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Abstract This study aims to evaluate the perfor-
mance of different leaching schemes with respect to
the mobilization of antimony and arsenic from
polluted samples collected at different sites in
Mansfeld District, Germany. Besides the elution by
water the leaching by artificial acidic rain and by two
different schemes of sequential extraction were
employed for estimation of the mobilization of
antimony and arsenic. The samples were character-
ized by X-ray fluorescence analysis for their total
concentration of metalloids, metals and main constit-
uents. It was found that both antimony and arsenic
show little mobilization with de-ionized water as well
as artificial acidic rain in single step batch procedures
(£ 0.13% of the total content). Although the percent-
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age leached is very low, the concentrations in the
resulting solutions are of ecotoxicological relevance.
BCR procedure indicate a very strong binding of Sb
and of As in the samples. Less than 20% of the total
content can be leached in sum in all leaching steps, of
it most under strongly oxidizing conditions. This
scheme seems not suitable for a detailed investigation
of possible mobilization processes under environmen-
tal conditions for the metalloids under investigation.
The four-step extraction procedure by Wenzel et al.
gives a more detailed pattern of the binding of
antimony and arsenic. This procedure was found to
be a suitable scheme for evaluating the possible
mobilization processes from the samples contaminat-
ed by ore processing waste, especially by change
through other ions or under reducing conditions.

Keywords Antimony - Arsenic - Fractionation -
Leaching - Sequential extraction - Sediment - Soil -
Simulated acidic rain - Water extraction

1 Introduction

Different harmful metals and metalloids in natural
systems originate from both anthropogenic and
geological sources and are widely distributed in the
environment. Hence, risk assessment related to envi-
ronmental solids as sinks for trace elements is an
important issue in environmental geology and man-
agement, agriculture and water pollution. Interaction of
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potential contaminants with inorganic and organic
constituents of soils or sediments can lead to their
immobilization and accumulation. The release of
pollutants under changing environmental conditions
can cause serious problems for water resources and
living organisms inducing a perturbation of the ecosys-
tem. However, mobility and bioavailability of metals
and metalloids in soils and sediments depend strongly
on their chemical forms and types of binding, i.e.
sorption/desorption processes may significantly affect
the action and toxicity of metals in a natural environ-
ment. Consequently, determination of total concentra-
tions of these elements in solid samples is not sufficient
to estimate potential risks of remobilization (and uptake
of the elements by biota, which is not in focus of this
study). Thus, procedures for distinguishing different
binding forms of metals and metalloids are required.
The identification and quantification of metals associ-
ated with predefined phases or soil compartments is
defined as “fractionation analysis” according to the
TUPAC recommendation (Templeton et al. 2000).

During recent years, the pollution of aquatic system
by metals has attracted a lot of attention of the scientific
community. Water soluble ions can easily mobilize, and
maybe considered as highly available (Seguin et al.
2004). One approach, which is used to estimate the
risk of the transfer of pollutants from soil/sediment to
groundwater and surface water, is leaching the solid
material with deionized water, as described in German
standard procedure DIN 38414 — S4 (1984). This
procedure simulates the initial contact of solid material
with water under batch conditions. It reflects the
concentration of the elements under study after
attainment of an expected equilibrium (after 24 h).
Some results, which evaluate this methodology —
particularly the filtration of solutions — critically, were
recently published (Meers et al. 2006).

To estimate the possible influence of changing pH on
the mobilization of metals and metalloids the samples
under investigation can be leached by simulated acidic
rain (e.g. Long et al. 2006; Lager et al. 2005; Schreiber
et al. 2005) or diluted hydrochloric acid (Larner et al.
2006) under batch conditions. Another possibility
consists of the use of the so-called pH (stat) protocol
at a fixed pH value, e.g. pH 4 for acidic conditions or
pH 11 basic ones (Paschke et al. 1999; Hage and
Mulder 2004).

An approach that has been widely applied is the
fractionation of elements (or species) of interest into
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operationally defined forms under the sequential
action of different extractants (Foerstner 1993). Most
of these are based on the scheme introduced by Tessier
et al. (1979). For more than 30 years a considerable
number of sequential extraction procedures have been
proposed for the fractionation of heavy metals, as
summarized e.g. by Gleyzes et al. (2002), Filgueiras
et al. (2002), and Smichowski et al. (2005). Selective
extractants, used in the sequential extraction proce-
dures, are aimed at the simulation of conditions
whereby trace elements associated with certain com-
ponents of the solids can be released. These operation-
ally defined forms can help to estimate the amounts of
metals and metalloids in different fractions that could
be mobilized due to changes in chemical properties of
the responsible matrix, e.g. soils, sediments, road dust.

