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This current study examined the fate of antimony (Sb) in the soil environment and its association with soil
humic acid (HA). It is anticipated that a significant proportion of Sb is retained in soil organic layer; therefore,
the oxidation state of Sb is controlled by the soil HA to some extent which influences Sb solubility and eco-
toxicity. Parent HA material as well as prepared HA–Sb (III) composites was investigated by determining
elemental composition and by performing nuclear magnetic resonance (NMR) and X-ray absorption fine
structure (XAFS) spectroscopy study in order to study Sb coordination to natural macro organic ligand. The
Sb (III) binding to soil derived HA mainly contributed to its open chains through carboxyl and hydroxyl moi-
eties as revealed by the 1H and solid state 13C NMR spectroscopy. The protons in carboxylic and hydroxylic
groups (those proton signals are characteristic of HAs with different origins) disappeared in the HA–Sb com-
posite; and relative changes were observed in aliphatic proton distribution between the HA samples with and
without Sb. The overall patterns of 13C NMR spectra for the investigated samples were analogous to each
other; moreover, it was estimated that the cyclic structure of the HA nucleus remained unchanged during
Sb (III) association. Based on the absorption edge energy and coordination numbers, Sb oxidation state in a
native soil was interpreted as pentavalent, meanwhile the HA–Sb composite contained both Sb (III) and Sb
(V). It was shown that HA catalyzes Sb (III) oxidation to Sb (V) but the process was relatively slow. However,
XAFS spectra sensitivity was limited when studying the HA–Sb composite that was prepared from the isolat-
ed soil HA fraction, so only data on the first shell Sb–O coordination were interpreted.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

In the soil system, humic substances are the most chemically ac-
tive compounds with high cation and anion exchange capacities,
and are long lasting, key components of soil. The complexing ability
of procedurally defined HA fraction is equal to or greater than other
fractions of humic substances and HA influences the speciation and
mobility of metals.

On the other hand, the toxicity and distribution of the inorganic
pollutants strongly depend upon their particle size and oxidation
state. Typically fine particulates from smelter emission have a longer
life time in aerosols [1] and pollution could be dispersed in an area
stretching far away from the point source. Anthropogenic Sb deposits
are most likely to be found in the terrestrial environment, as more is
released to the land than to the water [2]. Unfortunately, Sb associa-
tion with soil phases is not fully understood and it is often reported
that Sb remains largely immobile and found in a residual fraction.
Therefore, understanding the binding mechanism of Sb to soil derived
il).

l rights reserved.
HA may be important to the fate of Sb in the soils and for conducting
risk assessments of contaminated soils.

The geochemistry of Sb in different environmental systems is not
fully understood as the reduced form (i.e., Sb III) occasionally exists
in an oxidized condition, and the oxidized form (i.e., Sb V) occasion-
ally exists in a reduced condition. Further, it is often complicated to
explain due to the strong hydrolysis of both tri- and pentavalent
species in the typical environmental pH media. Concurrently with
its unknown geochemical behaviors, a determination of organic and
inorganic species of Sb in the different natural compartments as
well as at geologically concentrated and anthropogenically accumu-
lated sites needs to be carried out in order to understand Sb cycling,
to predict its mobility and to develop detoxification procedure. As
for arsenic, the organic form of Sb is less toxic than inorganic species
and its toxicity decreases from Sb (III) to (V) [3]. Previous studies
mostly dealt with Sb binding to inorganic ligands, but few studies
exist on binding to organic ligands.

Due to the very complex multifunctional structure of HA, the
mechanism of Sb bound to bulk HA (without fractionation of dissolu-
ble and insoluble phases) and the molecular structure of Sb bearing
complexes are not well documented. A structural study on Sb associ-
ation to dissolved organic matter in an aquatic environment was
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conducted by Tella and Pokrovski [4], while Sb (III) binding mecha-
nism to dissoluble fraction of HA was described by Buschmann and
Sigg [5]. Previous studies showed that Sb (III) tends to interact with
organic ligands more than Sb (V), and as a borderline metal, Sb (III)
might possibly interact with both a soft ligand such as thiol (\SH)
and a hard ligand like carboxyl (\COOH) groups.

