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Preparation of Sb(III)-thiol standard 12 

Ultra-pure deionised water (>18 MΩ cm) was used for the preparation of all solutions. Thiol-13 

functionalised cellulose powder was prepared via the reaction of microcrystalline cellulose 14 

(Sigmacell Type 20, Sigma Aldrich) with thioglycolic acid (≥98%, Sigma Aldrich), acetic anhydride 15 

(≥ 99%, Sigma Aldrich), glacial acetic acid (reagent grade, Merck), and sulfuric acid (reagent grade, 16 

Merck), as described in detail by Elwaer and Hintelmann.[1] Sb(III) was sorbed to the thiol-17 

functionalised cellulose at a loading of approximately 1000 mg kg–1 (dry weight) by mixing 1 g of 18 

dry thiol-functionalized cellulose powder with 20 mL of 50 mg L–1 Sb(III) as potassium antimonyl 19 

tartrate trihydrate (≥99 %, Sigma Aldrich). This suspension was shaken for approximately 1 hr before 20 

being centrifuged and the supernatant decanted. The cellulose was then washed briefly in ~50 mL of 21 

deionised water to remove any non-sorbed Sb(III), and centrifuged again to separate the cellulose 22 

from the wash solution. The loading of the thiol-functionalised cellulose with Sb(III) was conducted 23 

immediately before XAS analysis, to minimise the risk of oxidation. Sufficient glycerol (reagent 24 

grade, Sigma Aldrich) was added to the cellulose powder to form a slurry, in order to prevent beam-25 

diffraction when samples were analysed in the liquid helium-filled cryostat. 26 

 27 

  28 



 3 

Local co-ordination environment of Sb(III)-thiol standard 29 

 30 

Table S1. Shell-fit parameters and results for Sb(III)-thiol reference standard 31 

Values in bold were allowed to vary in the fit. Fourier transforms were calculated using a Kaiser-32 

Bessel window (dk = 3 Å–1) over a k-range of 3 – 10 Å–1. Shell fits were done over a R-range of 1.35 33 

– 2.54 Å (k-weight = 3). The amplitude reduction factor (S02) was determined from a shell-fit (Sb-S 34 

single scattering path) of a tetrahedrite standard (R-factor = 0.0063) collected on the same beamline 35 

under the same conditions. 36 

Parameter Value 

Path Sb – S 

Amplitude reduction factor (S02) 1.20 

Coordination number 2.97 ± 0.28 
Bond distance (Å) 2.457 ± 0.006 
Debye-Waller (Å2) 0.003 ± 0.001 
Energy Shift (eV) 9.04 ± 1.1 

R-factor 0.0014 
  37 
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 38 

Fig. S1. Shell-fit results for Sb(III)-thiol reference standard (R-factor = 0.0014). a) Magnitude of the 39 

Fourier transform (line) and 1st shell fit (open circles) for the Sb(III)-thiol reference standard over an 40 

R-range of 1.35 – 2.54 Å (k-weight = 3), not corrected for phase shift. b) k3-weighted chi(k) spectra 41 

(line) and 1st shell fit (open circles). c) Real part of the back Fourier transform (line) and 1st shell fit 42 

(open circles). 43 
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Wetland sediment sample characterisation 45 

A sample of surficial wetland sediment (0–2 cm depth) was collected from Urunga Wetland, located 46 

in New South Wales, Australia. This wetland sediment is contaminated with antimony due to the 47 

adjacent historical processing of stibnite ore. A full description of the contamination at the site was 48 

recently published by Warnken and co-workers.[2] The sample was frozen for transport back to the 49 

laboratory, where it was subsampled within an anaerobic chamber (Coy Laboratory Products, USA) 50 

maintained at < 5 ppm O2. The subsample was mixed with a small amount of glycerol to form a slurry, 51 

and stored frozen in a gas-tight glass vial (Exetainer, Labco) until XAS analysis at the Australian 52 

Synchrotron. The sample contained 26% (dry weight) total carbon (all of which was organic), 2.2% 53 

(dry weight) total nitrogen, and 1.0% (dry weight) total sulfur, as measured by dry combustion 54 

followed by non-dispersive infrared detection (LECO CNS 2000 analyser). The sample also 55 

contained 2.2% (dry weight) Fe and 1000 mg kg–1 Sb (dry weight), as measured by microwave-56 

assisted extraction (CEM Mars 6; US EPA Method 3052) followed by ICP-MS analysis (Agilent 57 

7900). Typical recoveries of certified reference materials (NCS ZC73018) for the microwave 58 

extraction procedure were between 100 and 110%. Inorganic sulfur speciation (Table S1) was 59 

determined by a NATA accredited laboratory (Accreditation No: 14960) on a wet sample (81% 60 

moisture content) as KCl-extractable sulfate (SKCl), elemental sulfur (S0), acid volatile sulfur (AVS), 61 

chromium reducible sulfur (CRS), and total sulfur (TS).[3] Organic sulfur was calculated as total sulfur 62 

minus the sum of inorganic sulfur. 63 

Table S2. Proportions of sulfur species in Sample A measured by wet-chemical extraction 64 

