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Environmental context. Antimony is an environmental contaminant of increasing concern, due to its growing
industrial usage in flame retardants, lead alloys, glass, ceramics and plastics. Here we show, using X-ray
absorption spectroscopy, that antimony may be trapped in wetland sediments by reduced sulfur. This finding has
implications for the management and remediation of wetlands contaminated with antimony.

Abstract. The biogeochemistry of antimony (Sb) in wetland sediments is poorly characterised, despite their importance
as contaminant sinks. The organic-rich, reducing nature of wetland sediments may facilitate sequestration mechanisms
that are not typically present in oxic soils, where the majority of research to date has taken place. Using X-ray absorption
spectroscopy (XAS), we present evidence of antimony speciation being dominated by secondary antimony—sulfur phases
in a wetland sediment. Our results demonstrate that, by incorporating a newly developed Sb™—organic sulfur reference
standard, linear combination fitting analysis of antimony K-edge XAS spectra and robust statistical assessment of fit
quality allows the reliable discrimination of Sb™" coordination environments. We found that a contaminated wetland
sediment in New South Wales, Australia, contained 57 % of the total antimony as Sb""—phases, with 44 % present as a
highly-disordered antimony phase, likely consisting of Sb'™ complexed by organic sulfur (e.g. thiols) or an amorphous
Sb™ sulfide (e.g. SbS;). The methodological approach outlined in this study and our identification of the importance of
reduced sulfur in sequestering antimony has implications for future research in the area of antimony biogeochemistry, and

for the management of both natural and artificial wetlands contaminated with antimony.
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Antimony (Sb) is a group 15 metalloid that is used extensively in
a variety of industries, and is currently listed as a priority pol-
lutant by the United States Environmental Protection Agency.!)
Antimony is commonly used as a flame retardant in polymers, in
lead alloys in lead-acid batteries and in the manufacture of glass,
ceramics and plastics.”) Global mine production of antimony
has risen from 96 000 tonnes in 1990, to 157 000 tonnes in 2014,
at an average rate of ~2800 tonnes per year.*) Unfortunately,
the behaviour and fate of antimony in the environment is rela-
tively poorly studied compared with other environmental con-
taminants, such as antimony’s well studied group 15 neighbour,
arsenic.

Several recent reviews!*’) have comprehensively sum-
marised the current state of understanding of environmental
antimony behaviour in the presence of organic material. These
reviews highlight the lack of information on antimony interac-
tions with particulate natural organic matter (NOM), with the
majority of research to date focussed on antimony interactions
with particulate mineral phases (e.g. iron oxyhydroxides).
Considering the important role that wetlands can play as
contaminant sinks,"™ and given they typically contain abundant
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organic matter, it is critical to develop reliable methods for
determining the solid-phase speciation of antimony in these
environments.

Unlike well drained (i.e. oxic) terrestrial soils, where anti-
mony is often found associated with metal oxide minerals (e.g.
iron oxyhydroxides),”'%! wetlands are typically sites of organic
matter accumulation and decay. These conditions can facilitate
the formation of organic sulfur functional groups such as thiols
(R-SH), which can be the dominant sulfur species in such
systems (see Werne et al.l'!! for a comprehensive review of
sulfur biogeochemistry). The importance of organic sulfur spe-
cies in controlling arsenic mobility in minerotrophic peat was
recently demonstrated by Langner and co-workers.!'?! However,
the importance of organic sulfur species for antimony sequestra-
tion in wetland sediments and soils is currently unknown.

X-ray absorption spectroscopy (XAS) is a powerful tech-
nique for determining the speciation of metals and metalloids in
soils and sediments. XAS is a non-destructive, element-specific
technique, which requires minimal sample preparation or mod-
ification, thus allowing the chemical speciation in samples to be
preserved.!'*! This is in contrast to analytical techniques like
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high-pressure liquid chromatography coupled to inductively
coupled plasma mass spectrometry (HPLC-ICP-MS), which
require extraction of the analyte into the aqueous phase before
analysis, making interpretation of the results in the context of the
original sample challenging.!"*! A recent review by Grife etal.t'”]
provides a detailed account of the advantages and disadvantages
of XAS for speciation measurements in environmental samples.
Despite the clear benefits afforded by XAS for determining the
environmental speciation of metals and metalloids, relatively few
studies™ %! have attempted to apply this technique to investi-
gate antimony in wetland soils and sediments.