XAFS spectroscopy is a powerful approach to investigating metal
speciation, and its Fourier transform yields the radial distribution of
atoms around a selected atom. However, Sb K-edge XAS has rarely
been utilized for Sb compounds, and mostly used its aqueous solu-
tions; for instance, in elucidating its complexation with chloride and
sulfide [6-8]. Only a few studies conducted on heavily polluted bulk
soil [9,10]. A recent survey conducted on Sb complexation with
some sample organic ligands suggested that Sb forms complexes
with both types of natural organic matter (e.g., HA and non HA), im-
plying that a significant proportion of Sb is likely to be bound with HA
via hydrocarboxylic moieties, in the form of bidentate complexes [4].
The chemical oxidation effect of HA is well known, and it catalyzes
Sb (III) oxidation as well [5]. In contrast, the existence of reduced
Sb form in an oxidized condition implies that the species could be sta-
bilized by HA [11].

The coordination chemistry of Sb has both a theoretical and prac-
tical interest. The purpose of this study was to determine the moieties
that contribute to Sb binding with HA molecules. This study also em-
phasized Sb (III) stabilization by HA. X-ray absorption near edge
structure (XANES) spectroscopy's sensitivity to the atomic species
enabled us to ascertain this behavior. These research objectives are
expected to illuminate some uninvestigated behaviors of Sb geo-
chemistry in soil systems, and Sb coordination with natural organic
matter, since understanding and predicting environmental reactivity
require detailed molecular information [12].

2. Materials and measurements

2.1. Sample description

In 2009, soil specimens from various depths were collected at a Sb
smelting site in Guangxi Zhuang, China (for details, see [13]). From
those, a soil profile of 30–40 cm (at site 1), which is less affected by
the smelting activity, was taken for HA extraction. The HA fraction
was isolated from demineralized soil using a sodium hydroxide
(NaOH) extraction. For HA purification, the alkaline suspension was
decanted, followed by centrifugation at a high speed of 10,000 rpm.
HA precipitated at the pH of 2 from the alkaline extract and it was
then washed before freeze drying. An HCl/HF treatment was not
employed to avoid a destruction of HA molecular structure, and also
because its ash content was not high. Further, HA–Sb composites
were obtained by a direct reaction between Sb (III) (in the form of
C4H4KO7Sb) and isolated soil derived HA. Three trials were taken
with different added Sb (III) amounts, which were 12, 71 and
143 mg·g−1 HA. Here, the bulk HA fraction was dissolved in alkaline
solution and reacted with Sb (III) under 40 °C for 15 min. Newly
formed composites were then precipitated by adding ethanol. A re-
sultant composite with the maximum Sb binding of 253 μmol·g−1

(when the added Sb amount was 71 mg·g−1 HA) was taken for the
XAFS measurements. Some investigated characteristics and composi-
tions of parent HA and HA–Sb were used, as determined in the previ-
ous study [13]. In addition, two soil samples polluted by smelter
emissions were taken for the XAFS study. However, only the Sb con-
centration of 3328 mg·kg−1 (at Site 2) was sufficient for the XAFS,
while 760 mg·kg−1 (from Site 1) was not.

Antimony trioxide (Sb2O3) and antimony (III) potassium tartrate
(C4H4KO7Sb) were taken as the reference phases for the XAFS data
acquisition and were purchased from Strem Chemicals (Newburyport,
USA) and Tianjin \Chemicals (China), respectively. All the reagents
were analytical reagent grade and purity was higher than ≥99.0%.
In the NMR study, dimethyl sulfoxide-d6 (DMSO-d6) with isotopic
purity >99.96at.% D was supplied by Sigma Aldrich.

2.2. Data collection

2.2.1. 1H NMR and solid state 13C NMR spectroscopy
NMR spectroscopy is an effective method for the characterization

of the chemical nature and relative abundance of functional groups
of HA. It gives reliable results when atomic distributions are com-
pared among materials coming from similar sources.

Original soil derived HA and the obtained HA–Sb composites were
examined by both 1H in DMSO-d6 and solid state 13C NMR spectros-
copy. 1H NMR spectra were acquired at 400 MHz with a Varian
INOVA spectrometer fitted with a multinuclear probe. The Presat pro-
gram was used for 1D acquisition of 1H spectra with an acquisition
time of 3.199 s and 1280 scans. Solid state 13C NMR spectra were
obtained using the cross polarization pulse program with two pulse
phase modulated (TPPM15) decoupling on a Bruker AV 300 with
13C resonating at 75 MHz. Dry and pulverized samples were placed
in a 4 mm NMR rotor and sealed with a Kel-F cap. The spectra were
recorded at a spinning speed of 12 kHz and samples were spun at
the magic angle (54.7°) with a contact time of 3.0 ms and a 5 s recycle
delay. Interpretation of 1H and solid state 13C NMR spectra was con-
ducted based on the studies of soil HA [14,15]. The aromaticity of
the HA molecule was calculated from 13C NMR data by relating the
content of aromatic carbons to the total content of aliphatic and aro-
matic carbon atoms.