In the literature are published some critical
conclusions concerning the sequential extraction
procedures. Main problems are (1) the phase over-
lapping, that is, the possibility of releasing metals
associated to different geological phases by a single
leaching agent and (2) the re-adsorption phenomenon,
that is, trace element released by one extractant could
associate with other undissolved solid components or
freshly exposed surfaces within the time-scale of the
extraction step (Bermond 2001). Depending upon the
degree to which re-adsorption occurs, the contents of
trace metals or metalloids bound to a given soil
fraction will be underestimated, while the metal
mobility in subsequent phases will be overestimated.
Actually, the nominal “forms” determined by opera-
tional fractionation assists in the estimation of the
amounts of elements in different reservoirs that can be
mobilised under changes in the chemical properties of
soil (Davidson et al. 1998).

Within the last 10 years the three-step BCR
protocol, originally developed for the mobilization of
‘heavy metals’ in sediments (Ure et al. 1993), has been
widely used to study the potentially mobilize element
content of soils, sediments, dust, and sludge’s. It was
also used for studying the leaching behavior of metals
originating from mining waste (Perez and Valiente
2005; Margui et al. 2004). This scheme distinguishes
between exchangeable, reducible or oxidizable leach-
able forms and a residual fraction. For this scheme
one designed reference materials, which are available
from several distributors.

Despite the fact that this protocol had been focused
on the mobilization of ‘heavy metals’ we want to test
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it for samples collected in Mansfeld region, a former
mining district in Central Germany, contaminated
with metalloids (Sb, As), in presence of highly
elevated concentrations of ecological harmful metals
(e.g. Pb, Cu, Zn, Sn), which are also mobilized, in this
work.

While arsenic has been in the focus of environmen-
tal concern for decades, elevated concentrations of
antimony in polluted mining areas have recently
become of interest. Both As and Sb co-occur in the
environment. Both are also exist in two oxidation states
As(IIT) / As(V) and Sb(IIT) / Sb(V). That means the
oxidation state and form of metalloids themselves can
also change during reduction and oxidation and thus
during sequential extraction. These transformations
primarily affect the fate and mobility of these elements.

It is generally assumed that arsenic and antimony
have a similar geochemical behavior and a similar
toxicity (Wilson et al. 2004; Gebel et al. 1998).
Several years ago it was reported that only small
amounts of Sb were found to be easily mobilizable
from soils (Lintschinger et al. 1998). However, in a
paper published recently (Gal et al. 2006) it is shown
that Sb appears to be more mobilizable than arsenic
and the pH value plays a crucial role for the
mobilization of both elements.

With regard to the fractionation of the two elements
of interest in this study, which should predominantly
occur as anionic species, specific sequential extraction
procedures have been proposed (e.g. Lombi et al.
2000; Keon et al. 2001). Wenzel et al. (2001)
introduced an improved four-step sequential extraction
procedure for the fractionation of arsenic based on a
combination of reagents commonly used for the
sequential extraction of metals and for Se and P. The
sequence of extractants includes the following frac-
tions: non-specifically sorbed, specifically sorbed,
amorphous iron and aluminum oxides bound, crystal-
line iron and aluminum oxides bound. Because of the
similarities of arsenic and antimony in binding to soil
(sediment) compartments, this scheme was included
into this study beside the BCR scheme as a second
sequential procedure. However the procedures have
been used widely to estimate the possible mobilization
behavior of contaminants from soils or sediments,
which is also in the focus of our investigations.

The aim of this study was to apply different
leaching schemes to samples with elevated contents
of antimony and arsenic and to evaluate their suitabil-

ity for the description of the environmental fate of
these two elements, especially possible mobilization
processes, which is a worldwide task in Sb polluted
mining areas (Murciego et al. 2007).

