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Abstract Desorption of Cu, Cr, Pb, and Zn from
industrially polluted soils as a result of acidification is
in focus. The eight soils of the investigation vary
greatly in composition and heavy metal concentration/
combination. Three soils had elevated concentrations
of Cu, Pb, and Zn; regardless of pollution level,
pollution origin, and soil type, the order for desorp-
tion as pH decreased was Zn>Cu>Pb. Turning to a
single heavy metal in different soils, there was a huge
difference in the pH at which the major desorption
started. The variation was most significant for Pb
where, e.g., less than 10% was desorbed at pH 2.5
from one soil, whereas in another soil 60% Pb was
desorbed at this pH. Sequential extraction was made
and the soils in which a high percentage of Pb was
found in the residual phase (adsorbed strongest) was
also the soils where less Pb was desorbed at low pH
in the desorption experiments. It was evident that Cu,
Pb, and Zn started to desorb at a higher pH from
calcareous soils than from soils with low carbonate

content. The mechanism responsible for this is co-
precipitation of heavy metals in the carbonates. When
the carbonates are dissolved at a relatively high pH of
about 5, the co-precipitated heavy metals are released.
The sequential extraction pattern for Cr differed
generally much from the other heavy metals since
the majority of Cr was extracted in the last two steps.
Cr was also the heavy metal that desorbed the least at
high acidification.

Keywords Heavymetals . Cu . Cr . Pb . Zn . Soil .
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1 Introduction

Different mechanisms are responsible for the adsorp-
tion and retention of heavy metals in polluted soils:
specific adsorption, cation exchange, organic com-
plexation, and co-precipitation (Alloway 1995). The
affinity of different heavy metals for adsorption to
different soil particles is a highly complex matter. For
example, Pb adsorbed to a high extent as the only
heavy metal to Fe oxides, whereas, e.g., Cd, Cr, Cu,
Ni, Pb, and Zn all adsorbed to vermiculite in a study
of adsorption of different heavy metals to individual
soil components (Covelo et al. 2007). Thus, retention
of heavy metals in a specific soil depends on the soil
composition as well as on the actual heavy metal.

Quite extensive research has been conducted of
adsorption phenomena (e.g., Markiewicz-Patkowska
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et al. 2005; Martínez and Motto 2000), whereas less
research has been made to clarify desorption phe-
nomena. Furthermore, desorption has mainly been
examined using freshly spiked soils and the findings
may not be comparable to old industrially polluted
soil where the heavy metals can be adsorbed stronger
due to aging. The importance of aging was illustrated
in Ottosen et al. (2006) where sequential extraction
was used as a tool for comparing the adsorption
strength for Cu in spiked soils and industrially
polluted soils. The Cu was clearly adsorbed stronger
in the industrially polluted soils than in the spiked
soils even though the soil types were very similar.
Also, the influence on aging on pore-water concen-
tration of Zn has been investigated and the Zn
concentration in the pore water was found to be
lower in industrially polluted soils than expected from
modelling on basis of spiked soils (Lock and Janssen
2003). Thus, aging is a parameter of great importance
for the retention of heavy metals in polluted soils and
the effect of aging must be taken into account when
discussing desorption patterns. The soils included in
the present investigation were industrially polluted at
least 20 years before the sampling.

The speciation of heavy metals in the soil is deter-
mined by the original speciation at the time of pollu-
tion. Jensen et al. (2006) showed that Pb speciation in
industrially polluted soils depends on the stability of
the original speciation. In fact, the original speciation
was the major factor determining the actual Pb
speciation in the soils. The pollution level was also
seen to play a major role, whereas, quite surprisingly,
the soil characteristics were found of secondary
importance (Jensen et al. 2006). Since the original
speciation of the pollutants determines the adsorption
pattern, the original speciation is also expected to
influence the desorption pattern significantly.

In the present paper, desorption of Cu, Cr, Pb,
and Zn from industrially polluted soils is in focus. It
was investigated whether the origin of pollution and
the pollution level influence the desorption pattern
when the soils are acidified. Also, the relation
between desorption pattern and some soil character-
istics of major importance to adsorption is included
in the study. These parameters being carbonate
fraction, organic matter, and clay fraction.