Determining the oxidation state of antimony in environmen-
tal samples by X-ray absorption near-edge structure (XANES)
spectroscopy is relatively straightforward, with the absorption
edge energies of Sb™ and SbY separated by 4.4-5.6 eV, depend-
ing on the coordinating element (i.e. O or S) (see Table S3,
available as Supplementary material to this paper). While this
resolution is less than for other elements with K-edges at lower
energies, such as arsenic, the first derivative of the normalised
energy spectra allows reliable oxidation state discrimination by
linear combination ﬁtting.[lsl

In contrast, distinguishing the local coordination environ-
ment is more challenging, with absorption edge energies of
Sb™-0 and Sb™-S, for example, separated by only 1.2 eV
(Table S3). Fawcett et al."! claimed that linear combination
fitting of the first derivative of the normalised energy spectra
could reliably differentiate Sb™-O and Sb™-S in a natural
sediment sample. However, this analysis did not include a robust
statistical assessment of fit quality, nor did the standards Fawcett
et al. used for Sb™'-S (i.e. inorganic sulfides—sulfosalts) repre-
sent the full range of possible antimony species in reduced,
organic-rich soils and sediments.

In this study we prepared a new reference standard contain-
ing Sb™ sorbed to thiol-functionalised cellulose (Sb™-S (thiol))
(see the Supplementary material for details), to represent a
disordered Sb"'-S phase that may exist in a wetland sediment
given the abundance of organic material and reduced iron and
sulfur. The standard did not contain any shells beyond the first
Sb-S shell, which is in contrast to the crystalline Sb"™'-S phases
(i.e. stibnite and tetrahedrite) that possess additional shells at
longer distances. The Fourier transform of the k’-weighted
chi(k) Sb™-S (thiol) spectra was fitted with ~3 S atoms at
2.46 A, which is the same coordination number and bond length
previously reported for a disordered SbS; phase formed via
sorption of Sb™ to FeS.'®) This similarity in coordination
number and bond length means that distinguishing between
disordered Sb™'-S associated with organic sulfur (e.g. thiols)
and inorganic sulfides (e.g. FeS) is unlikely to be effective with
bulk XAS, but may be possible with techniques capable of
resolving both elemental composition and oxidation state on the
nanometer scale (e.g. synchrotron-based X-ray fluorescence
microscopy and microfocussed-XANES). The Sb"™-S (thiol)
reference standard is, however, likely to be sufficiently repre-
sentative of Sb' sorbed to either reduced organic or inorganic
sulfur, and therefore should be able to be used to discriminate
these disordered phases from more crystalline Sb™'-S phases
like stibnite and tetrahedrite.

The normalised energy spectra of the Sb™-S (thiol) standard
show some subtle features in the post-edge region, which may be
useful for distinguishing between the various species of Sb.
Unfortunately, the first derivative of the normalised energy
spectra of this standard had an almost identical maxima position
(i.e. absorption edge position) as the crystalline Sb™-S
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standards (i.e. stibnite and tetrahedrite), with no clear distin-
guishing spectroscopic features. In contrast, the extended X-ray
absorption fine structure (EXAFS) spectra in &°-weighted chi
(k)-space show distinct differences between both Sb™-0 and
Sb"'-S standards, and between the disordered and crystalline
Sb"_S standards (Fig. 1).

A sediment sample from a contaminated, organic-rich wet-
land in Urunga, New South Wales,!'” Australia, was selected
for the analysis of sulfur and antimony speciation (see the
Supplementary material for details of the sediment sample).
The sediment contained 26 % organic carbon and 1% total
sulfur, with wet-chemical sulfur speciation analysis indicating
that 42 % of the sulfur was organic sulfur and only 8.1 % was
present as acid-volatile sulfides (e.g. FeS) (Table S2). In addition,
a similar sediment sample from the same wetland was analysed by
sulfur K-edge XAS and found to contain 82 % organic sulfur, the
majority of which was present as thiols, with no detectable
reduced inorganic sulfides (i.e. FeS or FeS;) (see Fig. S1, available
as Supplementary material to this paper, and Table S7). This
sulfur XANES data indicates that thiol functional groups are likely
to be the dominant species of sulfur in this particular wetland
sediment, and therefore a likely site for antimony sorption.

