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HG-AFS is highly sensitive and low cost detection system and its use for antimony chemical speciation
coupled to HPLC is gaining popularity. However speciation analysis in soils is strongly hampered because
the most efficient extractant reported in the literature (oxalic acid) strongly inhibits the generation of
SbH3 by Sb(V), the major species in this kind of matrix, severely affecting its detection limits. The purpose
of this research is to reduce the detection limit of Sb(V), by using a post column on-line reduction sys-

tem with L-cysteine reagent (HPLC/pre-reduction/HG-AFS). The system was optimized by experimental

design, optimum conditions found were 2% (w/v) and 10°C temperature coil. Detection limits of Sb(V)

K ds:

Antitony speciation and Sb(1ll) in oxalic acid (0.25mol L") were improved from 0.3 and 0.1 pgL™! to 0.07 and 0.07 pgL ",
Soils respectively. The methodology developed was applied to Chilean soils, where Sb(V) was the predominant
HG-AFS species.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Antimony speciation in different matrices has received growing
attention in recent years because the toxicity and biological effects
caused by antimony compounds depend on its chemical form. Inor-
ganic antimony compounds are more toxic than organic antimony
compounds, and Sb(IIl) is ten times more toxic than Sb(V) [1].
Therefore, the total antimony concentration may not sufficiently
describe the toxicity, bioavailability, biotransformation and other
relevant aspects of this metalloid [2].

Methodologies for antimony speciation in environmental sam-
ples based on high performance liquid chromatography (HPLC)
separation have been developed and are summarized in critical
reviews published since 1998 [3-11]. HPLC coupled to inductively
coupled plasma mass spectrometry (ICP-MS) is one of the most
commonly used methods due to its good analytical performance
[7,12-20]. However, HPLC using hydride-generation atomic fluo-
rescence spectroscopy (HG-AFS) as a detection system seems to
be a good alternative because of its low running cost, the afford-
ability of its instruments. It offers good analytical performance
in terms of linearity and detection limits and its potential to be
field-deployable. HPLC-HG-AFS has been applied to the antimony
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speciation in different environmental matrices, such as fresh water
[21,22], sea water [23], terrestrial plants [24], marine sediments
[25], soils [26], coal fly ash [27] and marine biota [28].

Although HG-AFS offers good detection limits and selectivity,
its analytical figure of merits depends dramatically on the hydride-
generation step. For instance, the quantitative reduction of Sb(V)
is mandatory before the hydride-generation step to improve the
method sensitivity of the total antimony determination. The dif-
ference in sensitivity between Sb(V) and Sb(III) is partially due to
the slower reduction of the pentavalent form.

In the early 1980s, the pre-reduction of Sb(V) to Sb(IIl) required
use of the following reagents: KI, either alone or mixed with ascor-
bic acid, thiourea [29,30] and more recently L-cysteine [31-35].
L-Cysteine is particularly attractive because of its low toxicity and
the low acid concentrations required in the hydride-generation
step [22]. L-Cysteine has been reported to increase the Sb(V) sensi-
tivity by a factor of seven [36].

When antimony chemical speciation is performed by HPLC cou-
pled with a HG-AFS detector, the sensitivity problem of Sb(V) still
remains, and the detection limit is generally higher for Sb(V) than
Sb(III) [23,28]. The major problems in HPLC-HG-AFS antimony spe-
ciation analysis of soil are the low kinetics in the generation of SbH3
from Sb(V) and the inhibition of the Sb(V) chromatographic signal
by complexing agents such as oxalic acid or citric acid, both of which
are efficient extracting agents reported in the literature for anti-
mony speciation in soil and sediments [25,37]. On the other hand,
Sb(V) can be found naturally, either in its oxalic acid complex or its
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Fig. 1. HPLC/pre-reduction/HG-AFS system with post-column pre-reduction step.

citric acid complex, in matrices such as citrus juice [38] or organic
soil matter [39].

