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Abstract: Metals of natural and anthropogenic origin behave differently in soils mostly due to their different mobility. In
this study, sequential extractions and batch sorption experiments were performed to relate the fractionation of
native Ni, Cu, Zn and Pb to the sorption properties of added metals in four soils with contrasting physiochemical
characteristics. A significant effect due to sample composition on both the mobility and sorption characteristics of
these metals was found. The efficiency of soil components in metal immobilization was in the order of carbonate
> organic matter > swelling clay minerals. The partitioning of native metals together with the information gained
through the sorption isotherms allows a deeper insight on the fate and behavior of metals in soils with various

compositions.
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1. Introduction

Heavy metals are natural components of soils. Their main
source is rock mineral weathering and their concentra-
tions remain mostly below toxic amounts in natural soils.
However, increasing amounts of these metals are being in-
corporated to the soil through human activities associated
with agriculture, industry and mining. The anthropogenic
heavy metals are believed to be easily accumulated in the
topsoil, resulting in potential problems, such as toxicity to
living organisms [1]. Evaluation of the behavior of these
metals in the soil-water-plant system is of great interest
because of its possible effects on the food chain.

Transformation of metal-containing minerals during pedo-
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genesis may affect the chemical speciation and bioavail-
ability of metals. Soil chemical and physical properties
like redox conditions, pH and water content affect the rate
of transformation of metals in soil, and, along with the
addition and depletion of salts, carbonates, clays and or-
ganic matter determine absolute and relative changes in
heavy metal contents through soil profile. These multiple
interaction processes result in complex patterns of element
distribution in soil [2].

Total elemental contents provide little information on the
mobility and bioavailability of the elements of interest.
These properties of metals depend heavily on their phys-
ical and chemical forms. Sequential extraction, although
operationally defined, can provide information about the
association of heavy metals with geochemical phases in
a soil and can therefore help to reveal the distribution of
metals in fractions and to assess their mobility and toxic-
ity. Generally, the exchangeable form is considered read-
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ily mobile and easily bioavailable, while the residual form
is considered to be incorporated into the crystalline lattice
of soil minerals and appears to be the most inactive. Oth-
ers, such as the acid extractable, reducible or oxidizable
fractions can be considered relatively active depending on
the actual physicochemical properties of a soil [3].

The soil solution concentration, and hence the bioavail-
ability or toxicity of these metals, are most likely con-
trolled by sorption-desorption reactions on the surface of
the soil colloidal materials. Batch equilibrium techniques
are used to study the retention of metals in soils and the
sorption data are described by isotherms. The analysis of
isotherms provides information about the retention capac-
ity and the strength by which the sorbate is held on to the
soil. Owing to the complexity of the retention process of
metals in soils, it is useful to combine sorption isotherms
with sequential extraction procedures [4].

The aim of this paper is to relate the fractionation of na-
tive Ni, Cu, Zn and Pb to the sorption properties of added
metals in four soils with contrasting physicochemical char-
acteristics. The partitioning of native metals together with
the information gained through the sorption isotherms al-
lows a deeper insight into the fate and behavior of metals
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Table 1. Some physico-chemical properties of the studied soil samples.

in soils with various compositions. Using concentrations
characteristic of a serious metal pollution (up to 200 mg
L~" initial concentration in solutions) the behavior of met-
als in natural and polluted soils can be compared.

2. Materials and methods

The samples were collected from a Calcic (S1, S2, and S3)
and a Haplic Luvisol (S4) profile, with silt loam and clay
loam textures, respectively. Luvisols are among the most
common soil types in Hungary, covering more than 10% of
the country’s area [5]. The Calcic Luvisol profile was de-
veloped on an Oligocene pelagic siltstone with significant
mica (up to 30%) and carbonate (up to 20%) content. This
rock underwent a low-degree of contact metamorphism as-
sociated with a Miocene andesite laccolite resulting in the
partial transformation of mica to chlorite. The Haplic Lu-
visol profile is formed on a Miocene pelagic siltstone with
significant mica (up to 30%) content but with no carbonate.
The sampling sites are almost free of anthropogenic con-
tamination; they are far from the main roads and industrial
activity (Figure 1).

Soil Horizon Depth Color pH CEC TOC Clay Carbonate Acid extractable Ca Reducible Fe Reducible Mn Clay mineralogy
fcm) (H0) (omolkg™) (%) (W (%) (mg kg~") (mg kg~") (mg kg~!)