2.2.2. XAFS spectroscopy
The X-ray absorption data at the Sb K-edge of the samples were

recorded at the beamline BL 14W1 of Shanghai Synchrotron Radiation
Facility (SSRF) in China. Both the X-ray absorption near edge spec-
troscopy (XANES) and extended X-ray absorption fine structure
(EXAFS) were recorded. The station was operated with a Si (311)
double crystal monochromator and the photon energy was calibrated
with the first inflection point of Sb K-edge (30.5 keV) in Sb metal foil.
During the measurement, the synchrotron was operated at energy of
3.5 GeV and a current between 150 and 200 mA. The reference phases
(i.e., Sb2O3 and C4H4KO7Sb) and the investigated samples (i.e., the
HA–Sb composite and the surface soil sample) were oven dried and
grounded then sieved (100 mesh) to ensure the small size of parti-
cles. Powder samples were spread evenly onto a 3M tape and used
for the spectra collection. The reference samples were measured in
transmission mode and the studied samples in fluorescence mode
using a 4 element silicon drift detector at room temperature. Two
scans were collected for each sample in order to get better signal to
noise ratios. Here, it should be noted that the HA–Sb composite was
stored in ambient condition for 10 months (from Sept, 2010) away
from direct sunlight until the XAFS spectroscopy study (to June,
2011).

2.2.3. XAFS data treatment
XANES spectra were analyzed using the ATHENA program in

IFEFFIT package [16]. The background was subtracted by the linear
equation that was fitted to the region below the absorption edge
and a polynomial function of degree 2 that was fitted to the EXAFS re-
gion. Then the spectra were normalized by the cubic spline method
and the two scans were merged. After that, EXAFS spectra were ana-
lyzed using the conventional procedure with the aid of ATHENA and
ARTEMIS programs. EXAFS oscillations, χ(k), were first extracted
from the spectra and transformed from k-space (k2, kmin=2.5 Å−1,
kmax=10.0 Å−1) to R-space using a Hanning window to obtain the
radial structure function (RSF). The EXAFS spectrum for the first
shell was isolated by the inverse Fourier Transform (FT) of the RSF
over the appropriate region and fitted using the single scattering
EXAFS equation in both k- and R-space. The amplitude and phase
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functions of Sb–O used for fitting were generated using the FEFF8.2
program from Sb2O3 and Sb2O5 and for the soil (Site 2) and HA–Sb.
The residue used to evaluate the quality of the fits was the square
root of the average square difference between the simulation and ex-
perimental data. And the S0

2 was kept as a constant of 0.75 which was
calculated with the EXAFS spectrum of Sb2O3.

3. Results and discussion

3.1. Characterization of HA and HA–Sb composite and 1H and solid state
13C NMR spectroscopy data

In order to be able to discuss Sb association to the HA macromol-
ecule, the results on elemental compositions of the soil derived HA
and HA–Sb were introduced here from the earlier study [13]. The
bulk HA contained 8.8% ash, while the HA–Sb contained up to 35.6%
clearly indicating its enrichment with inorganic components. The
samples were composed of 48.4 and 43.6–47.2% C, 42.1 and 43.3–
47.9% O, 5.9 and 5.8–6.3% H, 3.0 and 2.2–2.6% N and 0.7 and 0.5–
0.6% S (in ash free basis), respectively. The carboxyl and hydroxyl
groups in HA were determined by chemical analysis and the contents
were respectively 438.85 cmol·kg−1 and 119.8 cmol·kg−1 (as phe-
nolic \OH). Also, the results of ultimate analyses revealed the pres-
ence of other functional groups such as sulfur and nitrogen bearing
units. Among the NMR spectra of the resultant HA–Sb composites,
the spectrum for a composite (labeled S2-HA) with a Sb concentra-
tion of 30.87 mg·g−1 (or 253 μmol·g−1) HA was shown here as it
contained the highest concentration of Sb and was taken for XAFS
spectroscopy. 1H NMR spectra of the soil derived HA and HA–Sb com-
posite were compared and are shown in Fig. 1.