Antimony speciation in the sediment sample was determined
by combinatorial linear combination fitting (in normalised
energy, first derivative of normalised energy and k’-weighted
chi(k)) of the reference standard spectra to the unknown spec-
trum of the Urunga Wetland sediment sample (Fig. 1). It should
be noted that linear combination fitting in normalised energy
was done over a larger range than typically used (—50 to
+150 eV instead of —20 to 430 eV) in order to incorporate
post-edge spectroscopic features that may be useful for discrim-
inating Sb™" coordination environments (Fig. 1). Statistical
assessment of the various fit qualities was done by applying
the Hamilton test, as described in detail by Calvin.!"®! The fitting
results and associated statistics are presented in the Supplemen-
tary material (Tables S4 and S6). Summaries of these results are
presented in Tables 1 and 2, where the proportions of each
reference standard are summed into one of four groups: sorbed
Sb™-S (Sb™-S (sorb.), consisting of the Sb™LS (thiol) compo-
nent), crystalline Sb™-S (Sb™-S (crys.), consisting of the sum
of Sb™-S (tetr.) and Sb™-S (stib.)), Sb"" coordinated to oxygen
(Sb™-0, consisting of the sum of Sb™0 (senar.) and Sb'"-0O
(goeth.)), and Sb" coordinated to oxygen (Sb¥—0, consisting of
the sum of SbY—O (tripu.) and Sb¥—O (goeth.)).

The best seven linear combination fits in normalised energy all
included Sb™-S (sorb.) as a component (Table 1 and Table S4).
The best six fits were not significantly different (p > 0.05),
indicating that those fitting scenarios could not be reliably distin-
guished in normalised energy space. The best fit that did not
include Sb™-S (sorb.) as a component was fit 8, which had a 1.8-
fold larger R-factor compared with fit 1 and, based on the
Hamilton test results, was a significantly worse fit to the data
(p < 0.01) (Fig. 1). Linear combination fitting in #*-weighted chi
(k)-space provided more definitive results, with the best fit
significantly different from all subsequent fits (p << 0.05) (Table 2
and Table S6). The best fit without Sb™-S (sorb.) as a component
was fit 9, which had a 14-fold larger R-factor compared with fit 1
and was a much poorer fit to the data (p < 0.001). In contrast,
linear combination fitting of the first derivative of the normalised
energy did not prove useful for discriminating Sb"-S (sorb.) and
Sb'"_S (crys.) (Table S5); the first 30 fits (of a total of 41 fits)
could not be distinguished statistically (p > 0.05). This is consis-
tent with the first derivative of normalised energy spectra
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Fig. 1. Standard and sample spectra as normalised energy, k>-weighted chi(k) and pseudo radial distribution
functions (not corrected for phase shift; magnitude of SbY—O (goeth.) and Sb¥—O (tripu.) scaled by 50 %). Solid
black line is the experimental data, dashed grey line is the best fit from linear combination fitting analysis that
includes and excludes the Sb™—S (thiol) component, vertical grey bars indicate approximate locations of Sb—O and
Sb-S shells. Goeth. = goethite; tripu. = tripuhyite; senar. = senarmontite; stib. = stibnite; tetr. = tetrahedrite;
thiol = thiol-functionalised cellulose. See the Supplementary material for details of the XAS data analysis.

emphasising spectroscopic features such as the position of the
absorption edge and the shape of peaks and shoulders, which are
unlikely to be useful in discriminating Sb™ sorbed to reduced
sulfur and Sb™ incorporated into crystalline sulfides as the
position of the absorption edge and the shape of the main peak
are very similar (Fig. 1).

The results from linear combination fitting in normalised
energy and k’-weighted chi(k)-space were in broad agreement;
both approaches resulted in a similar estimate of the proportion
of Sb™-S (sorb.) in the sample (40 & 9 and 44 + 1% respec-
tively), although the proportions of other phases were less
consistent. Sb'"'-S (crys.) was present in the sample in propor-
tions ranging from 13 + 2 to 18 + 14 %, Sb™ coordinated to
oxygen from 24 + 9 to 43 + 1 % and Sb" coordinated to oxygen
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from 0 to 18 £ 3 %. Uncertainties were similar for fits in chi(k)-
space and normalised energy, but the statistical difference
between fits including and excluding the Sb'™'-S (sorb.) compo-
nent was greater (p = 0.006 versus p < 0.001). These findings
demonstrate the benefit of fitting in multiple spaces when
analysing sample spectra using the linear combination fitting
approach, as well as the importance of applying a robust
statistical approach for interpreting relative fit quality.

This study shows that sorption of antimony by reduced sulfur
species (i.e. complexation by reduced organic and inorganic
sulfur or precipitation of a disordered antimony sulfide phase)
could represent an important retention mechanism for antimony
in wetland sediments and soils. The results also highlight that
non-crystalline Sb"™'-S phases may be important reference
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Table 1. Results of linear combination fitting (from —50 to +150 eV) of normalised energy spectra of the Urunga Wetland
sediment sample. Proportions of components are presented as percentages
The Hamilton test was used to statistically compare the best fit to subsequent fits. Significant differences are indicated by * for the

p < 0.05 level and ** for p < 0.01 level. The best eight fits are shown from a total of 35 possible fits.