2 Materials and Methods
2.1 Samples and Reagents

The highly polluted samples originate from Mansfeld
District, Germany, which has been effected by mining
and smelting activities for more than 800 years. The
copper ores (Kupferschiefer, a metalliferrous Permian
black shale formation) had been processed for copper,
silver and several other non-ferrous metals. The ore
processing generated large amounts of waste dumped
into tailings ponds, which are now covered. Further-
more, serious diffuse pollution by heavy metals, water,
sediments, and soils at the region are impacted by ele-
vated concentrations of arsenic and antimony (Wennrich
et al. 2004; Schreck et al. 2005; Becker et al. 2001).
Two sediment samples (sample 1 and 2) and one
polluted soil sample (sample 3) were taken from sites
near abandoned tailings of copper ore processing waste.
Sample 1 and sample 3 were gathered between
0-30 cm and 10-20 cm, respectively. Sample 2
(0-30 cm) was overlaid by an organic horizon which
was removed before sampling. After the sampling
procedure the material was stored in polypropylene
bottles in a refrigerator at 4°C. Before analysis the
samples were dried at 80°C for 48 h, homogenized
and afterwards sieved for a particle size < 63 pm.
Sub-fractions of these samples were chosen for all
leaching experiments. Additionally, a reference mate-
rial, Chinese stream sediment GBW 07311, with
elevated concentrations of arsenic as well as of
antimony was included into the study for comparison.
All chemicals used were analytical grade reagents.

2.2 Characterization of Solid Samples

In order to get an overall view of the total element
concentration the original materials were analyzed by
energy-dispersive X-ray fluorescence spectrometry
(EDXRF). Prior to determination of the total element
concentration the samples were mixed with stearine
wax (Hoechst) as a binder in a ratio 80:20 w/w,
homogenized and subsequently pressed at 200 MPa to
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pellets (i.d. 32 mm). Afterwards the pellets were
analyzed by EDXRF (X-LAB 2000, SPECTRO A.L),
Wennrich et al. (2004).

For the determination of total organic carbon (TOC)
and total inorganic carbon (TIC) (each three replicates)
about 100—150 mg of the material was incinerated in a
RC-412 multiphase C/H/H,0O-analyzer with IR-detec-
tor (LECO Corporation) with pure oxygen (99.5%;
2.8 b) for 200 s at 580°C and 150 s at 1,000°C for
TOC and TIC, respectively.

For the determination of dissolved organic carbon
(DOC) (three replicates) 7.5 g of each sample were
shaken with 25 ml distilled water for 24 h at 30 rpm —
modified German standard procedure DIN 38414 — S4
(1984) — and afterwards the resulting suspension was
separated by centrifugation. The supernatant was
filtered through a Minisart RC 15 syringe filter
(Sartorius) with a pore size of 0.45 um and analyzed
by a LIQUITOC-analyzer with NDIR-detector (Foss-
Heraeus).

2.3 Extraction Techniques

All applied extractions were carried out in three
replicates. The grain size fraction < 63 pum of the
original material was leached by operating two
different extractants to perform the mobilization of
Sb and As from soil/sediment in groundwater (as a
single-step procedure). The German standard proce-
dure DIN 38414 — S4 was modified a little. An
amount of 7.5 g of the dried sample and 25 ml
deionized water were shaken overhead (30 rpm) in
polyethylene bottles for 24 h. In the second single-
step extraction, 7.5 g of the dried material were
eluted with 25 ml simulated acidic rain (pH=4)
using a 1:1 mixture of 5*%107° mol 1! H,SO, and
10™* mol "' HNOj; in the same manner as described

Table 1 Extraction conditions for the original BCR leaching scheme

above. To minimize the problems of analyte losses by
sorption of filter paper as reported by Meers et al.
(2006) the suspensions were centrifuged, the super-
natant was filtered (< 0.45 pum; cellulose acetate
membrane, Sartorius) and afterwards divided into
sub-samples for analysis.

Two different sequential extraction schemes were
used in this study to ascertain the mobilization of Sb and
As under changing conditions: the original three-step
BCR procedure (Davidson et al. 1994; Thomas et al.
1994; Fiedler et al. 1994; Quevaullier et al. 1997),
which had been optimized for the extraction of heavy
metals, and the four-step scheme optimized for the
extraction of arsenic from soil samples by Wenzel et al.
(2001).

As shown in Tables | and 2 an amountof 1 and 5 g
of each soil and sediment samples were leached using
the BCR and the four-step extraction scheme, respec-
tively. After each extraction step the suspensions were
centrifuged, the supernatant was filtered (< 0.45 pum;
cellulose membrane) and divided in sub-samples for
analysis.