Fraction Proportion of total S (%) 
Extractable SO4

2- 3.3 
S0 6 
AVS 8.1 
CRS 54 
Organic S 42 

 65 
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Sb K-edge XAS data analysis 67 

XAS spectra were imported into Athena (ver. 0.9.25),[4] where they were normalised and the 68 

background subtracted (Rbkg = 1). The first peak in the first derivative of the reference foil spectra 69 

of each sample or standard was calibrated to the known absorption edge energy of Sb(0) (30491 eV) 70 

using Athena’s ‘auto align’ function. Pseudo-radial distribution functions (pseudo-RDF) were 71 

calculated from EXAFS spectra in the k = 3–10 Å–1 range, using a Kaiser-Bessel window and a sill 72 

width (dk) of 2. All pseudo-RDFs were uncorrected for phase shift. Linear combination fitting of the 73 

normalised energy spectra (–50 to +150 eV), the first derivative of the normalised energy spectra (–74 

40 to +60 eV), and the k3-weighted chi(k) spectra (k = 2–10 Å–1) of the Urunga Wetland sediment 75 

sample, was performed in Athena. Prior to LCF of the chi(k) spectra E0 was set to a common value 76 

for all samples and standards (30491), to ensure all spectra were on the same energy scale. Weights 77 

of spectra were not forced to sum to one. The ‘combinatorics’ function was used to perform all 78 

possible linear combination fits of the reference standard spectra, and the quality of the fits was 79 

evaluated based on the Hamilton test, as described in detail by Calvin (2013).[5] The Hamilton test 80 

requires the degrees of freedom in the tested spectrum, the calculation of which requires an estimate 81 

of the number of independent measurements in the data. The value used for this was the ‘information 82 

content’ value reported by Athena, which is the magnitude of the fitted energy range divided by the 83 

core-hole lifetime of the absorption edge (11.31 eV in the case of the Sb K-edge).[4] Fits where 84 

reference standards accounted for less than 10% of the total were not considered. 85 

  86 
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Table S3. Edge energies (eV) and separations of Sb phases determined using two methods: 1) 87 

the maximum of the first derivative of normalised energy, and 2) the half-width at half-88 

maximum of the first derivative of normalised energy 89 

Phase 
Edge energy (eV), determined by: 

1st deriv. 
max. 

half-width half-
max. 

Sb(III)-S 30491.2 30490.3 
Sb(III)-O 30492.4 30491.5 
Sb(V)-O 30496.8 30495.9 

Edge separation   
Sb(V)-O – Sb(III)-O 4.4 4.4 
Sb(V)-O – Sb(III)-S 5.6 5.6 
Sb(III)-O – Sb(III)-S 1.2 1.2 

 90 
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Table S4. Results of linear combination fitting (from –50 to +150 eV) and Hamilton testing of normalised energy spectra of the Urunga 

Wetland sediment sample 

Proportions of components are presented as non-normalised 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 first 8 fits are shown, from a total 

of 35. Fit(s) without Sb(III)-S (thiol) as a component are highlighted in grey 

Fit 
no. 

Sb(III)-S 
(thiol) 

Sb(III)-S 
(tetr.) 

Sb(III)-S 
(stib.) 

Sb(III)-O 
(goeth.) 

Sb(III)-O 
(senar.) 

Sb(V)-O 
(tripu.) 

Sb(V)-O 
(goeth.) Sum r-factor Chi 

square 
p-value 
vs. fit 1 

1 35 ± 2 21 ± 2 - 28 ± 1 - - 16 ± 0.4 99.9 0.000126 0.0073 n/a 
2 33 ± 2 32 ± 2 - - 14 ± 1 - 20 ± 0.2 99.7 0.000138 0.0079 0.28 
3 35 ± 2 22 ± 3 - 26 ± 2 - 17 ±  1 - 99.6 0.000151 0.0087 0.14 
4 34 ± 2 31 ± 2 - - 13 ± 1 22 ± 0.3 - 99.4 0.000156 0.0089 0.25 
5 52 ± 1 - - 33 ± 2 - - 15 ± 0.5 99.8 0.000161 0.0092 0.082 
6 53 ± 1 - - 30 ± 2 - 16 ± 1 - 99.6 0.000187 0.0107 0.079 
7* 63 ± 1 - - - 15 ± 1 - 21 ± 0.3 99.7 0.000226 0.0129 0.023 
8** - 54 ± 1 - 32 ± 2 - - 14 ± 1 99.8 0.000230 0.0132 0.006 

 

  



 9 

Table S5. Results of linear combination fitting (from –40 to +60 eV) and Hamilton testing of the first derivative of normalised energy 

spectra of the Urunga Wetland sediment sample 

Proportions of components are presented as non-normalised 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 first 15 

fits are shown, from a total of 41 (fit 31 is the first to show a significant difference to fit 1). Fit(s) not requiring Sb(III)-S (thiol) as a component 

are highlighted in grey 

Fit 
no. 

Sb(III)-S 
(thiol) 

Sb(III)-S 
(tetr.) 

Sb(III)-S 
(stib.) 

Sb(III)-O 
(goeth.) 