Fit number Sb™-S (sorb.) Sb™-S (crys.) S0 Sb¥-0 R-factor p-value v. fit 1
1 35+£2 21+£2 28 +1 16+£0.4 0.000126 n/a

2 3342 3242 14+1 20+£0.2 0.000138 0.280

3 35+2 2243 26+2 17+£0.5 0.000151 0.140

4 34+2 31£2 13+1 22+0.3 0.000156 0.250

5 52+1 - 33+2 15+£0.5 0.000161 0.082

6 53+1 - 30+2 16£0.6 0.000187 0.079

7* 63+1 - 15+1 21+£0.3 0.000226 0.023

8x* - 54+1 32+2 14+0.6 0.000230 0.006
mean (1-6) 40+9 18+ 14 24+9 18+3 - -

Table 2. Results of linear combination fitting (from & = 2-10 10&_1) of k*-weighted chi(k)-spectra of the Urunga Wetland
sediment sample
Proportions of components are presented as percentages. The Hamilton test was used to statistically compare the best fit to subsequent
fits. Significant differences are indicated by * for the p < 0.05 level, ** for p < 0.01 level, and *** for the p < 0.001 level. The best nine
fits are shown from a total of 21 possible fits.

Fit number Sb"™-S (sorb.) Sb™-S (crys.) Sb'™-0 Sb¥-0 R-factor p-value v. fit 1
1 44+ 1 13£2 43 +1 - 0.0169 n/a

2% 51+1 - 49+1 - 0.0232 0.047

3* 62+1 12+3 - 26+ 1 0.0273 0.015
4% 7141 - - 29+1 0.0302 0.024
SHEE 64+1 11+4 - 2441 0.0516 <0.001
6F** 73+1 - - 2741 0.0540 <0.001
THEE 62+3 16 +8 2242 - 0.214 <0.001
gk 74+3 - 26+2 - 0.219 <0.001
Qkk - 62+8 38+4 - 0.242 <0.001

standards to include in future XAS studies of Sb speciation in
environmental samples. Future work should expand the
approach described here to other samples from similar systems
to determine if reduced sulfur plays an important role in
antimony sequestration on a broader scale.

Experimental

X-ray absorption spectra at the Sb K-edge (30491 eV) were
collected in fluorescence mode at the XAS beamline of the
Australian Synchrotron using a 100-element germanium
monolithic array fluorescence detector (CANBERRA Indus-
tries). A Si(311) double-crystal monochromator controlled the
X-ray energy, which was calibrated to an inline Sb° foil. A liquid
helium filled cryostat at a temperature of ~5 K was used to
minimise the risk of beam-induced damage and speciation
changes, as well as to reduce the Debye—Waller factor, which
can be beneficial for EXAFS measurements.””) The pre-edge
region of the XAS spectra was collected at 9-eV energy steps
from ~300 eV before the absorption edge. In the XANES region,
spectra were collected at 0.4-eV energy steps with a count time of
two seconds at each energy step. In the EXAFS region
(>30541 eV), spectra were collected in steps of 0.035 k. Refer-
ence standards included tripuhyite (tripu., FeSbO,), senarmontite
(senar., SbyO3, Sigma Aldrich), stibnite (stib., Sb,S;, Sigma
Aldrich) and tetrahedrite (tetr., (Cu,Fe,Zn);,SbsS;3, mineral
specimen from Casapalca, Peru, verified by X-ray diffraction),
diluted to ~1000 mg Sb kg™ ' in cellulose, Sb™ sorbed to goe-
thite (goeth., ~1000 mg Sb kg™ '), SbY sorbed to goethite

(~200 mg Sb kg~ ") and Sb™ sorbed to thiol-functionalised cel-
lulose (1000 mg Sb kg™"), as described in the previous section.
Samples and standards were packed into 2 mm-thick aluminium
sample holders and sealed with Kapton tape. An inline Sb° ref-
erence foil was simultaneously analysed in transmission mode for
each scan. Beam damage was assessed by examining the edge
position of repeat scans of some samples and found to be negli-
gible, as expected for XAS at this high energy. Self-absorption
was also unlikely, due to the low concentrations of Sb in the
samples and standards (<1000 mg Sb kg™ '). XAS data analysis
was performed in Athena and Artemis (ver. 0.9.25)!"1 (see the
Supplementary material to this paper).

Supplementary material

Details on the preparation of the Sb™—thiol standard, shell fit-
ting of the Sb''—thiol standard, the wetland sediment sample,
XAS data analysis and sulfur K-edge XANES analysis is pro-
vided in the Supplementary material, which is available online.
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