In the aliphatic proton region (between 0.8 and 3.6 ppm) of the 1H
NMR spectra (see Fig. 1), the resonance centered at around 0.834–
0.837 ppm (which typically appears at 0.9 ppm) can be assigned to
the protons of terminal methyl groups in alkyl chains. Protons in
methyl groups of branched aliphatic chains and methylene groups
of polymethylenic structure often occur at 1.3 and 2.1 ppm. These
signals appeared at 1.219 and 2.073 in bulk HA (Fig. 1a), and at
1.222 ppm for the HA–Sb composite, with the second group disap-
pearing for the HA–Sb (see Fig. 1b). Interestingly, an intense peak in
the region of 1.038–1.041 ppm emerged in all of the HA–Sb compos-
ites, which was not observed in the HA sample. These differences of
1H NMR spectra may originate from aliphatic protons which are di-
rectly and indirectly bound to Sb. The peaks at 1.4–1.8 ppm originate
from protons on aliphatic carbons which are two or more carbons re-
moved from aromatic rings or polar electronegative functional
b. S2-HA

a. HA

ppm

Fig. 1. 1H NMR spectra of (a) soil derived HA and (b) HA–Sb composite (the peak at
2.489 ppm and its shoulders at 2.659 and 2.317 ppm correspond to DMSO).
groups. Signals centered at 1.445 and 1.655 ppm were observed in
this region as small peaks in bulk HA, and these were intensified
and shifted upfield (respectively, 1.493 and 1.722 ppm) in the HA–
Sb composite. The resonance at 1.8–3.0 ppm is believed to be protons
attached to aliphatic carbons which are attached to electronegative
functional groups (e.g. carboxyl groups or aromatic rings); however,
the signals in this region affected by 2.490 ppm corresponds to
DMSO-d6. The short and broader signal at 3.440 ppm corresponds to
protons on carbons attached to oxygen or nitrogen atoms in carbohy-
drates HOC, lignin methoxyl, protein amine or amino groups (HA con-
tained 3% of N) and was observed in all HA–Sb samples but not in the
HA. Finally, signals in the 6.0–10.0 ppm region can be assigned to
multifunctional groups such as unhindered aromatic protons, phe-
nols, carboxylic and amide N–H protons; however, a broad hump
with the maximum at 8.308 ppm was assigned to protons in carbox-
ylic acid and a peak at 7.219 ppm was assigned to phenolic moiety.
The relative intensities of these signals were dramatically decreased
(see Fig. 1b) for the HA–Sb composites from the elimination of ex-
changeable hydrogens in phenolic and carboxylic groups. This mech-
anism was formulated earlier on Sb binding to the HA molecule [4]
and these authors showed that Sb (III) complexation was negligible
with mono functional low molecular organic ligands or those having
non adjacent carboxylic groups. In contrast, stable complexes were
formed in the presence of polyfunctional carboxylic, hydroxy carbox-
ylic acids and catechol over a wide range of pH.

Peak assignments and their relative percentage of peak areas of
the 13C NMR spectra are tabulated in Table 1. Resonance data dis-
closed that the both bulk HA and HA–Sb composite were dominated
by aromatic (90–165 ppm) and carboxyl carbon (165–190 ppm) sig-
nals (Fig. 2). Aromaticity indicated that HA–Sb composite's con-
densed aromatic ring structure is similar to original HA and were
63.39 and 66.88, respectively (Table 1). It was also determined by
an identical E4/E6 ratio (absorbance ratio at 465 nm and 665 nm) of
5.1 and 5.4 for HA and HA–Sb, respectively [13].