As announced before the residuals after the last step
of the leaching were analyzed after drying by energy-
dispersive X-ray fluorescence spectrometry (EDXRF)
using a XLAB 2000 (Spectro A.L.). Only the residue of
reference material (GBW 07311) after the four-step
extraction scheme was analyzed by atomic absorption
spectrometry after aqua regia leaching because of the
low concentration of Sb and As. Here, the residue was
leached using 1 ml of nitric acid (65% v/v) and 3 ml of
hydrochloric acid (37% v/v), both suprapur quality
(Merck), in a closed microwave digestion device
(Multiwave, Perkin Elmer). The material was heated
to 220°C within 20 min and held at this temperature for
additional 20 min. After cooling down, the resulting
solution was separated by centrifugation. The super-

Fraction*  Extractant Extraction conditions SSR*  Wash step

1 0.11 mol 1! CH;COOH 16 h shaking at 30 rpm; 20°C ~ 1:20 deionized H,O; SSR 1:10; 15 min
2 0.1 mol "' NH,OH*HCI; pH 2, HNO3; 16 h shaking at 30 rpm; 20°C  1:20 deionized H,O; SSR 1:10; 15 min
3(1) 30 % H,0, 2x1 h; 85°C 1:5

3(12) 1 mol I"" CH;COONH,; pH 2, HNO; 16 h shaking at 30 rpm; 20°C  1:25 deionized H,O; SSR 1:10; 15 min
Residue

2 SSR: soil to solution ratio

Fractions: / acetic acid soluble fraction; 2 reducible fraction; 3 oxidizable fraction
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Table 2 Optimized four-step scheme for the leaching of arsenic in soil samples (Wenzel et al. 2001)

Fraction* Extractant Extraction conditions SSR*  Wash step

1 0.05 mol I (NH,),SO4 4 h shaking, 20°C 1:25

2 0.05 mol 1" (NH4)H,PO, 16 h shaking, 20°C 1:25

3 0.2 mol I'! NH-oxalate buffer; 4 h shaking in the dark, 1:25 NHy-oxalate buffer (0.2 mol-lfl); pH 3.25; SSR
pH 3.25 20°C 1:12.5; 10 min shaking in the dark

4 0.2 mol 1! NH,-oxalate buffer; + 30 min in a water basin at 1:25 NHy-oxalate buffer (0.2 mol 171); pH 3.25; SSR
0.1 M ascorbic acid; pH 3.25 96+3°C in the light 1:12.5; 10 min shaking in the dark

Residue

2 SSR: soil to solution ratio

Fractions: / non-specifically sorbed; 2 specifically sorbed; 3 amorphous Fe and Al oxides bound; 4 crystalline Fe and Al oxides bound

natant was filtered (< 0.45 pum), transferred to 50 ml
polyethylene bottles and filled to volume with deion-
ized water.

2.4 Analysis of Leachates

The concentration of the elements in all solutions and in
the dissolved residue of GBW 07311 was analyzed by
ICP-atomic emission spectrometry (CIROS, Spectro A.
I.) — with LOD’s for Sb and As 50 ug 1" — and by
graphite furnace atomic absorption spectrometry (ZL
4100, Perkin Elmer) with LOD’s for Sb 0.4 pg 1! and
As 1.0 pug I — | respectively (Wennrich et al. 2004).
The measurements were performed in undiluted and
diluted samples because of the wide range of concen-
trations of the different analytes.

3 Results and Discussion

3.1 Total Concentration of Elements

As announced before the samples chosen for these
investigations were taken from a site strongly affected

Table 3 Total element contents in the samples (XRF results)

by mining and ore processing residues. In Table 3 the
analytical results of total content determination are
summarized. As can be seen from Table 3 the
antimony and arsenic contents are rather high and the
samples also have high concentration of harmful
metals. The concentration of antimony is in the same
range of other highly polluted sites (Lintschinger et al.
1998).

The very high concentrations of both As and Sb as
well as the Pb, Zn and sulfur concentrations in
percentage range are remarkable in these samples
under study. The soil sample has a high Cu
concentration as well as higher contents of some
other metals, not typically for common soils. Addi-
tionally, all samples are characterized by high content
of Al and Fe. This pattern is typical for the regional
contamination originated from the deposit of Theisen
sludge as described elsewhere (Schreck et al. 2005).