S1 A 0-5 10YR3/4 639 242 6.74 8 - 1426 + 25 (20%) 2863 + 163 (10%) 68 + 1 (20%) Vermiculite, Illite

S2 By 15-45 10YR5/8 6.85 22.8 039 15 - 477 + 33 (12%) 4137 + 151 (11%) 137 & 4 (37%) Vermiculite, Illite

S3 Cy 55-75 25YR6/4  8.08 124 <010 7 20" 43426 + 3268 (45%) 2747 + 124 (11%) 93 % 4 (36%)  Chlorite/Vermiculite, Illite

S4 By 60-120 75YR5/2 4.84 387 015 45 - 313 £ 17 (5%) 2670 + 22 (7%) 36 = 1 (18%) Montmorillonite, [llite

*According to the XRD analyses, the carbonate content of the sample S3 consists of calcite.

Values in parentheses for acid extractable Ca, as well as reducible Fe and Mn, indicate the contribution of the given fraction to the total concentration of element. The acid

extractable and reducible element contents were determined by the sequential extraction method used in this study.

The air dried samples were passed through a 2 mm sieve.
Some physico-chemical properties of the studied samples
can be found in Table 1. The four studied samples were
chosen according to their dominant components: soil or-
ganic matter, swelling clay minerals and Fe and Mn ox-
ides. These components play significant roles in metal
immobilization and show relatively high stability in soils,
compared to other factors affecting metal sorption with
intense temporal variability, such as pH or Eh [6]. The
sample from the A horizon of the Calcic Luvisol profile
is characterized by relatively high total organic carbon
content (6.74%), when compared to other studied samples.
Two samples are from the B; horizons of the two profiles.
One of them (S2) is characterized by relatively low clay

content (15%) and clay mineralogy dominated by vermi-
culite, as well as by high reducible iron and manganese
content, while the other one (S4) by high clay content
(45%) and clay mineralogy dominated by montmorillonite.
The fourth sample (S4) is from the C horizon of the Calcic
Luvisol profile, which is characterized by calcite content
of 20%.This is consistent with the high amount and ratio of
Ca in the weak acid extractable fraction. Detailed char-
acterization of the profiles can be found in the papers by
Sipos [7] and Németh and Sipos [8].

Soil pH was measured in aqueous suspension by a
Radelkis OP 211 analyzer. Total organic carbon content
of the samples was determined by the Rock-Eval method
(Delsi Oil Show Analyzer) [9]. Particle size distributions
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Figure 1. Geological sketch map showing the sampling sites.

of the samples were analyzed by the modified pipette
method [10]. Mineralogical compositions of the samples
were estimated by semi-quantitative phase analysis after
the method by Bardossy et al. [11] using X-ray diffracto-
metric analyses (Philips PW 1710).

The sequential extraction method after Li et al. [12] was
performed on the dried samples in a parallel set. The
extractions were carried out progressively on an initial
weight of 1.0 g soil in polypropylene centrifuge tubes of
50 ml. Five fractions were separated in five steps as fol-
lows: (1) exchangeable with 8 ml of 0.5 M MgCl,; (2) weak
acid soluble, extracted by 8 ml of 1M NaOAc adjusted to
pH 5.0 with HOAc; (3) reducible, extracted by 20 ml of
0.04 M NH;-OH-HCl in 25% (v/v) HOAc; (4) oxidizable,
extracted by 3 ml of 0.02 M HNO; and 5 ml of 30% H,0,
(adjusted to pH 2.0 with HNOs), as well as by a second 3
ml aliquot of 30% H,0; and 5 ml of 3.2 M NH40Ac; and (5)
residual, digested with 4 ml concentrated HNO3, 3 ml per-
chloric acid and 15 ml hydrofluoric acid to dryness at 90°C
with the remaining material then taken up in 5 ml of 5M
HCL at 70°C. Following each extraction step, the mixtures
were centrifuged at 3000 rpm for 20 min, and the solutions
were separated from the solid material. The last step of

the sequential extraction procedure was done also on the
initial soil samples to determine their total metal content.
The concentration of Ni, Cu, Zn, Pb as well as that of Ca,
Mn and Fe were analyzed using ICP-AES method (Jobin
Yvon Ultima 2 sequential ICP) in the solutions. Compar-
ing the sum of metal extracted from each fraction to their
total content the recoveries of metals were 90-101% for
Ni, 88-103% for Cu, 95-104% for Zn. The total lead con-
centrations were significantly lower than that derived from
the sum of the fractions (recoveries were between 150 and
166%) probably due to the re-adsorption of lead during
the total extraction [13]. Mobility factor for the studied
metals were calculated from the results of the sequential
extraction studies according to Kabala and Singh [14] as
follows:

F1+ F2

N N I

100,

where F1, F2..F5 are the concentration of the given metal
in the different fractions of the sequential extraction used.
Batch adsorption experiments were carried out in
polypropylene centrifuge tubes of 50 ml by mixing 200 mg
sample with a 20 ml solution containing various concen-
trations of the studied metals. Metals were added to the
solutions in the form of nitrate salts. The highest added
metal concentrations in solutions were 200 mg L™" in the
single element experiments. Additionally, the following
dilution rates of these solutions with distilled water were
used: 0.75, 0.5, 0.4, 0.25, and 0.1. These values seem
to be very high with respect to the natural metal con-
tent of a soil, but they may occur in case of serious metal
pollution. The samples mixed with the solutions of differ-
ent metal concentrations were shaken lengthwise for 48
hours at 25°C. Then they were separated by centrifuga-
tion at 3000 rpm for 20 minutes. Their concentrations in
the equilibrium solutions were analyzed by AAS method
(Perkin-Elmer AAnalyst 300). The relative standard de-
viations for the studied metals were as follows in the du-
plicate samples: 1.6% for Pb, 1.8% for Ni, 2.8% for Cu and
3.0% for Zn.

The linear, Langmuir and Freundlich isotherm equations
were used to describe the sorption of the metals from the
solution onto the studied soil samples [15]. The relative
percentage change or sorption intensity (SI) was also used
to compare the metal sorption capacity of the samples [16].
It can be calculated by taking the difference between the
initial and equilibrium metal concentrations, then dividing
this difference by the initial metal concentration, and then
expressing this as a percentage by multiplying by 100 for
each initial concentration used. This parameter was cal-
culated by summarizing the individual Sl values for each
initial concentration used as follows:
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=1

C'L - Ce
Sly = L -100,
Y G
where C; is the initial and C, is the equilibrium concen-
tration of a given metal in solution.

3. Results and discussion

3.1. Fractionation of native metals in the soil
samples

Table 2 shows the total concentrations of Ni, Cu, Zn and
Pb in the studied soils and their amounts extracted from
the five fractions of the sequential extraction. The total

J

Table 2. Fractionation of metals in the studied soils.

concentration of metals was within the range of the most
frequent values for natural soils [17]. The samples free
of carbonate show slightly higher metal concentrations
than the sample with 20% carbonate content. Pedogenic
accumulation of carbonate minerals in this latter sample
resulted in relatively lower metal amounts.

The sequential extraction showed the predominance of
metals associated with the residual fraction: 74-82% of
the total Ni, 77-93% of the total Cu, 74-88% of the total
Zn, and 43-72% of the total Pb were found in this frac-
tion (Figure 2). Metal concentrations in the exchangeable
fractions were lower than the detection limits of the ana-
lytical technique. Similar results were reported by other
authors in uncontaminated soils [4, 18].