Sb(III)-O 
(senar.) 

Sb(V)-O 
(tripu.) 

Sb(V)-O 
(goeth.) Sum r-factor Chi 

square 
p-value 
vs. fit 1 

1 38 ± 3 - 18 ± 3 27 ± 2 - 19 ± 1 - 102 0.00244 0.00065 n/a 
2 48 ± 3 - 15 ± 3 - 15 ± 1 23 ± 0.3 - 102 0.00255 0.00068 0.655 
3 38 ± 3 - 16 ± 3 31 ± 2 - - 16 ± 1 102 0.00256 0.00068 0.643 
4 41 ± 4 14 ± 3 - 30 ± 2 - 17 ± 1 - 102 0.00264 0.00071 0.552 
5 40 ± 4 14 ± 3 - 33 ± 2 - - 15 ± 1 102 0.00265 0.00071 0.813 
6 51 ± 3 12 ± 3 - - 16 ± 1 22 ± 0.4 - 102 0.00268 0.00072 0.786 
7 64 ± 1 - - - 15 ± 1 23 ± 0.4 - 102 0.00290 0.00078 0.645 
8 57 ± 2 - - 27 ± 2 - 18 ± 1 - 102 0.00293 0.00078 0.362 
9 55 ± 2 - - 31 ± 2 - - 16 ± 1 102 0.00294 0.00079 0.624 
10 52 ± 3 - 13 ± 3 - 16 ± 1 - 21 ± 0.4 102 0.00317 0.00085 0.516 
11 53 ± 3 11 ± 3 - - 17 ± 1 - 20 ± 0.4 102 0.00321 0.00086 0.682 
12 - 20 ± 3 25 ± 4 40 ± 2 - 14 ± 1 - 101 0.00338 0.00090 0.223 
13 65 ± 1 - - - 16 ± 1 - 21 ± 0.4 102 0.00341 0.00091 0.609 
14 - 22 ± 3 23 ± 4 44 ± 2 - - 13 ± 1 100 0.00344 0.00092 0.423 
15 - - 45 ± 2 40 ± 2 - 16 ± 1 - 100 0.00394 0.00105 0.139 

31*  20 ± 6 58 ± 5    25 ± 1 103 0.01036 0.00276 0.050 
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Table S6. Results of linear combination fitting (from k = 2-10 Å–1) and Hamilton testing of k3-weighted chi(k)-spectra of the Urunga 

Wetland sediment sample 

Proportions of components are presented as non-normalised 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 first 9 

fits are shown, from a total of 21. Fit(s) not requiring Sb(III)-S (thiol) as a component are highlighted in grey 

Fit 
no. 

Sb(III)-S 
(thiol) 

Sb(III)-S 
(tetr.) 

Sb(III)-S 
(stib.) 

Sb(III)-O 
(goeth.) 

Sb(III)-O 
(senar.) 

Sb(V)-O 
(tripu.) 

Sb(V)-O 
(goeth.) Sum r-factor Chi 

square 
p-value 
vs. fit 1 

1 55 ± 1 - 16 ± 2 54 ± 1 - - - 126 0.0169 9.59 n/a 
2* 58 ± 1 - - 55 ± 1 - - - 113 0.0232 13.20 0.0470 
3* 57 ± 1 - 11 ± 3 - - - 24 ± 1 92 0.0273 15.40 0.0150 
4* 59 ± 1 - - - - - 24 ± 1 84 0.0302 17.00 0.0240 
5*** 57 ± 2 - 10 ± 4 - - 22 ± 1 - 89 0.0516 29.40 <0.001 
6*** 59 ± 1 - - - - 22 ± 1 - 81 0.0540 30.70 <0.001 
7*** 58 ± 3 - 15 ± 8 - 20 ± 2 - - 93 0.2144 123.00 <0.001 
8*** 61 ± 3 - - - 21 ± 2 -  82 0.2186 126.00 <0.001 
9*** - 28 ± 2 62 ± 7 56 ± 4 - - - 145 0.2422 137.00 <0.001 
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Sulfur K-edge XANES analysis 

A separate sediment sample from the same wetland was analysed by sulfur K-edge XANES 

spectroscopy at beamline 16A of the National Synchrotron Radiation Research Centre, Taiwan, 

as previously described in detail by Burton et al. (2009).[6] Analysis of the sulfur K-edge 

XANES spectra was performed following the Gaussian curve fitting method of Prietzel et al. 

(2011).[7] 

 

Fig. S2. Gaussian curve fitting (GCF) of an S K-edge XANES spectra of a sediment sample 

from Urunga Wetland (R-factor = 0.00032). The unknown spectra was best fit using five 

Gaussian functions (solid lines) and five arctangent functions (dotted lines), following the 

method of Prietzel et al. (2011).[7] Note that not all arctangent functions are visible. 
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Table S7. Proportions of sulfur species in a sample of sediment from Urunga Wetland 

determined using GCF of S K-edge XANES spectra 

Species Proportion (%) 

elemental S 11 

cysteine 58 

sulfoxide 3 

sulfonate 21 

sulfate 7 

Σ organic S 82 

Σ inorganic S 18 
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