When determining total antimony by HG-AFS, the pre-reduction
of Sb(V) to Sb(Ill) can be performed using L-cysteine as the reducing
agent; with this understanding, we postulated that incorporat-
ing an online post-column pre-reduction into the HPLC-HG-AFS
system would allow for the reduction of Sb(V) to Sb(Ill) before
the hydride-generation system. This incorporation would increase
Sb(V) sensitivity and allow the system to reach similar detection
limits as those for Sb(Ill). The reducing agent selected for these
purposes was L-cysteine.

Here we describe an efficient methodology for antimony
speciation by HPLC-HG-AFS coupling online a post-column pre-
reduction step. Sb(V) was pre-reduced to Sb(Ill) before the
hydride-generation system by L-cysteine in a HCl medium. We used
the experimental design to optimize the experimental conditions of
the pre-reduction step. We applied this methodology to the anti-
mony speciation analysis of soil extracts. Our method is the first
method that incorporates a post-column pre-reduction step.

2. Experimental
2.1. Instrument

We determined the total antimony content of the diluted
extracts using ICP-MS monitoring '2!Sb and 123Sb with 103Rh as
the internal standard.

An HPLC Hewlett Packard 1050 quaternary pump with
an autosampler, a 100wl loop, and a PRPX-100 Hamilton
(100 mm x 4.1 mm; 5 wm particle diameter) anion-exchange col-
umn were used for the chromatographic separation. Previous
studies have described both the gradient elution program and the
hydride-generation atomic fluorescence conditions used [23].

The post-column pre-reduction step was performed by mixing
the mobile phase online with 2% (w/v) L-cysteine in 1.5 mol L-1 HCI
using a coil (4m in length and 0.5cm i.d.) at 10°C (Fig. 1).

2.2. Chemicals and reagents

All chemicals and reagents used in this study had purities at
or exceeding analytical grade. De-ionized water (18.2 M2 cm) was
obtained from a Nanopure system (Barnstead, Dubuque, IA, USA).
Glass and polyethylene wares were cleaned by soaking them in
10% (v/v) nitric acid (analytical grade) for one day and rinsing
them several times with de-ionized water before use. High-purity
nitric, hydrochloric, hydrofluoric and sulphuric acids (Suprapur,
Merck) and concentrated tetrafluoroboric acid HBF,4, purchased
from Sigma, USA were used for soil digestion.

Individual stock solutions of antimony species were prepared
from potassium hexahydroxy-antimoniate KSb(OH)g (99.95%),
potassium antimonyl tartrate K(SbO)C4H40gH,0 (99.95%) and

trimethylantimony dichloride (CH3)3SbCl, (96%) purchased from
Sigma-Aldrich (USA) and are referred to as Sb(V), Sb(Ill) and
TMSb(V), respectively. We prepared the stock solutions of Sb(V)
(100mgL-1) and TMSb(V) (100mgL-1) by dissolving the respec-
tive compounds in de-ionized water and storing the solutions in
the dark at 4°C. We prepared a fresh standard solution of Sb(III)
before each use by dissolving potassium antimonyl tartrate in de-
ionized water. The working antimony standards solutions at lower
concentration levels (e.g., individual species and mixed species)
were prepared as needed by diluting the stock solutions with their
respective extracting solutions.

2.3. Samples collection

During 2009, soil samples were collected in 5 different places in
Valparaiso region a central zone of Chile. Los Andes, San Felipe, San
Esteban, Chagres and Catemu were the location selected. All soils
samples selected were favorable for agriculture, on the other hand,
all these places are surrounded by industrial mining and cement
industry activities.

Approximately 10 kg of soil were collected from first 5 cm from
the surface, which were transferred to laboratory facilities to be
ground and sieved to 2 mm. After that soil samples were dried
at 50°C for 48h and then stored in plastic bags until analysis.
Respective geographic coordinates of the sampling sites are given
in Table 1.