Metal Soil (1) Exchangeable (2) Acid extractable (3) Reducible (4) Oxidizable  (5) Residual Sum of Total
(EX) (AE) (RED) (OX) (RES) fractions (TOT)
(mgkg™")* (%) (mgkg™) (%) (mgkg™) (%) (mgkg™) (%) (mgkg™') (%) (mgkg~') (mgkg™")
Ni S1 <0.06 <02 054 £ 0.07 2 30+ 04 10 43+£05 14 23+£04 75 31+£14 31 +£1
S2 <0.06 <0.1 20+03 4 59+ 04 13 194+03 4 36+17 78 45+26 47+02
S3 <0.06 <02 11£01 4 43+02 16 15+£03 6 20+£06 74 27+13 27 +£04
S4 <0.06 <02 076 +0.10 3 26 + 01 9 17+£03 6 22+01 8 27+07 30+03
Cu St <0.01 <0.08 007 £011 05 <0044 <03 08+£001 6 124+01 93 13+£03 14+01
S2 <0.01 <006 007 008 04 074+013 4 07+05 4 154+£27 91 17+34 19+02
S3 <0.01 <0.08 0.16 + 0.23 1 039 + 0.11 3 10+£10 8 11 +£01 8 12+£15 12+01
S4 <0.01 <0.07 026 £ 0.12 2 086 +007 6 22+£12 15 11 £03 77 14£17 15+£01
Zn S1 <0.02 <002 19+07 2 13+ 04 17 544+03 7 60+23 74 81+38 8304
S2 <0.02 <002 025+029 03 84 +03 10 17+£05 2 73+£54 87 83+65 87+04
S3 <0.02 <0.04 014 +024 03 71 +£01 13 12+£01 2 46+10 8 55+14 53+£05
S4 <0.02 <0.02 0.03+005 0.03 6.6 £ 05 8 29+03 4 72+31 88 81+38 82 +£1
Pb S <013 <04 39403 " 92+05 27 64+03 19 15+£17 43 34+£29 2341
S2 <013 <05 056 +0.20 2 65+ 0.2 25 19+£01 7 174+£30 65 26+35 17 £ 2
S3 <013 <038 <0.28 <2 37 +£02 23 06+001 4 1103 70 15+05 10 £1
S4 <0.13 <05 12402 4 42 + 01 15 24+£01 9 19+£01 71 27+£07 16+02

*Concentrations of metals in the given fraction.

**Contribution of the given fraction to the sum of fractions.

The second most important fraction for Ni is the reducible
fraction, suggesting an association with oxide phases of
soils after its mobilization during rock mineral weather-
ing. Its contribution to the total Ni content of the studied
soils is between 9 and 16%. Many studies have found a
close relation between soil Fe and Ni, suggesting that Fe
oxides are important sinks for Ni in soils [19, 20]. The role
of the oxidizable fraction is only important for Ni in the

sample with the highest total organic carbon content (S1).
Soils often show an accumulation of Ni in surface hori-
zons due to the high affinity of this metal to organic mat-
ter [21]. However, in other cases this fraction, along with
the acid extractable fraction, is negligible for this metal in
the studied soils. The mobility factor of Ni is generally the
highest among the studied metals (MF = 1.7-4.4) except
for the sample with the highest TOC content (S1), where a
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relatively large amount of Ni was found in the oxidizable
fraction. According to de Melo et al. [22] nickel tends to
be associated with the most stable fractions of the soil or-
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ganic matter in soils treated with sewage sludge, resulting
in a low mobility for this metal.
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Figure 2. Fractionation of Ni, Cu, Zn and Pb in the studied samples.

In most of the samples the importance of acid extractable,
reducible and oxidizable fractions is negligible for Cu.
Their contribution to the total Cu content is generally well
below 10%. The only exception is the oxidizable fraction
in the sample containing high amount of montmorillonite
(S4) where 15% of total Cu is bound to this fraction. De-
spite the high amount of clay minerals and the relatively
low TOC content, the mobilized Cu was retained by the
organic matter of this sample, showing the higher affinity
of this metal to soil organic matter than to montmoril-
lonite. Many authors have found a higher sorption capac-
ity of humic substances for metals relative to inorganic
soil components [23, 24]. Being a mostly negligible frac-
tion in the studied samples, the oxidizable one is still the
second most important one for this metal. According to the
mobility factors, copper shows the lowest mobility among
the studied metals (MF = 0.4-1.8). Copper is known as a
metal with low mobility in natural soils [25, 26].

Similarly to Ni, relatively high amount of zinc can be found
in the reducible fraction (8-17%). The role of the acid ex-
tractable and oxidizable fractions is negligible for Zn in
the studied samples. The significant role of the Fe and
Mn oxide (e.g. reducible) fraction for Zn was found both in
natural [27] and polluted soils [28]. The most intense mo-
bilization for Zn was found in the sample with the highest
TOC (S1), where the labile zinc pool consist mostly of the
reducible (17% of the total Zn) and partly of the oxidiz-

(

able (7% of the total Zn) fractions. In all other samples,
Zn shows a very low mobility (MF = 0-0.3).