Carbonate Fraction A soil with high carbonate
content can generally contain a higher amount of Pb

than a non-calcareous soil (García-Delgado et al.
1996). The formation of heavy metal carbonates can
be an important retention mechanism in calcareous
soils and thus also determines the desorption pattern.
Precipitation of malachite (Cu2CO3(OH)2) may be
significant in Cu-polluted calcareous soils (Lund and
Fobian 1991). Smithsonite (ZnCO3) (Madrid and
Diaz-Barrientos 1992) and cerrusite (PbCO3) (Zhang
et al. 1998) are likely to be formed when calcareous
soils are polluted with zinc and lead, respectively.
Saeed and Fox (1977) investigated the relation be-
tween pH and Zn solubility in spiked acid and cal-
careous soils. Zn was solubilized at a slightly higher
pH in the calcareous soils than in the acid soils. A
study by Martínez and Motto (2000) confirmed this.
From spiked calcareous soil, the heavy metals were
desorbed at higher pH values (slightly below neutral)
compared to the spiked non-calcareous soils.

Content of Organic Matter The content of solid-phase
humic substances is greatly affecting the adsorption
capacity for heavy metals by cation exchange and for-
mation of chelate complexes. Carboxyl groups play a
predominant role in metal binding in both humic and
fulvic acids (Alloway 1995). Presence of dissolved
organic matter may, on the contrary, also decrease
heavy metal adsorption, as found for Cu by Mesquita
and Carranca (2005). Schnitzer and Kerndorff (1980)
investigated the sorption of heavy metals (including
Cu, Cr, Pb, and Zn) to humic acid at different pH
values and found that Pb was adsorbed to the highest
extent in the pH range investigated (2.4 to 5.8) and Zn
to the least extent. Thus, the influence from organic
matter on the overall adsorption is dependent on the
actual heavy metal.

Clay Fraction The term clay fraction in this paper
covers the particles with sizes less than 2 µm. The
clay fraction includes both mineral particles (e.g., clay
minerals and oxides) and organic particles as small
humic particles. The clay fraction contributes signif-
icantly to an increased sorption capacity of soils, due
to the large surface area (Alloway 1995) with
relatively high cation exchange capacity and sites
for specific adsorption.

When removal of heavy metals from the polluted
soil matrix is the issue, knowledge on desorption of
heavy metals from the different adsorption sites is
essential. In general, soil pH seems to have the
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greatest effect of any single factor on the desorption
processes, generally with a higher desorption at low
soil pH (Alloway 1995). The focus of the present
paper is desorption of Cu, Cr, Zn, and Pb from
different industrially polluted soils as a result of
acidification. The relations between desorption, pH,
and the soil parameters carbonate content, organic
matter, and clay fraction are investigated in the course
of chemical extraction experiments in HNO3 with
varying concentrations. It must be stressed that the pH
range in the investigation is not relevant for any risk
assessment for the sites since the soils are strongly
acidified, but knowledge about desorption at different
pH values is relevant to remediation processes that
aim at removing the heavy metals from soils.

2 Materials and Methods

2.1 Origin of Soils

The investigation covers eight Danish industrially
polluted soils. Three of the soil samples were sampled
in the upper 30 cm at different polluted sites (soils 1,
2, and 4). Five soil samples were sampled in soil piles
after excavation of other polluted sites (soils 3, 5, 6, 7,
and 8). The samples from the soil piles cannot be
related to a specific sampling depth. The origin of the
pollution in the different soil samples is given in
Table 1.

2.2 Soil Characterization

The heavy metal concentration was measured after
pretreatment of the soil as described in Danish Stan-
dard 259: 1.0 g of dry soil and 20.0 ml (1:1) HNO3

were heated at 200 kPa (120°C) for 30 min. The
liquid was separated from the solid particles by vacu-
um through a 0.45-μm filter and diluted to 100 ml.
Heavy metal concentration was measured with atomic
absorption spectrophotometry (AAS). Five measure-
ments were made for each soil. The unit of metal con-
centration in soil used in this paper is mg/kg dry matter.