Unfortunately, there are no reference materials with
such high concentrations of antimony. Therefore
GBW 07311 was used in this study with certified
values for total arsenic as well as total antimony.
Certified values as well as XRF results are given in
Table 3 for this reference material.

sample Sb As Mn Cu Sn S Al O3 Fe, 03 Zn Pb
mg kg71 mass%
Sediment 81 163 2,940 430 2,900 777 2.90 8.20 4.60 4.32 3.03
Sediment 2 362 4,120 540 5,080 2,080 7.96 4.80 3.80 16.0 9.68
Soil 3 121 1,200 1,100 10,700 907 1.16 8.60 5.30 2.92 1.78
GBW 07311 15 185 2,440 76 400 0.025 10.30 4.33 0.0375 0.0642
GBW 07311* 14.9+ 188+ 2490+ 78.6+ 370+ 0.017+ 10.37+ 4.39+ 0.0373+ 0.0636=+
3.7 41 274 8.6 137 0.06 0.3 0.22 0.0045 0.007

*certified values
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3.2 Carbon Content

Besides the main inorganic constituents of soils and
sediments the carbon content (organic as well as
inorganic) might be important for the leaching
behavior of trace elements. Therefore, the samples
were analyzed for the different forms of carbon.
These results are given in Table 4. The total organic
carbon (TOC) values and the dissolved organic
carbon (DOC) values are comparable for all three
samples. The only obvious difference is a higher total
inorganic carbon (TIC) in the soil sample 3, which
may have not a direct influence on the solubility of As
and Sb. The carbonate is not a typical binding partner
for arsenic and antimony compounds, but the buffer
capacity may have an influence on the extractions e.g.
with artificial rain water. The soluble fraction of the
organic content (DOC) is very low in all cases. This
means that a destruction of the organic matter like the
use of H,O, (see fraction 3 of the BCR procedure) is
necessary to mobilize elements bond to this material.

3.3 Aqueous Extraction

Although it is undoubtedly important to know the
total concentration of As and Sb in sediments and
soils, these values do not give any information about
the potential mobility of these two element under
natural conditions. A first test was aimed to investi-
gate a possible risk for ground and surface waters by
polluted materials.

The contaminated samples under study as well as
the reference material GB 07311 were used for the
methodological investigations concerning the differ-
ent leaching procedures. The content of Sb and As
which were determined by EDXRF (Table 3) are
declared as “total” concentration and used as refer-
ence for the further discussion of the leaching results.

Two different single-step extraction schemes were
applied in accordance to the German standards
procedure DIN 38414 — S4 (1984) (using deionized-

Table 4 Results of carbon characterization (mean + sd; n=3),

Sample TOC g kg TIC g kg DOC mg kg’
1 51.1£1.0 5.1+0.2 0.64+0.02
2 88.3£1.0 7.6£0.8 0.48+0.01
3 78.9+0.8 15.7+0.6 0.18+0.01
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water) and an additional test applying artificial rain
water (pH=4). The results are shown in Table 5.
Generally, antimony as well as arsenic seems to be
little mobilizable under these two batch conditions.
The dissolved portion (in comparison to the total
concentration) is less than 0.13% for both elements in
all samples as well as the reference material when
shaking the mixtures within an exposure time of 24 h.
Both elements are comparable mobilizable indepen-
dent on the two leachants used. In an additional study
(not shown here) a soil to leachant ratio of 1:10 was
used for both extractions. It was found that the
mobilized portion increases, as expected. Comparing
these results by using water and ‘artificial acidic rain’
as eluents the concentrations of arsenic and antimony
in the resulting solutions did not differ however
clearly when using this ratio. This can be attributed
to the buffer capacity of the soil and sediment samples
under investigation, which results in pH values in the
leachates between 6.7 and 7.5 using water and acidic
rain as eluent. The buffering reaction seems to prevent
an additional mobilization by applying acidic rain and
on the other side the buffering reaction (dissolution of
carbonates) does not seem to contribute to the
mobilization of the metalloids.

Although the percentage leached is very low, the
concentrations in the resulting solutions are of
ecotoxicological relevance. For comparison the drink-
ing water thresholds for arsenic and antimony, which
are a criterion for estimation of the health risk, are:
10 ug I'! for As (Council Directive 98/83/EC), and
6 pg 1" (EPA maximum contaminant level — MCL;
2003) and 5 pg 1™ for Sb (both regulations). These
thresholds were exceeded several times.