Lead shows the highest mobilization among the studied
metals in the samples. High amounts of lead can be bound
to the reducible fraction. Its contribution to the total lead
content of the samples is between 15 and 27%. Teutsch et
al. [29] found that lead is probably adsorbed and coprecip-
itated with Fe oxides and hydrous oxides. The role of the
oxidizable fraction is also important for this metal in the
sample with the highest TOC content: 19% of the total Pb
can be bound to it. Among the metals studied, lead has
the highest affinity for the soil organic matter [30]. Ad-
ditionally, the acid extractable Pb content of this sample
is also significant (11% of the total Pb). Generally, the
role of acid extractable, reducible and oxidizable fractions
was more significant for Pb than for other studied metals.
This is also shown by the high mobility factors for the
lead, which are up to 11 in the sample S1, but also high
for sample S4 (MF = 4.4).

The mobility factors of Ni, Cu, Zn and Pb show high vari-
ability among the studied samples. Generally, Pb and Ni
exhibit relatively higher mobility, while Cu and Zn show
lower mobility. This result is similar to those reported
by different heavy metal mobility studies [31-33] except in
the case of Pb, which is more mobile in these soils than
expected. The unexpected high lability of Pb as compared
to other metals suggests the presence of different (natural
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or anthropogenic) lead sources [34]. However, Pb in the
sample containing carbonate (S3) is characterized by the
lowest mobility among the studied metals, which may be
due to the alkaline conditions, where Pb shows generally
almost complete retention [35]. Additionally, the mobility
of Zn is one of the highest in the sample rich in organic
matter (S1), which can not be related to the high organic
matter content of this sample, as labile Zn can be bound
mostly to the reducible fraction also in this sample.

3.2. Sorption of the added metals on the soil
samples

The results of the sorption experiments are summarized
in Table 3. In most of the cases the Langmuir adsorp-

J

tion isotherm showed the best fit for samples and metals
studied. The R? values always exceeded 0.79, but gen-
erally they were above 0.98. Due to these excellent fits,
the parameters derived from the Langmuir isotherms were
used to compare the sorption characteristics of metals and
samples studied. Exceptions are the Pb sorption on the
sample with the highest TOC content (S1), and Cu and
Pb sorption on the sample containing carbonate (S3). In
these cases, the sorption of Pb and Cu can be described
most effectively by the linear isotherm.

Nickel shows the highest affinity for the sample containing
carbonate (S3). Nearly two times greater retention was
found on this sample compared to the other ones (Qux =
250 mmol kg™" on the sample S3, while between 115 and
159 mmol kg~ on the other three samples).

Table 3. Results of the sorption experiments. Parameters are given only in cases where R2 > 0.50.

Metal  Soil pHeq Slioint Linear Langmuir Freundlich
min max (%) Kq R? Isotherm Qumax b R? Kg R?
type (mmol kg™')  (mg kg™") (L mmol™")

Nt S1 6.14 7.07 52 - - S2 159 9317 3 0.95 28 0.87
S2 518  5.90 42 - - S2 120 7 072 2 079 18 067
S3 712 818 88 - - H1/H2 250 14 675 133 100 22 1.00
S4 5.83 6.00 44 - - L2 115 6 747 4 0.99 20 0.99
Cu S1 498 7.01 82 - - L2 213 13 520 24 100 35 099
S2 457 5.66 48 - - L2 122 7 750 4 0.98 19 0.94
S3 751 827 100 72976  0.88 C 370 23536 270 084 76 091
S4 450 534 51 - - L2 135 8 587 4 099 24 097
Zn S1 459 511 24 - - L2 48 3114 6 0.99 7 0.95
S2 523  6.02 40 - - L1 93 6 055 4 099 16  0.99
S3 685 7.83 76 - - L1 200 13 078 13 098 25 0.94
S4 4.45 4.82 44 - - L1 109 7 108 3 0.99 20 0.99

Pb S1 589  6.60 100 - 1.00 C - - - - - -
S2 4.82 6.88 94 - - H1 83 17 267 400 1.00 1" 0.94

S3 748  8.04 100 40 041  0.68 C - - - - - -
S4 5.18 57 93 - - L1 104 21 583 48 099 20 0.98

In this case, Ni exhibits an H1/H2 type isotherm (Fig-
ure 3). The H-type isotherm indicates a very strong
adsorbate-adsorbent interaction (i.e. usually chemisorp-
tion), and the H1/H2 subtype suggests that the theoret-
ical monolayer was close to completion [36]. The sample
characterized by the highest TOC content (S1) showed the
second highest affinity for Ni with 159 mmol kg~' maximal
sorption, followed by similar maximum sorption values for
the samples containing vermiculite (S2 Qg = 120 mmol
kg~") and montmorillonite (5S4 Quax = 115 mmol kg™).