Soil pH was measured by mixing 10.0 g dry soil
and 25 ml 1.0 M KCl. After 1 h of contact time, pH
was measured using a radiometer pH electrode. The
carbonate content was determined by a volumetric
calcimeter method as described in Loeppert and
Suarez (1995). CEC was measured with a method
comparable to the acid–NaCl method described in
EPA Standard Method 9080. The grain size distribu-
tion was found by a combined sieve and pipette
method. An estimate of the organic content was found
as loss of ignition at 550°C.

The sequential extraction procedure used is the one
recommended by the “Standards, Measurements and
Testing Programme of the European Union” (Mester
et al. 1998). A residual fraction was however added to
the procedure in this investigation. The conditions of
the sequential extraction procedure are outlined in
Table 2.

Table 1 Origin of pollution for the experimental soils

Soil Description of soils

1 Soil from a wood preservation site where wood was preserved with different inorganic preservatives in the period from 1936 to
1977. Preservatives containing Cu, Cu, and Cr or Cu, Cr, and As was used. The sample was taken in an area without vegetation
due to the high pollution level, and the sampling depth was 0 to 30 cm.

2 Soil from a wood preservation site where wood was preserved with chromated copper arsenate (CCA) of the brand Boliden in
the period from 1960 to 1981. Sampling depth 0 to 20 cm. No vegetation in the sampling area.

3 The soil was excavated before sampling. The pollution originates from a foundry that was operating at the site in the period from
1921 to 1976.

4 Soil polluted from production of electronic devises. The soil was sampled in the depth of 0 to 30 cm. The pollution originates
from extraction processes from scrap.

5 The soil was excavated before sampling. Origin of pollution is expected to be from production of cable, but other polluting
industries have been situated at the site, too. This site is polluted with both heavy metals and different organics.

6 The soil was excavated before sampling. Origin of pollution was an auto lacquer.
7 The soil was excavated before sampling. Origin of pollution unknown.
8 The soil was excavated before sampling. Origin of pollution not specified. Several different industries have been at the site.
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2.3 Desorption Experiments

The soil samples were dried at 105°C and crushed
lightly by hand in a mortar to crush lumps formed
during drying. Soil suspensions of 5 g dry soil and
10 ml of different concentrations of HNO3 were
shaken for 48 h. A duplicate was made for each acid
concentration. The concentration range of the acid
was chosen for each soil from knowledge of the
carbonate content, so the buffering capacity of the
soil was exceeded in some of the extractions with
each soil. After 48 h, pH was measured in the
suspensions with a combined radiometer pH elec-
trode. The suspension was filtered through a 0.45-
μm filter and the heavy metal concentration was
measured in the solution by AAS.

3 Results and Discussion

By visual inspection of the soils, observations that
could influence the data evaluation were made for

soils 2 and 5. Soil 2 contained small wood pieces/
needles of a few millimeters in size. Since this soil
was sampled at a wood preservation site, the wood
pieces can be impregnated and thus contain Cu
and Cr, but whether this is the case is unknown.
In soil 5, few small light green particles of up to
3 mm in size were present. In another soil sample
from the same site, malachite has been identified
by XRD (Kliem and Hansen 2000) and the green
particles in soil 3 are also expected to be malachite.

In Table 3, the concentrations of heavy metals in
the experimental soils are shown together with the
measured characteristics for each soil: carbonate con-
tent, organic content, fraction of clay, silt, and sand,
CEC, and original soil pH.