In general, similar patterns were depicted in the 13C NMR spectra
of the bulk HA and HA–Sb. Only slight changes were observed for the
carbon atom distributions for individual functional groups. For in-
stance, the integrated area of peaks at 165–90 ppm, that are assigned
to H, C, N, O-substituted aromatic carbons, was lower in the HA–Sb
composite than in the parent material by 6 units. This could have
resulted from the calculations, for example when distributions of
carbon atoms (for certain functional groups) truly increased while
others were estimated to be as decreased within the total 13C nuclear
concentrations. The signals for carbonyl (small broad peaks) in-
creased while the signals for carboxyl (maximum at 175 ppm)
groups decreased insignificantly in the HA–Sb composite compared
with the HA. This may be because certain moieties contributed to
Sb association with HA by excluding its some units or elements,
and from these form other groups by increasing their total content.
And more significant decrease was observed in alkyl carbon which
attached H or C atoms (ranging up to 50 ppm). This was consistent
with significant resonance changes of alkyl hydrogen in the HA
structure after binding Sb. A characteristic peak at 128 ppm was
observed in the investigated samples and arose from protonated
aromatic carbon at least two bonds away from O-substituted aro-
matic carbon [17]; while peaks were not characteristic at 115 ppm,
144 ppm and 153 ppm regions, which are assigned to protonated
aromatic carbon in ortho or para to aromatic-O carbon, to O-
substituted aromatic carbon of the dihydric (or methoxy) phenols
and to monohydric phenolic carbon, respectively [17,18]. In Fig. 2,
the peak at around 103 ppm (for both HA and HA–Sb composite)
originated from anomeric carbon in polysaccharides and the well de-
fined peaks at 73 ppm can be assigned to carbons in CH(OH) groups,
ring carbons of polysaccharides and ether bonded aliphatic carbons.
Hence, it may be that the identified soil HA is relatively rich in
carbohydrates.



Table 1
Relative intensity distribution in the solid-state 13C NMR spectra of the soil-derived HA and HA–Sb composite.

Sample Relative intensity of functional groups, % Aromaticity

CC_O

220–190 ppm
CCOO

190–165 ppm
CAr–O, N
165–135 ppm

CAr–H, C

135–90 ppm
CAlk–O, N
90–60 ppm

CCH O

60–50 ppm
CAlk–H, C

50–0 ppm

HA 2.17 10.34 14.66 28.48 9.06 2.96 9.34 66.88
HA–Sb 3.07 9.23 12.75 24.31 11.96 2.70 6.47 63.39
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Interpretation from both 1H NMR and 13C NMR spectroscopy
showed that phenolic hydroxyl, carbonyl and carboxyl in the HAmac-
romolecule possibly contributed to Sb binding to soil HA.

3.2. XAFS spectroscopy data on the soil derived HA and HA–Sb composite

Sb (V) is a thermodynamically stable oxidation state and it pre-
vails in the variable soil environments [19]. However, Sb (III) also
has been found in both oxidized and reduced conditions. Therefore,
XAS spectra were acquired on the HA–Sb organometal composite
and the native soil with highly elevated Sb concentration in order to
study Sb binding to its neighboring atoms and to ascertain if the re-
duced Sb form could be stabilized by organic ligands like HA.

Figs. 3–5 and Table 2 give the XANES and EXAFS spectra and fit re-
sults measured in the reference phases and the studied materials. The
XANES spectra of the soil have a higher absorption edge energy
(30,497 eV) compared to the edge energy of 30,493 eV and 30,494 eV
for the reference compounds containing Sb (III), while the absorption
edge was less pronounced at 30,491 eV for Sb metal foil. For the HA–
Sb composite, the edge energy was measured as 30,494 eV.

Scheinost et al. [19] have confirmed that the tri- and pentavalent
oxidation states of Sb can be distinguished by the edge energy differ-
ences of 4 eV and based on their coordination numbers. Trivalent Sb
can be discriminated from the higher oxidation states by their small
O-peaks in the EXAFS Fourier transforms and fitted O-coordination
numbers, which were around three and six for the tri- and pentava-
lent Sb, respectively. In this present work, the edge energy for the
trivalent Sb was equal to that measured by Scheinost and their
data was used for interpretation of the current results. The charac-
teristics of the smelter polluted surface soil were similar to that of
the pentavalent oxide of Sb, indicating that its oxidation state is
Fig. 2. Solid state 13C NMR spectra of soil derived HA and HA–Sb
virtually as Sb (V). This tendency was consistent with the data by
Takaoaka [20] that showed that Sb (V) was the predominant species
in the smelter polluted soil. But the absorption edge energy of the
HA–Sb composite was intermediate compared to those for tri-and
pentavalent oxides.