The samples S1 and S2 exhibit an S2-type isotherm, while
sample S4 shows an L2-type isotherm (Figure 3). The S-
class isotherm suggests cooperative adsorption, which op-
erates if adsorbate-adsorbate interaction is stronger than
adsorbate-adsorbent interaction. In this case, the clusters
of adsorbate ions at the surface are favored because they
bound more strongly with one another than with the sur-
face. In contrast, the L-type isotherm reflects a relatively
high affinity between the adsorbate and the adsorbent,
and it usually indicates chemisorption. Subtype 2 sug-
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gests that the theoretical monolayer has been completed
in all these cases [36]. Consequently, despite the lowest
maximum sorption of Ni for the sample containing mont-
morillonite (S4), the affinity of this metal is higher for
this sample relative to samples S1 and S2, which is also
supported by the differences in b values representing the
Langmuir bonding term related to the adsorption energy
(Table 3).

Copper generally shows the highest affinity towards the
studied samples. This is also suggested by the shapes
of the isotherms, which are C-type for the sample con-
taining carbonate (S3), and L2-type for all the carbonate-
free samples (Figure 3). The C-type isotherm, or constant
partitioning isotherm, suggests a constant relative affinity
of the adsorbate ions for the adsorbent [36] The com-
plete retention of Cu on this sample (Slj;,c = 100%) also
suggests its high immobilization capacity for this metal.
Using analytical electron microscopy analyses, Sipos et
al. [37] found that Cu shows very high sorption in this sam-
ple, even in the presence of competing metals such as Pb
and Zn. Their results also show that some of the Cu may
have also been precipitated as carbonate. The variations
of maximum sorption values among the studied samples for
Cu show similar trends to that observed for Ni. The high-
est Cu immobilization was found in the sample containing
carbonate (S3) (Qnax = 370 mmol kg™"), followed by the
sample characterized by the highest TOC content (S1)
(Qumax = 213 mmol kg~"). The samples containing vermi-
culite (S2) and montmorillonite (S4) show similar sorption
capacities for Cu, their Q4 values are 122 and 135 mmol
kg™, respectively.

Zinc shows a slightly different sorption behavior than Ni
and Cu. Similarly to the other metals studied, it exhibits
the highest affinity towards the sample containing carbon-
ate (S3) with a Q4 value of 200 mmol kg~'. However,
the sample rich in TOC (S1) immobilized the lowest Zn
amounts among the samples studied (Qu.,x = 48 mmol
kg~"). Again, samples containing vermiculite (S2) and
montmorillonite (S4) show similar Zn sorption capacities,
93 and 109 mmol kg~', respectively. The shapes of the Zn
isotherms for the different samples suggest a relatively
high affinity and the lack of completion of the theoretical
monolayer (L1-type isotherms), except for the sample with
lowest affinity for Zn (S1) where the monolayer has been
completed (L2-type isotherm) (Figure 3).

Lead exhibits a unique sorption behavior among the stud-
ied metals. It shows very high affinity for all of the studied
samples. In the samples containing carbonate (S3) and
the largest amount of TOC (S1), all of the lead present
in the initial solutions was immobilized (their Sljo;,; val-
ues are 100%). Sipos et al. [37] found the precipitation
of Pb-carbonate in sample S3 using X-ray diffractometric

analyses. It is likely that this process contributed to the
high immobilization of Pb in this case as well.
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Figure 3. Sorption isotherms of Ni, Cu, Zn and Pb on the studied

sample.

Moreover, the sorption intensity values for the other stud-
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ied samples also suggest almost complete retention, as
these values are 94 and 93% for the samples containing
vermiculite (S2) and montmorillonite (S4), respectively. In
contrast, in these latter two samples, the Q4 values for
Pb are the lowest among the studied samples (83 and
104 mmol kg~', respectively). The apparently low sorp-
tion capacity of these samples for lead is due to the large
differences between the initial molar concentrations of Pb
and the other studied metals, which are between 3.05 and
3.41 mmol L~ for Ni, Cu and Zn, while 0.97 mmol L™ for
Pb.