In Denmark, there are two sets of limiting
concentrations in relation to heavy metals in soils
(Miljøstyrelsen 2003). The first is for the most sen-
sitive area use: 500 mg/kg of Cr, Cu, and Zn and
40 mg Pb/kg. The second set is the concentration
above which human contact with the soil must be
avoided: 1,000 mg/kg of Cr, Cu, and Zn and 400 mg

Table 2 Outline of the sequential extraction procedure used (Mester et al. 1998)

Chemical extractants Operational conditions

Step 1 (exchangeable and carbonatic phase) 0.11 M acetic acid, pH=3 (with HNO3) Room temperature, 16 h
Step 2 (easily reducible phase) 0.1 M hydroxylamine hydrochloride,

pH=2 (with HNO3)
Room temperature, 16 h

Step 3 (oxidizable phase) 8.8 M hydrogen peroxide Room temperature, 1 h
8.8 M hydrogen peroxide 85°C
1 M ammonium acetate pH=2 (with HNO3) Room temperature, 16 h

Step 4 (residual fraction) 1:1 HNO3 Procedure of DS259 described
under Section 2.2

Table 3 Characteristics of the experimental soils

1 2 3 4 5 6 7 8

Pollutants (mg/kg) Cu 1,100±40 8,780±180 670±340 – 2,400±250 – – 2,900±850
Cr 220±20 8,400±320 – – – 83±4 – –
Pb – – 1,800±220 1,050±30 100±10 510±30 580±40 290±20
Zn – – 2,200±150 – 110±80 470±40 – 1,600±60

Carbonate content (%) <0.1 0.6±0.2 7.2±0.6 0.5±0.1 9.7±1.9 3.3±0.4 6.8±0.1 14.4±3.6
Organic content (loss on ignition) (%) 2.0±0.0 9.7±0.1 5.0±1.0 4.1±0.1 3.3±0.2 3.7±0.2 7.9±0.7 2.8±0.5
Clay (<0.002 mm) 5 19 3 11 4 3 1 2
Silt (0.002–0.06 mm) 21 34 15 52 20 12 16 9
Sand (0.06–2 mm) 72 31 67 35 71 83 67 70
CEC (meq/g dry soil) 2.2±0.1 14.4±0.9 8.0±0.2 15.3±1.2 2.9±0.4 3.7±0.3 4.9±0.1 1.5±0.1
pH 5.4±0.1 6.7±0.2 7.6±0.0 6.1±0.0 7.3±0.1 7.1±0.0 7.4±0.1 8.2±0.1
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Pb/kg. All experimental soils exceed the highest of
the limiting values with at least one heavy metal (see
Table 3).

The pollution level of these industrially polluted
soils is expected related to the spillage of the pollutant
rather than the retention capacity of the soil. The
retention capacity is probably not exceeded for any of
the soils at the time of sampling, because all
pollutions are old and mobile parts of heavy metals
had been washed out to deeper soil layers in the years
between spill of pollutants and sampling date.

3.1 Comparison of Experimental Soils

In Table 3, the percentages of carbonates, organic
content, and clay fraction of the different soils are
shown. The soils differ relatively much in the
content of these three components. The content of
organic matter (estimated as loss on ignition) was
between 2% and 10%. Loss on ignition is not an
exact measure for the organic content since, e.g.,
crystalline water of clay particles will also add to this
factor. Nevertheless, the method is sufficiently pre-
cise to see that neither of the soils is rich in organic
matter, though soils 2 and 7 had an organic content
that can significantly influence the adsorption be-
havior. The carbonate content was less than 0.6% in
soil samples 1, 2, and 4, which were the soils sam-
pled at polluted sites (top soils). The carbonate con-
tent of these soils was lower than the carbonate
content in the soils sampled from excavated soil, in
which the carbonate content was between 3.3% and
14.4%. The difference in carbonate content is due to
the natural weathering processes of the upper layers
of the soil, where soils 1, 2, and 4 were sampled. In
the samples from already excavated soils, the upper
part of the soil was mixed with soils from deeper
layers with higher carbonate content and thus the
overall carbonate content was higher. The clay
fraction of the three top soils was also higher than
for the mixed soils. Especially soil 2 and 4 had high
content of clay (19% and 11%, respectively). The
lower content of carbonates and the higher content of
clay fraction in the top soils make it difficult to
predict the retention capacity of these soils relative
to the other soils since the lower carbonate content is
related to less adsorption capacity whereas, on the
contrary, the high clay content is linked to a higher
adsorption capacity. The CEC of the soils 2 and 4

was high compared to the other soils and thus these
soils had more sites for non-specific adsorption. The
large clay fraction of the two soils is responsible for
this high CEC. It can be noticed that the soil with
highest percentage of carbonates (soil 8) has the
lowest CEC of the studied soils, and this may be due
to the limitations of the measurement for soils
containing minerals that are partly dissolved during
the procedure of CEC measurement as calcareous
particles (Dohrmann 2006). However, soil 8 has low
organic content and low clay content and can be
expected to have a low CEC.

