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Abstract

Arsenic can be present in soils in various chemical forms with different mobility and toxicity. Concentrations of four arsenic species
(inorganic As(V), inorganic As(III), monomethylarsonic acid, MMA, and dimethylarsinic acid, DMA) in soils around a copper smelter
near Pirdop (Bulgaria) were measured. Arsenic species were extracted with 0.3 mol l−1 phosphoric acid in open-focused microwave
field. The analysis was achieved by high performance liquid chromatography followed by post column hydride generation and
detection by flame atomic fluorescence spectrometry. The soils near the copper smelter in Pirdop (Bulgaria) are heavily polluted with
arsenic, which is present there in the form of two species. As(V) is the main form ranging from 3.0 to 206.5 μg g−1 dry weight but the
levels of inorganic As(III) are not negligible (0.03−6.50 μg g−1 dry weight). The pollution seems localized near the smelter being a source
of As(III). The concentrations of MMA and DMA were below the detection limits of the method. These initial results for the arsenic
speciation in soils from Pirdop region have to be extended in the future to water and cultivated plants in order to assess the risk for
humans for arsenic intoxication.

Keywords: Arsenic speciation analysis; Soil pollution; High performance liquid chromatography; Hydride generation; Flame atomic fluorescence
spectrometry; Soil extract; Copper smelter.

Introduction

An important feature of soil pollution with heavy metals
and metalloids is its long duration, because these pollutants
are not easily transformed into non-toxic compounds. The
main source of pollution is industry, while the chemical
forms of the metals depend on the type of contamination.
Copper smelting is known to be an important source of soil
pollution with heavy metals and arsenic [1]. The knowledge
of the toxicity and environmental pathways is essential for
better understanding the ecological situation in the region.
The inorganic (i-) forms of arsenic are very toxic, especially
the i-As(III), arsenite [2−4]. Arsenic enters the environment
via coal combustion and sulphidic ores roasting mainly as
i-As(III) [5]. In soils, however, it is mostly converted to
i-As(V), arsenate, which is retained on hydrated oxides of
Al(III) and Fe(III) as well as on humus and Ca(II); the most
typical oxidation state is As(V) but As(III) and As(0) could
be present in reducing environment. Mobile forms of arsen-
ite and arsenate in soil are
[6]. The presence of arsenic in phosphate fertilizers and
some pesticides also contributes to soil pollution. In soils
the inorganic forms of arsenic may be partly methylated to
monomethylarsonic acid and dimethylarsinic acid [7].

Typical As levels in uncontaminated soils are ranging
between <1 and 95 μg g−1 [6], with average values of 8.7 μg
g−1 (world), 6.7 μg g−1 (USA) and 5.8 μg g1 (world) [8], with
a range of <0.2 μg g−1 to tens of μg g−1 [8]. Contaminated
surface soils may reach as high 0.1−0.2% As levels [6].
Plants are relatively tolerant to high As concentrations and
may accumulate up to a few tenths % of As on contaminated
sites versus normal range from a few ng g−1 to ca. 1.5 μg g−1

As (dry weight) [6,8].
Since arsenic can be present in soils in chemical forms

with different mobility and toxicity, revealing the arsenic
speciation in soils around a copper smelter has been the
aim of this study. Additionally, the authors looked for a
relationship between the contamination with arsenic species
and the levels of some heavy metals like copper, zinc and
lead in order to determine the role of the smelting in soil
pollution of the region with arsenic species.

Study area

The map of the study area is presented in figure 1. The
valley of Zlatitsa and Pirdop in Bulgaria has been subject
to important pollution with heavy metals due to Cu smelting
activities for several decades. The Balkan Mountains bor-
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ders the valley to the North and Sredna Gora Mountain −
to the South. The twin towns of Zlatitsa and Pirdop are
bordered to the West by Koznitsa and Galabets hills. The
valley is 29 km long and only 4 km wide. Its surface area is
116 km2 and the altitude is 730 m. Surrounding hills are
about 1500 m high. The Brown Forest type of soil is domina-
ting in the region.

The spreading of contaminants, coming from a point
source, is related to the wind direction and force. The rise
of winds, according to the meteorological station in Pirdop,
is determined by the geographical characteristics of the
valley. Winds from north-east are most frequent (22.4%),
followed by winds from west (20%). Much lower frequencies
have the winds from north-west (7.8%), north (7.8%) and
south-west (6.5%). Winds from other directions (east, south
and south-east) are rare, there occurrence being within 1.8−
2.7%.

The level of the topographic reticence of the valley of
Zlatitsa and Pirdop is of prime importance for contaminants
transport and soil pollution. Temperature inversions in the
valley are the reason for a stable stratification of the atmos-
phere, which hinders air dynamics and prevents transporta-
tion of dust particles to the upper layers, thus contributing
to pronounced pollution in the region.

Experimental

Sampling

Fig. 1 displays locations of 14 surface soil sampling sites
examined in September 1998 in the vicinity of a copper smel-
ter in Pirdop (Bulgaria). One of the samples (No. 15) was
taken at a 25 km distance from the plant in the west direction.
Samples were immediately frozen and transported to the
laboratory in a frozen state, where they were liophylized,
crashed and stored in double plastic bags until analysis.