3.4 Sequential Extraction

Sequential leaching procedures may give a more
complex picture regarding the binding and the mobili-
zation behavior of the two elements under study in the
samples. Different sequential extraction schemes were
used for arsenic. Some of them based on conventional
schemes to extract arsenic as an element that forms
cations, e.g. Tessier et al. (1979), Dhoum and Evans
(1998) and Van Herreweghe et al. (2003). Other
schemes are linked with the anionic behavior of arsenic
in soils, e.g. Van Herreweghe et al. (2003). Schemes
based on the similar behavior with phosphates have been
developed for As specifically, e.g. Wenzel et al. (2001).
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Table 5 Amounts leached during the two single-step extractions (soil solution ratio 1:3) and its relative proportion of the total content

(mean + sd, n=3)

Sample  Total concentration  deionized water Artificial acidic rain
-1
[mg ke "] concentration in water  percentage leached  Concentration in water  percentage leached
[ug 1] [%]* [ug '] [%]*
Sb 1 163 58.9+2.4 0.11 61.7+0.6 0.13
2 362 47.9+1.2 0.04 54714 0.04
3 121 9.5+0.2 0.02 9.3+0.1 0.03
GBW 15 3.4+0.2 0.07 3.7+0.1 0.08
07311
As 1 2,940 179+£20 0.02 232+14 0.03
2 4,120 252+14 0.02 286+6 0.02
3 1,200 7.7£0.1 0.002 7.7£0.1 0.002
GBW 185 3.6+0.3 0.006 2.3£0.2 0.004
07311

* 9% of XRF result

Both different strategies were used in this study
because of the possible more cationic behavior of Sb
and the more anionic properties of As, having in mind
that the oxidation state and form of metalloids
themselves can also change during reduction and
oxidation steps within the sequential leaching proce-
dures, —the BCR procedure (see Tab. 1) under the
aspect of cationic properties of As and Sb in the
different matrices and the procedure proposed by
Wenzel (Tab. 2).

The results of the two different procedures are
shown graphically in Figs. 1 and 2. The fractions are
given in relation to the total concentration determined
by EDXRF.

The recovery for both fractionation schemes is in
the range between 80 and 120%, which is acceptable
for such multi-step procedures. An outlier is the
recovery of Sb from reference material in the four-
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Fig. 1 Fractionation of Sb and As by BCR procedure in the
contaminated samples; mean values of three replicates. (Frac-
tions: / acetic acid soluble; 2 reducible; 3 oxidizable)

step procedure (72% of total). This can be explained
by the use of an aqua regia digestion during the last
step instead of XRF due to concentrations below
limits of detection for the EDXRF method.

3.4.1 BCR Procedure

Looking at the Sb distribution in the different
fractions, a clear trend of very high concentrations
in the residual fraction is observed for the BCR
procedure for all samples. The same pattern of
results is yielded for arsenic. Even less than 1% of
As as well as Sb was mobilized from the reference
material applying this scheme. If one uses this
scheme for the other samples we found a different
behavior. The mobilization rate is substantially
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Fig. 2 Fractionation of Sb and As by four-step extraction
procedure in the contaminated samples; mean values of three
replicates. (Fractions: / non-specifically sorbed; 2 specifically
sorbed; 3 amorphous Fe and Al oxides bound; 4 crystalline Fe
and Al oxides bound)
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higher compared with the reference material. Be-
tween 3% (sample 3) and 18% (sample 1) for As
and between 6% (sample 1) and 12% (sample 3) for
antimony, respectively, can be mobilized through ion
exchange or under slightly reducing or oxidizing
conditions from the samples. No uniform behavior
for arsenic and antimony could be determined. Also
clear differences can be recognized regarding the
matrices, as shown in Fig. 1. Clearly visibly is,
however, that the oxidizable fraction (fraction 3) is
important in binding Sb as well as As with values up
to 12%. This can be attributed to high concentration
of sulfur and TOC in the three samples under
investigation.