Between the upper soils, the retention capacity of
soil 1 is considered low compared to soils 2 and 4 due
to the lower carbonate content, organic content, and
clay fraction. Of the excavated soils, it is not possible
to arrange the soils after expected retention capacity,
since the influence of the adsorption on carbonates,
organics, and clays is not known relatively to each
other.

3.2 Sequential Extraction

The results from sequential extraction are shown in
Fig. 1a–e as the concentrations extracted in each step.
Compared to the initial concentration, 89–110% of
the heavy metals were recovered through the sequen-
tial extraction, which is considered acceptable, since
industrially polluted soils are inhomogeneous both in
what regards soil matrix and pollution level. Caution
must always be taken when evaluating sequential
extraction results and each step cannot be related
solely to one retention mechanism. Still, sequential
extraction provides valuable information on the
retention strength of the heavy metals and the overall
adsorption pattern.

The sequential extractions showed few points to be
generalized. Except from Cr being associated little to
the first two fractions and Zn most to these fractions,
the sequential extraction pattern differed significantly
between soils and heavy metals. There was no
correlation between the concentration and distribution
found in the sequential extraction. Further, there was
no correlation between organic content and the
fraction of heavy metals extracted in step 3, which
is the step linked to the organic fraction. There was no
correlation between CEC and the part of heavy metals
extracted in the first step of the sequential extraction,
e.g., soil 5 has a low CEC but more than 1,000 mg
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Cu/kg is extracted in this step. This might be
explained for soil 5 with the 9.7% carbonates and
the Cu co-precipitated in the carbonates are expected
to be extracted in this phase, too. The retention
mechanisms contributing to the first step are complex.

In the industrially polluted soils, the adsorption
mechanisms can influence each other, complicating
consistent conclusions on the basis of sequential ex-
traction. For example, step 2 generally indicates the
amount of metal bound to oxides. However, the actual
type of oxides present is influencing the adsorption.
For example, Covelo et al. (2007) showed in a study
where different soil components were polluted with
heavy metals that Pb adsorb to Fe oxides to a much
higher extent than the other heavy metals, that Pb and
Cu adsorb to Mn oxides, whereas Cr and Zn did not
adsorb to these oxides to a significant extent. In the

present investigation, 32–39% Zn, 23–42% Cu, and
6–9% Cr were extracted in step 2 of the sequential
extraction. For Pb, the pattern is more complex and
the sequential extraction showed between 5% (soil 3)
and 55% (soil 4) in step 2. Except for only little Cr
extracted in step 2, the sequential extraction pattern
for these industrially polluted soils did not follow the
pattern for the spiked single soil components of
Covelo et al. (2007). Especially Zn, which was not
found to be adsorbed significantly to oxides in the
single soil component experiments, was extracted to a
relatively high percentage in these industrial soils.