Table 1
Geographic coordinates and chemical characteristics of soil samples.
Code Samples Coordinates pH (%)Organic
location _ matter

Al Los Andes 32 49 0.01 6.2 3.7
70 35 34.7

A2 Los Andes 32 48 44.5 6.5 3.7
70 36 03.9

B San Esteban 32 49 16.6 6.3 4.6
70 35 289

C San Felipe 32 41 25.7 6.9 4.1
70 47 25.7

D San Felipe 32 41 56.9 6.7 1.9
70 45 40.3

E San Felipe 32 44 124 6.4 5.0
70 46 21.0

F Chagres 32 48 24.2 71 19
70 57 08.7

G Chagres 32 48 03.1 6.9 2.9
70 57 36.2

H Catemu 32 46 20.7 6.5 6.2
70 59 20.5

I Catemd 32 46 395 6.4 3.1
70 58 50.0

] Catemui 32 46 39.6 7.1 32
70 58 49.9
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Table 2
Experimental design in the optimization of the signal/background ratio response for
Sb(V) and Sb(III) in HPLC/pre-reduction/HG-AFS system.

Factors

Temperature (°C) L-Cysteine (%, w/v)

Coded factors A B
Level —1 10 0
Level 0 50 1
Level +1 90 2

2.4. Total antimony determination

The total antimony concentration in soil was determined by
using HG-AFS under the conditions previously reported by our
group [40]. The total antimony extracted from the soil was deter-
mined by measuring the appropriate dilutions of the extracts using
ICP-MS.

2.5. Antimony extraction from soil

Dry Chilean soil (0.1g; 38.4+3.0mgkg~') was weighed and
combined with 5 mL of the extracting solutions in 15 mL polypropy-
lene vessels. The mixture was shaken at room temperature in a
horizontal shaker (junior orbit shaker, Labline Instruments, Mel-
rose Park, IL, USA) at 150 rpm for 2 h and centrifuged for 30 min at
5000 rpm (HERMLE Z 300K). After centrifuging, the supernatants
were filtered through an HA-type 0.45 wm membrane filter and
cleaned using C-18 cartridges (Millipore). ICP-MS was used to
determine the total antimony concentration of the extracts.

Oxalic solutions (0.25 mol L~1, pH 1.3) have been used to extract
antimony from soil samples. The extracting yields of each solution
were evaluated by applying the extraction procedure previously
described for the soil samples.

2.6. Antimony speciation in soil

Sb(V), Sb(Ill) and TMSb(V) in soil extracts were determined
by using anion-exchange high-performance liquid chromatog-
raphy (HPLC-HG-AFS). Our HPLC-HG-AFS analysis included a
post-column pre-reduction step that mixed online the eluent with
L-cysteine (2% w/v). Standard addition method, incorporating peak-
area measurements, was performed to determine each antimony
species.

3. Results and discussion
3.1. Optimization of pre-reduction step

The parameters evaluated in this study were L-cysteine con-
centration (in HCl 1.5molL-1) and coil temperature. The selected
response in this study was signal/noise ratio for both Sb(V) and
Sb(III). Because most soil contains inorganic species [26,37,41-43],
the TMSb(V) response was not considered for the optimization cal-
culation. The parameter range and its codification are presented in
Table 2.

Table 3 shows the signal/noise responses obtained during the
optimization step for Sb(V), Sb(Ill) and TMSb(V). A linear model
was fitted with results, and the response predicted for the “0”"-
level point was compared with the predicted values. Both results
are statistically similar, which explain the absence of curvature in
the experimental domain studied. The statistical significance of the
coded parameters is shown in the Pareto charts (see Fig. 2). Of all
the factors considered, only the L-cysteine concentration was a sig-
nificant and positive effect for the signal/noise response of Sb(V)
(see Fig. 2A), which supports our hypothesis about increasing the

Table 3
Signal/noise responses for Sb(V), Sb(Ill) and TMSb(V).