Arsenic speciation

The arsenic species were extracted from the soil matrix in
open-focused microwave field (40 W, 20 min) with 0.3 mol l−1

H3PO4 and the extracts were immediately analyzed in order
to decrease i-As(III) oxidation. Separation of the arsenic
species was achieved by high performance liquid chromato-
graphy (HPLC) with Hamilton PRP-X100 anion-exchange
column and injected volume of 100 μl. Additionally, the
chromatographic column separates the anionic species from
heavy metal interference from these metal-rich soils. After
gradient elution with ammonium phosphate solutions the
arsenic species were separated from the liquid phase by
post column hydride generation (HG). Detection was accom-
plished by means of flame atomic fluorescence spectrometry
(FAFS). The detection limits of the HPLC-HG-FAFS method
in case of solid samples are 0.02 μg kg−1 (as As) for i-As(III),
MMA and DMA and 0.03 μg kg−1 (as As) for i-As(V). The
relative standard deviation is 4−5% for the studied arsenic

species. The analytical procedure has been described in
detail elsewhere [9−11]. Only anionic arsenic species, like
arsenite, arsenate MMA and DMA can be measured by
this technique.

Other parameters

An aliquot of each sample was leached with 6 mol l−1

HNO3 in a microwave oven powered at 60 W for 3 min.
Copper, zinc and lead were determined in the leachates by
means of inductively coupled plasma mass spectrometry
(ICPMS) (Perkin-Elmer ELAN 6000). Noteworthy, this
fraction accounts for more available forms (pseudo-total
amount) and does not include metals in the silicate lattice
of the soil. Anthropogenic constituents are most probably
leached there. These acid-leachable forms of metals could
be expected to correlate better than the total amounts with
the forms of arsenic derived from the smelting activity.

Results and discussion

Table 1 presents results of arsenic speciation and the
concentration of some heavy metals that are extractable
with 6 mol l−1 HNO3 in the soil samples. The dominating
arsenic species is As(V), ranging from 3.0 to 206.5 μg g−1,
with an average value of 66.6 μg g−1 and an average of 26.6
μg g−1. Background levels of arsenic in non-polluted soils
in Bulgaria are much lower, being between 2.0 and 11.2 μg g−1

[12,13]. Measured concentrations of arsenic in soils around
this copper smelter are similar to those found in other con-
taminated areas world over [12,14]. There is a relation be-
tween similar levels of arsenic in the soils and various
arsenic-born diseases in humans [14]. Some of these As
concentrations are higher than the maximum tolerable con-
centration of As in agricultural soils in Bulgaria of 25 μg g−1

[15] and versus remediation levels of μg g−1 As quoted for
the Netherlands [8]. These initial results of arsenic specia-
tion in soils have to be extended in the future to water, sedi-
ments and plants in the region in order to assess the risk
for humans for arsenic intoxication.

Fig. 1. Map of the study area of the copper smelter, Pirdop and
Zlatitsa (Bulgaria) with indication of sampling sites Nos. 1−14.
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The i-As(III) species was also detected in all samples at
a lower concentration: an average of 1.68 μg g−1 and a medial
of 0.29 μg g−1 (0.03−6.50 μg g−1 range) which accounts for
0.4 to 6.7% from the total arsenic, the sum of As(III) and
As(V). The rapidity of the microwave extraction and the
relative stability of the extracts are expected to minimize the
redox interconversion of inorganic arsenic species [10].
However, oxidation reactions cannot be totally excluded
and the reported values for i-As(III) should be considered
to be minimum. Higher i-As(III) to i-As(V) ratios have been
reported in heavily polluted soils in another region of metal-
lurgical activity in Bulgaria [13], indicating that the oxidation
rates for arsenite in soil could be a slower process than
anticipated from thermodynamic data only. The percentage
of i-As(III) with respect to the total As, %As(III), shows
statistically a significant correlation with concentrations
of copper (R2 = 0.43, p = 0.01) and especially of zinc (R2 =
0.51, p = 0.01) in soils. Emissions of arsenic from the smelters
are mainly in the form of As(III) and the above-mentioned
correlations are an indication of similar sources and environ-
mental distribution of arsenic, zinc and copper. No such
correlation could be revealed between concentrations of
As(III) and pseudo-total Pb contents that could be at-
tributed to different distribution and pathways of these
two pollutants, or otherwise, an additional contribution of
Pb sources such as prolonged utilization of leaded gasoline.
No correlation could be noticed between %As(III) and the
total As contents in soils, either. MMA and DMA were not
been detected (<0.02 μg g−1 As) in examined soil samples.

There is a good correlation between the concentration
of pseudo-total As extracted with 6 mol l−1 HNO3 (y) and the
total i-As, As(III)+As(V), extracted with 0.3 mol l−1 H3PO4
(x):

y = (0.94 ± 0.12)x − (8.0 ± 11.1); R2 = 0.96 .

Conclusions

Soils near the copper smelter in Pirdop (Bulgaria) are
polluted with arsenic, which is present in the form of only
two species: inorganic As(V) as a prevailing form, while the
levels of inorganic As(III) are not negligible, especially in
samples polluted with copper and zinc. Pollution seems
localized near the smelter being a source of As(III). It is
necessary to have a more rigorous monitoring program of
soils, water and plants in order to assess the risk for arsenic-
born diseases in the region.
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