Overall, it is noticed from the sequential extraction
that the pattern for Cr differs from the three other
heavy metals. Cr is mainly extracted in steps 3 and 4
(which is consistent with Köleli 2004 in Cr-polluted
agricultural soils), whereas Pb, Cu, and Zn are
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generally extracted during steps 1 and 2 to the highest
extent. The difference may be related to the difference
in possible oxidation steps under normal soil con-
ditions. Cr can be found as Cr(III) and Cr(IV), where-
as for the three other pollutants, only Pb(II), Cu(II),
and Zn(II) are likely. In the soils of the present
investigation, where the pollution is old, the prevailing
form of Cr is expected to be Cr(III), since Cr(VI) is
relatively mobile and would most likely have been
washed out to deeper layers during the years. The total
Cr concentrations in soils 1 and 2 were 220 and
8,400 mg/kg, respectively. Still, the result from the
sequential extraction in percentage was very similar for
the two soils. Chromium was present in soils 1 and 2
together with Cu and, in these two soils, Cr seems
adsorbed stronger than Cu. In soil 6, most Cr was
found in step 3, which is different from the two other
soils. The difference may be related to the form Cr had
during the spill. Soils 1 and 2 are polluted from wood
preservation where Cr(VI) was used and soil 6 is from
a car-painting facility. A soil sample from the same site
as soil 6 was investigated using SEM-EDX in Jensen et
al. (2006) (where it was named soil 3). Pb was
consistently found associated with Cr in that investi-
gation, which reveals the presence of lead chromate
(PbCrO4), a yellow pigment previously used in paint.
Lead chromate is, however, extremely stable during
digestion (Jensen et al. 2006) and the concentrations
of Pb and Cr from Table 3 do not probably include the
lead chromate. Since Cr is released during the oxida-
tion step, Cr is either adsorbed to particles that can be
oxidized (e.g., organic matter) or in a form where Cr
(III) can be oxidized to Cr(VI) and thus desorbed.

The sequential extraction result is a clear indication
of the complexity of heavy metal adsorption in
industrially polluted soils. The adsorption is both soil
and heavy metal specific; and further, the origin of the
pollution plays a significant role.

3.3 Buffering of Soils Against Acidification

There are different buffering systems in soils that act
upon acidification. In calcareous soils, acidification is
neutralized by dissolution of the carbonates. Organic
matter also influences the acidification by ion exchange
and the affinity for adsorption of H+ is generally high.
During further acidification, the Al buffer range is
reached (pH below about 4.5) (De Vries et al. 1989). For
evaluation of the buffering ability of the experimental

soils, pH of the soil suspensions at different HNO3

concentrations is shown in Fig. 2. The acid demand for
acidification of the soils correlates well with the
carbonate content as expected. The acid demand
actually follows exactly the order of increasing carbon-
ate content. Soils 2 and 4 had a carbonate content of
0.6% and 0.5%, respectively. Meanwhile, the acidifica-
tion curves did not follow each other as close as
expected from the carbonate content. Soil 4 was
acidified faster than soil 2. From Table 2, it is seen that
the main difference between these two soils is the higher
organic content in soil 2 and this may be responsible for
the difference in buffering capacity of the two soils.

Acidification of soil directly influences the different
types of adsorption to both organic and inorganic soil
particles. The H+ ions are exchanging with heavy
metals in the cation exchange sites, thus desorbing the
non-specifically bound heavy metals (Alloway 1995).
Also, the specific adsorption is influenced by a decrease
in pH, with a release of heavy metals as a result.
Acidifying calcareous soils causes the carbonates to
dissolve and among these are the carbonates where
heavy metals are co-precipitated. Breakdown of other
soil constituents occurs at strong acidification, e.g., Al
and Fe hydroxides and this dissolution also results in
release of the heavy metals bound in these phases.

3.4 Heavy Metal Desorption from Soils Polluted
with Three Heavy Metals

Desorption of heavy metals from each of the soils
with three pollutants (soils 3, 5, 6, and 8) is seen in
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Fig. 3a–d. For all four soils, Zn starts desorbing at the
highest pH. In the three soils (3, 5, and 8) containing
Cu and Pb as well, Cu desorbs at a higher pH than Pb,
and thus the desorption order was Zn>Cu>Pb, which
is in agreement with the findings of Martínez and
Motto (2000) for spiked soils.

It can be seen from Fig. 3 that only Zn desorption
reaches about 100% in the investigated pH ranges. In
soil 3, the lowest pH was just below 2 and at this pH,
less than 10% Pb was desorbed whereas about 100%
Zn was desorbed. This clearly illustrates that the
desorption pattern is metal specific.