The TOC is in a range between 5 and 10% and the
concentration of sulfur is between 1 and 8%, as been
shown in Tables 3 and 4. The strong affinity of Sb to
humic substances has been reported by Buschmann
and Sigg (2004). Consequently, a destruction of the
organic matter or oxidizing of sulfidic compounds, like
it is being done in fraction 3 of the BCR procedure,
can mobilize the metalloids in a remarkable amount.

3.4.2 4-Step Procedure

The four-step procedure gives a more differentiated
pattern (see Fig. 2). Again, the exchange by other ions
(fraction 1 and 2) is low, but much higher in
comparison to the single step extraction. For example,
almost 10% of Sb and about 15% of As had be
exchanged by phosphate in sample 3. It is in
accordance with a concentration in the solution of
0.3-0.5 and 7-8 mg 1" for Sb and As, respectively,
which is exceedingly high. That means parts of
arsenic and antimony are leached in anionic form.

Most of As and Sb can be mobilized by dissolving
the amorphous or poorly crystallized iron, aluminum,
and manganese hydroxides (fraction 3 of the four-step
procedure). About 50 and 60% of As was mobilized
when extracting the two sediment samples 2 and 1,
respectively. The leachable portions of Sb were
distinct lower; 24 and 50%, respectively. The soil
sample (sample 3) is characterized by a higher
mobilization rate — about 80% of As and Sb were
leached using ammonium oxalate in the third step.
This is in contrast to the findings by Gal et al. (2006),
who reported that Sb appears to be chemically more
accessible than As despite the varied origin of the
industrial soils.
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A conclusion of the results is that the fourth step
seems to be of minor importance for the highly
polluted soil and sediments under study. The iron and
aluminum hydroxides which bind the bulk of anti-
mony as well as of arsenic seem not to be crystalline.
This is in contrast to the reference material where
29% of Sb and 47% of As was found in this fraction.
More detailed investigations are necessary to investi-
gate this phenomenon. X-ray absorption fine-structure
spectroscopy (e.g. XANES) would be the most
suitable method for this. It will be object of further
investigations.

However, there is also a quite large fraction of Sb,
which can’t mobilize by leaching and is found in the
residue fraction determined by XRF. For sample 2
more than 70% of the total antimony and about 30%
of arsenic in the sediment is bonded in this fraction.
This sample has the highest values for both Sb and As
of the three selected materials as well as the highest
concentrations of Zn, Pb and S.

Generally, the four-step procedure developed by
Wenzel et al. (2001) was found to be much more
suitable than the BCR procedure, for yielding
information regarding the mobilization of antimony
as well as of arsenic under changing environmental
conditions. It gives a more differentiated picture than
BCR procedure developed for heavy metals. However
the metalloids bound to organic substances or be in a
sulfidic form is not yield with this procedure,
especially for the easily mobilizable fraction by
exchange reactions. This fraction can be quiet large
like in our case where both the antimony and the
arsenic contaminations might originate from ore
processing residues. From the point of view to
characterize the environmental behavior, especially
the mobilization of antimony and arsenic, this fraction
might be of minor importance.

4 Conclusions

In general, single batch extraction procedures as with
deionized water or artificial rain water could serve as
suitable tools for an estimation of possible wash-out
processes from soils and sediments polluted by
metalloids into ground or surface waters. Under these
conditions antimony and arsenic are only very little
mobile in the contaminated samples under investiga-
tion. But despite this small solubility it can come to
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increased concentrations of both elements in the water
body of the region.

For estimation of the amounts of As and Sb which
could be mobilized under changing chemical con-
ditions using the BCR scheme it was found that the
easily-mobilized fraction is rather small in the
samples. Up to 18 % of As and 12 % of Sb could
be mobilized through ion exchange or under slightly
reducing or oxidizing conditions from the samples.
However strong oxidizing conditions as it is simulat-
ed by the fraction 3 of the BCR procedure are not
likely under typical scenarios for creek sediments or
soils in mining influenced areas.

The four-step sequential extraction developed by
Wenzel et al. (2001) for the As binding form analysis
was found to be also suitable for assessment of
leaching of antimony bound in soils and sediments.
However, the metalloids bound to organic substances
or be in a sulfidic form are not mobilizable with this
procedure. This fraction can be quiet large like in our
case where both the antimony and the arsenic
contaminations might originate from ore processing
residues.

A substantial part of Sb and As is accessible by
specific ion exchange against phosphate. However,
the bulk of both antimony and arsenic can be
mobilized by reductive resolution of the hydroxides.
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