By far, the highest metal amounts were retained by the
sample containing carbonate (S3) (up to 4 times more than
by the other samples). Copper and Pb show complete
retention in this sample (their joint sorption intensity is
100%), while 88 and 76% of added nickel and zinc is im-
mobilized on this sample, respectively. Fontes et al. [38]
found similar sorption behaviour for metals in limed soil
samples. Their results indicated that the presence of car-
bonates in the soil created new sorption sites and also
favoured the precipitation of metals, such as Cu, Pb and
Zn. Metal precipitation in soils can occur at alkaline
conditions, relatively high metal concentrations, and low
metal solubility or also in the case of small number of
specific adsorption sites [39]. In this sample, the presence
of carbonates led to an elevated pH (soil pH = 8.41), and
the equilibrium pH values were also in the neutral and
slightly alkaline range (lowest pH., values are between
6.85 and 7.48). According to Brookins [40] these conditions
may favor the precipitation of these metals as carbonates.
Besides the very high adsorption, precipitation may have
played also role in the immobilization of Cu and Pb in
this sample.

Among the samples free of carbonate, Ni, Cu and Pb
showed higher affinity towards the sample rich in TOC
(S1) than for the other carbonate free samples (S2 and
S4). In contrast, Zn exhibited higher affinity towards the
samples characterized by vermiculite and montmorillonite
than to the sample S1. As the sample S1 can be charac-
terized by a relatively high total organic carbon content
(TOC = 6.74%), these results are in good agreement with
those on a metal affinity sequence towards humic sub-
stances published by several authors [41, 42]. This trend
follows the Irving-Williams series, which describes the or-
der of stability of organic-metal complexes. The order of
this series arises in part from a decrease in ionic size and
in part from ligand field effects [43].

The samples containing vermiculite and montmorillonite
are characterized by the lowest sorption capacity among
the samples studied. However, their maximum metal sorp-
tion capacity is still considerable (they are able to im-
mobilize up to 8,000 mg kg~ Ni, Cu, and Zn, as well as

and 21,000 mg kg™ Pb). Generally, the sample charac-
terized by montmorillonite retained slightly higher metal
amounts than that containing vermiculite as this sample
contains higher amount of clay as well (45% clay for S4
and 15% clay for S2). According to Abollino et al. [44] the
order of affinity of the studied metals for montmorillonite
and vermiculite are similar to that found in this study in
a wide pH range (between 25 and 8.0). They showed
that the adsorption of divalent metal ions on these phases
increases with decreasing facility of cations to hydrolyze
and with increasing atomic weight of a metal ion. How-
ever, the presence of pedogenic iron oxide phases may
also influence the sorption capacity of these samples (see
Table 1). Many studies showed that the iron-oxide phases
in soils may significantly contribute to the adsorption of
these metals, especially for Pb and Zn [45]. Analytical
electron microscopy analyses of Sipos et al. [37] showed
that the association of iron oxides and clay minerals is
more characteristic of the sample containing montmoril-
lonite (S4) resulting in an enhancement of sorption ca-
pacity for these phases.

4. Conclusions

Sample composition strongly influenced both the mobil-
ity and sorption of the studied metals. The soil sample
with the highest amount of carbonate is able to effectively
immobilize a serious metal pollution due to alkaline con-
ditions. These conditions also mostly result in low mobil-
ity for native metals, except for Ni, which is more mobile
in this environment when compared to the other studied
metals. The second most significant immobilization was
found for the sample with high total organic carbon, al-
though in this sample, Zn showed low retention and high
mobility. Samples with a considerable amount of swelling
clay minerals have lower sorption capacities relative to
samples with high carbonate and organic matter content.
However, their immobilization capacity is still consider-
able and native metals also show low mobility in these
samples. The most important labile fraction for the stud-
ied metals is the reducible one, suggesting a significant
role for Fe-oxides in the metal distribution of forest soils.
The combined use of metal fractionation and sorption re-
sults in a better understanding of soil-metal interaction.