Temperature L-Cysteine Signal/noise
Sb(V) Sb(1II) TMSb(V)

-1 -1 11.54 24.97 6.78
-1 1 42.88 37.65 4.50
1 -1 9.87 12.35 2.96
1 1 16.13 8.87 2.71
0 0 26.47 14.83 4.03
0 0 22.77 17.02 3.40
0 0 30.00 16.29 3.39
Centers points? 26+7 16+4 4+1
Predicted centers 22.8 189 4.0

3 Mean values + confidence interval (o« =0.05).

sensitivity of Sb(V) by adding an online pre-reduction step. In Sb(III)
(see Fig. 2B), only temperature showed a significant and negative
effect, while the L-cysteine concentration does not significantly
increase the signal/noise response of Sb(IIl). This result is expected
because this species does not need to be reduced to generate SbH;
in the hydride generation system. In TMSb(V) (see Fig. 2C), only
temperature showed a significant and negative effect. Finally, the
interaction (AB) between temperature and the L-cysteine concen-
tration had no significant effect on any species studied.

Fig. 3 shows the response surfaces obtained for the linear fitting
of the Sb(III), Sb (V) and TMSb(V) signal/noise ratios (see Table 3).

A Sb(V)
B: L-cysteine -+
concentration =-
A:Temperature
AB

0 1 2 3 4
Standarized Effect

B Sbh(III)

A: Temperature -
s

AB

B: L-cysteine
concentration

0 1 2 3 4 5 6
Standarized Effect
TMSb(V)
C
. . -
A: Temperature —

B: L-cysteine
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AB

o
-

2 3 4 5
Standarized Effect

Fig. 2. Pareto chart for evaluate the effect of L-cysteine concentration and coil tem-
perature over signal/noise response of (A) Sb(V), (B) Sb(Ill) and (C) TMSb(V).
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Fig. 3. Surface signal/noise responses of Sb(V) and Sb(III).
Table 4

Theoretical and experimental values (+95% confidence limit) for signal/noise
response of Sb(V) and Sb(Ill) by HPLC/pre-reduction/HG-AFS in optimum conditions.

Specie Signal/noise Signal/noise
Predicted value Experimental value

Sb(V) 46 45 + 3

Sb(IIT) 36 36 +2

These surfaces explain 91% and 93% of total variability of the exper-
imental response obtained for inorganic antimony [R%2=0.91 and
0.93 for Sb(V) and Sb(III), respectively]. As shown in Fig. 3, the max-
imum response for Sb(V) was obtained when the temperature and
L-cysteine concentration were set to the “—~1” and “+1” level (10°C
and 2%, w/v, respectively); these conditions are the optimal condi-
tions for Sb(IIl); therefore, 10°C and 2% (w/v) were the conditions
selected for further investigation.

The fit of the polynomial model was evaluated by compar-
ing the model’s predicted response to the model’s experimental
response under optimal conditions. As the results in Table 4 show,
the model responses to Sb(V) and Sb(IIl) were statistically sim-

so0000 { A Sb(III)
T 400000
=4
n
©
Q
=
3
$ 300000 Sh(Vv)
S TMSb(V)
p=}
[
200000 -
T % T T T % T o T . T i T 1
0 1 2 3 4 5 6

Retention time (min)

Fluorescence Signal
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Table 5
Analytical figures of merit.

Specie LOD LOQ RSD (%) Linear range
(pgl™h) (rgl™h) (pgl™h)
Sb(V) 0.07 0.25 49 1-200
Sb(I11) 0.07 0.23 5.1 1-200
TMSb(V) 1.0 25 4.5 1-200
Table 6

Recovery of Sb(V), Sb(Ill) and TMSb (V) from soils H and F.

Soil Specie Spiking Recovery % recovery
(ngg™) (ngg™)
H Sb(V) 2.0 21+04 105
Sb(1II) 2.0 1.8+03 90
TMSb 2.0 1.9+ 04 95
F Sb(V) 1.0 1.0+ 02 100
Sb(1II) 1.0 0.92 £+ 0.09 92
TMSb 1.0 0.95 £ 0.10 95

ilar to the experimental responses at a 95% level of confidence.
The similarities between the model responses and the experi-
mental responses assure both the quality of the model and the
prediction.