Fig. 4 shows the RSF with phase uncorrected for the reference
materials and investigated samples. Based on the comparison, the
nearest neighboring atoms were determined to be oxygen atoms
and the major peak could be attributed to Sb–O bonds. The best fitting
results in k-, R- and q-space of the surface soil at Site 2 and the HA–Sb
composite are shown in Fig. 5. The fitting results both measured
experimentally and as calculated values are illustrated. Structural
parameters were calculated by the least squares fit of the inverse
Fourier transformed EXAFS oscillations with k2 weight, and shown
in Table 2. For the surface soil samples, the first Sb shell yielded 6 ox-
ygen atoms at a radial distance of 1.96 and around 4 oxygen atoms
were calculated for the HA–Sb at 1.99 , again indicating that the
composite contains a mixture of Sb (III) and Sb (V), which means
that the initially taken Sb (III) partly converted to its higher oxidation
state (Table 2). The process of Sb (III) oxidation to Sb(V) was fast via
other soil constituents like amorphous manganese (Mn) and iron (Fe)
oxyhydroxides; these isolated phases showed rapid and complete
oxidation within 3 to 7 days [21]. All the findings confirm that the
Sb (III) oxidation state may be maintained after its coordination to
HA; however, HA also will catalyze Sb oxidation but it is relatively
slow since the HA–Sb sample still contains some Sb (III) after
10 months of storage. This was also shown by Buschmann and Sigg
[5] in an aqueous solution. In the true soil environment, it is probable
that Sb interacts quickly with Fe and Mn oxyhydroxide phases and
it oxidizes; hence Sb (V) interaction with HA also needs to be
considered.
a. HA

b. S2-HA

composite (a. Soil derived HA; b. HA–Sb composite spectra).



Fig. 3. Normalized Sb K-edge XANES spectra of the reference materials (Sb2O3,
C4H4KO7Sb and Sb metal foil) and investigated samples (HA–Sb composite and the sur-
face soil).
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Scheinost et al. [19] expected to see the backscattering signals of C
atoms (carboxylate groups in HA) at a distance of 3–3.5 in the sorp-
tion complex of HA with Sb but it did not occur. In the current study,
the composite based on the isolated HA fraction was expected to
show the signals in the above region but the sensitivity of the XAFS
was insufficient to disclose this coordination, since this coordination
was suggested by the NMR study. This was clearly due to the weak
backscattering of C which masks existing complexation. Hence, not
only the availability of existing coordination but also its intensity is
important for the XAFS study.

4. Conclusions

HA–Sb (III) composites were prepared based on the bulk soil
derived HA. The parent HA and HA–Sb composites were studied by
elemental analysis and NMR spectroscopy. Further, Sb concentrations
of the prepared HA–Sb composite and the polluted surface soil were
253 μmol·g−1 and 3328 mg·kg−1, and were sufficient to investigate
by XAFS. The 1H NMR resonance data on bulk HA and HA–Sb compos-
ite showed that hydrogen in carboxyl and phenolic OH groups de-
creased dramatically in the HA molecule after association with Sb
atoms, and it has been speculated that aliphatic protons may also
contribute to Sb binding directly and indirectly. In the 13C NMR
study, general distributions of aliphatic and aromatic carbon nuclei
remained similarly independent if the HA sample does or does not
Fig. 4. Fourier-transform EXAFS spectra (no phase shift corrected) in references (Sb2O3,
C4H4KO7Sb and Sb metal foil) and investigated samples (HA–Sb composite and the sur-
face soil).

Fig. 5. The best fitting results in (a) k-, (b) R- and (c) q-space for the soil and HA–Sb
composite (solid lines are for the experimental values and open circles are for the cal-
culated values).
contain Sb atoms. However, integrated areas of the peaks for different
functional groups showed changes both increases and decreases,
which may be caused by Sb association to HA. Sb (III) binding to
soil derived HA mainly contributed to open chains through carboxyl
and hydroxyl moieties as revealed by the 1H and solid state 13C
NMR spectroscopy. The Sb oxidation state in the soil sample was
Table 2
Structural parameter for the soil sample and HA–Sb composite.

Sample E0 (eV) Coordination shell

CNa R( )b σ2(Å2)c R-factord

Native soil 30,497 6.0±1.5 1.96±0.03 0.001±0.004 0.02
HA–Sb composite 30,493 4.2±0.4 1.99±0.01 0.002±0.001 0.008

a Coordination number.
b Inter-atomic distance.
c Debye–Waller factor.
d Scattering amplitude.

image of Fig.�4
image of Fig.�5
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determined to be Sb (V) by the XANES and EXAFS data; while data for
the HA–Sb composite showed that it contains both its reduced and
oxidized species, which means that the initially taken Sb (III) was
partly oxidized into Sb (V). The results suggest that HA catalyzes Sb
(III) oxidation even in the solid phase, but the process is slow.
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