3.5 Desorption Pattern for Each of Cu, Cr, Pb, and Zn

The dependency of desorption for each of Cu, Cr, Pb,
and Zn on the acidification in the different soils is
shown in Fig. 4a–d. The general tendency for all the
experimental soils is that the pH where desorption

starts is in the order Zn>Cu>Pb>Cr. Thus, the
desorption pattern in general follows the pattern from
the soils with combined pollutions (Fig. 3a–d) regard-
less of soil type.

Desorption of Pb, Zn, and Cu occurs at a higher
pH in the three calcareous soils (soils 3, 5, and 7)
than in the soil with a low content of carbonates
(Fig. 4). This is in consistency with both Martínez
and Motto (2000) and Ottosen et al. (2001). Martínez
and Motto (2000) showed that each heavy metal
exhibited an approximate pH value at which the
solubility increased markedly (6.2 for Zn, 5.5 for Cu,
and 5.2 for Pb), except for the calcareous soil where
the metals were dissolved at higher pH values
compared to the non-calcareous soils (6.8 for Zn,
6.2 for Cu, and 6.0 for Pb). In the present study for
the non-calcareous soils, pH must be less than 3
before Pb desorption starts (soil 4). For Cu, the pH
must be slightly higher, between 4.2 and 5 (soils 1
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and 2). Thus, for these non-calcareous industrially
polluted soils, the pH at which Cu and Pb desorbs is
clearly lower than for the spiked soils from the
investigation of Martínez and Motto (2000). In the
calcareous soils of the present investigation, Zn
desorption starts at pH of about 6 (soils 3 and 5),
Cu at pH of about 5 (soils 3 and 5), and Pb of about
4.3 (soils 3, 5, and 7). Again, this is lower than the pH
values found by Martínez and Motto (2000) for the
spiked calcareous soil. This may indicate the impor-
tance of aging of heavy metal polluted soil on the
desorption processes or presence of less soluble
species; however, the general pattern of desorption
of Cu, Zn, and Pb at a higher pH in calcareous soils
than in non-calcareous soils is confirmed.

The percentage of all heavy metals desorbed
after strong acidification differs from soil to soil,
though the tendency is most pronounced for Pb.
At pH of about 1, only 25% Pb was desorbed
from soil 6 whereas 95–100% Pb desorbed at this
pH from soil 7. This pattern correlates well to the
sequential extraction result (Fig. 1b) where Pb was
found in the residual fraction to a higher extent in
soil 6 than in soil 7. In soil 3, most Pb (80%) was
found in the residual fraction of the sequential

extraction, and desorption of Pb from soil 3 also
showed the lowest desorption (<10%) in the pH
range investigated.

For the Zn-polluted soils, the sequential extraction
patterns were quite similar (Fig. 1d) and the pH-
dependent desorption was also relatively similar in
comparison to Pb, though desorption is higher from
the calcareous soils as discussed above.

4 Conclusions

Eight industrially polluted soils with elevated con-
centrations of one or more of the heavy metals Cu, Cr,
Pb, and Zn were acidified and the desorption pattern
was investigated. Three soils had the pollution
combination Cu, Pb, and Zn. From these, desorption
occurred in the order Zn>Cu>Pb as pH decreased.
Comparison between the soils showed that desorption
occurred at a higher pH in calcareous soils compared
to soils with low carbonate content. This reveals that
the heavy metals were adsorbed/co-precipitated in the
carbonate fraction of these soils to a relatively high
extent. The pattern of desorption could not be linked
to the heavy metal concentration. Likewise, sequential
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extraction showed that, except from the majority of
Zn being extracted in the first two steps and Cr being
extracted in the last two fractions, there were no
trends to be generalized. The sequential extraction
pattern was probably influenced by the heavy metal
speciation at the time of spillage rather than the soil
characteristics, since there was no correlation with
soil characteristics. There was, however, correlation
between high percentages of heavy metals extracted
in the last step of sequential extraction (residual
fraction) and low desorption even at very low pH,
so the sequential extraction can overall be used for
evaluation of adsorption strength.
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