3.2. Analytical figures of merit

Analytical figures of merit were found using the previously
described optimal experimental conditions. Both the detection
limit and the quantification limit were calculated according to the
IUPAC (3 SD of blank signal/slope) for Sb(V) and Sb(III) for a 100 L
injection loop. The precision was expressed as the relative standard
deviation (RSD) by analyzing solutions of 5 wg L~ of each standard
solution for a cycle of injections made three times per day over 5
days. The analytical figures of merit are summarized in Table 5.

Using the pre-reduction step, both the detection limit and the
quantification limit for Sb(V) are similar to those of Sb(III). This sim-
ilarity is an analytical improvement because, in previous research,
the Sb(V) detection limit was clearly higher than the Sb(IIl) detec-
tion limit [23]. Comparing our results with the results found in
previous studies of the HPLC-HG-AFS system, our Sb(V) detec-
tion limit was lower than the Sb(V) detection limit reported by
Sayago et al. of 0.8 wgL~! [44] and was similar to the detection
limit reported by Miravet et al. of 0.04 wgL~! [45] and 0.06 p.gL~!
[22]. To show the clear increase of the Sb(V) sensitivity, Fig. 4 com-

600000 -

B Sb(V)  sh(IID)

500000 I n

400000

300000 - TMSb(V)

200000 ~

100000 T T T . T T T T T ' T d T
0 1 2 3 4 5 6
Retention time (min)

Fig.4. Chromatograms of 10 ugL~" of Sb(V), Sb(Ill) and TMSb(V) in oxalic acid 0.25 mol L-!, obtained (A) without pre-reduction and (B) with pre-reduction.
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Table 7
Analysis of Chilean soils, total antimony, Sb(V) and Sb(III) determination.
Soil i.d. Location Total Sb (ngg1) Sb extracted (ngg!) % extracted Sb(V) (ngg™") Sbh(I) (pgg)
1 Los Andes 1.6 £0.2 0.32 +£ 0.03 20 0.31 £ 0.03 <LOD
2 Los Andes 1.6 +£03 0.32 + 0.02 20 0.32 + 0.02 <LOD
3 San Esteban 2.7 +0.1 0.37 + 0.05 14 0.31 + 0.05 <LOQ
4 San Felipe 2.7 +0.1 0.54 + 0.05 20 0.49 + 0.05 0.06+0.02
5 San Felipe 20+0.2 0.34 + 0.02 17 0.29 + 0.02 <LOQ
6 San Felipe 25+0.2 0.6 + 0.1 24 0.5+ 0.1 <LOQ
7 Chagres 3.6 +0.2 1.1 £ 0.1 31 0.96 + 0.08 0.06+0.02
8 Chagres 27 +£0.2 0.65 + 0.05 24 0.56 + 0.05 0.06+0.03
9 Catemu 6.4+ 0.5 1.9 +£0.1 30 19 +£0.1 0.19+0.05
10 Catemu 1.5+ 0.1 0.23 + 0.02 15 0.19 + 0.02 <LOD

LOD: Sb(Ill) 0.02 pgg~'; Sb(V) 0.02 pgg'.

pares chromatograms obtained both with and without the online
pre-reduction system.

When antimony speciation was performed at identical con-
ditions without pre-reduction, detection limits of 0.3 ugL~!,
0.1pgL-1, and 1.8 wgL~1 for Sb(V), Sb(lll) and TMSb(V) were
founded, respectively. Compared to detection limits in previous
experiments, these detection limits show that our methodology
is an improvement on the developed methodology. This improve-
ment holds true even in TMSb(V), which was not considered in the
determination of the optimal conditions.

3.3. Accuracy

Validation of analytical methods for antimony speciation is dif-
ficult owing to the absence of certified reference material for the
species of this element in soils. Therefore, a study on the recov-
ery of Sb(V), Sb(Ill) and TMSb(V) species in soil samples during
the extraction procedure was achieved. For this purpose two dif-
ferent soil samples (samples H and F according to Table 1) were
spiked with 2.0 ngg~! and 1.0 pg g1, respectively of Sb(V), Sb(III)
and TMSb(V). Native antimony species in soil samples were deter-
mined simultaneously using the optimized HPLC-HG-AFS method.
Results are summarized in Table 6.

