from autumn
to winter, and the high temperature in summer will
contribute to the release of Sb(V) from top sediments
into porewaters. Transformation of antimony species
was occurred at the SWI besides the migration process
when temperature changes. The average content of
each antimony species in sediments increased with
the decrease of temperature, thus decrease in
temperature will result in the enrichment of antimony
in the sediment. Seasonal variation has strong effects
on the migration and transformation of antimony
species at the SWI of Poyang Lake.

6 DATA AVAILABILITY STATEMENT

The datasets analyzed during the current study are
available from the corresponding author upon
reasonable request.
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