3.4. Application of the optimized methodology to antimony
speciation in soil

The optimized methodology was applied to different Chilean
soil samples located in the Valparaiso region. No TMSb(V) was
detected in the soils analyzed. The results are summarized in
Table 7.

As shown in Table 6, the total antimony concentration ranged
between 1.5mgkg! and —3.6mgkg-!, which is higher than
the worldwide average reported for this matrix (1mgkg=1)
[46] but below the concentration of contaminated soil reported
by Lintschinger et al. [43] in soil from Bavaria, Germany
(73.4-196 mgkg~1) or Scheinost et al. [47] in soil from Swiss shoot-
ing ranges (1300-17,500 mgkg~1). This general enrichment can
be explained by industrial activities such as mining and cement
that are developed in the areas surrounding the sampling sites. For
example in less than 20 km away from the sampling sites there is a
copper industry, which emits atmospheric particulate matter con-
taminating for decades the soils and vegetables of the surrounding
areas with copper and arsenic, both elements normally are related
with antimony through composition of sulphide ores [48].

We found that the extraction percentages of antimony from soils
were low (between 14% and 35%). However, similar results have
been reported in the literature. For example, Fuentes et al. reported
an extraction percentage between 9% and 17% using a 0.2 mol L~!
oxalic acid/oxalate mixture, which demonstrates that antimony is
found mainly in the residual fraction [37]. Fuentes et al. extracted

only 0.4% and 8% of the total antimony content in Chilean soils by
applying a 0.05mol L~! EDTA at pH 7 [49]. Amereih et al. achieved
less than 15% extraction using 0.1 mol L~ citric acid, pH 2.08, as
the extractant [18]. About the problem of the low extraction yield,
it could be useful for future considerations, to apply more ener-
getic extraction methods such as microwave [50] or ultrasound [51]
assisted extraction. However, in both strategies is fundamental to
analyze the stability of species during the whole analytical process,
especially considering that an extraction assisted by more energetic
methods increases the risk of oxidation of Sb(III) to Sb(V).

Sb(V) was the predominant species found in each soil extract
tested. The sum of the total extracted species varied between 82%
and 100%, which demonstrates that most of the extracted anti-
mony species were inorganic. Sb(Ill) was found between 0% and
14% in all soil extracts, which reveals that it is a minor species. We
cannot determine whether the presence of the trivalent Sb in the
extract reflects the presence of trivalent Sb in the soil or whether
species transformations have taken place. To make this determi-
nation, isotopic studies or solid-state speciation methods such as
XANES and EXAFS are necessary [52]. However, the possibility that
Sb(III) will oxidize during the extraction procedure always exists.
Regarding speciation analysis in soils, Fuentes et al. [37] reported
that approximately 90% of the extracted antimony in Chilean soils
was Sb(V) and that the percentage of Sb(Ill) varied between 5% and
21%. However, different results were obtained by Amereih et al.,
which reported that Sb(V) ranged between 30% and 85% of the
total extracted antimony. In some extracts the presence of Sb(III) as
the predominant species could be explained by the anthropogenic
influence of vehicle traffic [18].

4. Conclusions

Our study confirms that antimony speciation in soil by
HPLC-HG-AFS is severely hampered by oxalic-acid extracting
media. Most of the problems come from the inhibition of SbH3
due to the complexation of oxalic-acid with Sb(V). When deter-
mining inorganic species, a pre-reduction system that incorporates
L-cysteine seems to overcome these problems. The optimized
methodology shows an excellent performance for antimony specia-
tion in soils. Only inorganic species, Sb(V) and Sb(III), were detected
in extracts of Chilean soils, and Sb(V) was always the predominant
species.

Further work should investigate the potential to increase extrac-
tion efficiency, including a systematic study on stability species.
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