References

[1] Alloway B.J., Heavy metals in soils, Blackie & Sons,
London, 1990
[2] Palumbo B., Angelone M. Bellanca A, Dazzi C,



Péter Sipos

Hauser S., Neri R.et al., Influence of inheritance and
pedogenesis on heavy metal distribution in soils of
Sicily, Italy, Geoderma, 2000, 95, 247-266

[3] Lu A, Zhang S., Shan X., Time effect on fractionation
of heavy metals in soils, Geoderma, 2005, 125, 225-
234

[4] Morera MT., Echeverria J.C., Mazkariadn C., Garrido
J.J., Isotherms and sequential exctraction procedures
for evaluating sorption and distribution of heavy met-
als in soils, Environ. Pollut.,, 2001, 113, 135-144

[5] Stefanovits P., Brown forest soils of Hungary,
Akadémiai Kiadd, Budapest, 1971

[6] Szalai Z., Spatial and temporal pattern of soil pH
and Eh and their impact on solute iron content in
a wetland (Transdanubia, Hungary), AGD Landscape
and Environment, 2008, 2, 34-45

[7] Sipos P., Geologic and pedogenic effects on heavy

metal distributions in forest soils from the Cserhat

Mts and the Karancs area, NE Hungary, Acta Geo-

logica Hungarica, 2004, 47, 411-429

Németh T., Sipos P., Characterization of clay miner-

=

als in brown forest soil profiles (Luvisols) in Cserhat

Mountains (North Hungary), Agrokem. Talajtan, 2006,

55, 39-48

Hetényi M., Nyilas T., MTéth T., Stepwise Rock Eval

pyrolysis as a tool for typing heterogeneous organic

matter in soils, J. Anal. Appl. Pyrol., 2005, 74, 45-54

Keller TA., Doran JW.,, Gilbert T.L., Simplified method

for soil particle-size determination to accompany soil-

quality analyses, Soil Sci. Soc. Am. J., 2001, 65, 849-

852

Bérdossy Gy., Bottyan L., Gadé P, Griger A, and

Sasvari J., Automated quantitative phase analysis of

bauxites, Am. Mineral., 1980, 65, 135-141

[12] Lt X., Coles B.J., Ramsey M.H., Thornton |., Sequen-
tial extraction of soils for multielement analysis by
ICP-AES, Chem. Geol., 1995, 124, 109-123

[13] Bacon J.R, Davidson C.M,, Is there a future for se-
quential chemical extraction? Analyst, 2008, 133, 25-
46

[14] Kabala C., Singh B.R,, Fractionation and mobility of
copper, lead and zinc in soil profiles in the vicinity of
a copper smelter, J. Environ. Qual., 2001, 30, 485-492

[15] Limousin G., Gaudet J.-P.,, Charlet L., Szenknect S.,
Barthes V., Krimissa M., Sorption isotherms: A review
on physical bases, modeling and measurement, Appl.
Geochem., 2007, 22, 249-275

[16] Xiong X., Stagnitti F., Turoczy N., Allinson G., Li P,
Nieber J. et al., Competitive sorption of metals in wa-
ter repellent soils: Implications for irrigation recycled
water, Aust. J. Soil Res., 2005, 43, 351-356

[17] Adriano D.C., Trace elements in the terrestrial envi-

)

[0

[11

ronment, Springer-Verlag, New York, 1986

[18] Veeresh H., Tripathy S., Chaudhuri D, Hart B.R,
Powell M.A., Sorption and distribution of adsorbed
metals in three soils of India, Appl. Geochem., 2003,
18, 1723-1731

[19] Taylor RM., McKenzie RM., The Association of trace
elements with manganese minerals in Australian soils,
Aust. J. Soil Res., 1966, 4 29-39

[20] Maskall J., Thornton I., The distribution of trace and
major elements in Kanyan soil profiles and implica-
tions for wildlife nutrition, In: Appleton J. D., Fuge
R., McCall G. J. H. (Eds.), Environmental geochem-
istry and health, Geological Society Publication No.
113, 1996, 47-62

[21] McGrath S.P., Lane PW., An explanation for the ap-
parent losses of metal in long-term field experiments
with sewage sludge, Environ. Pollut., 1989, 60, 235-
256

[22] de Melo W.J., Aguiar P.S., de Melo G.M.P., de Melo
V.P., Nickel in a tropical soil treated with sewage
sludge and cropped with maize in a long-term field
study, Soil Biol. Biochem., 2007, 39, 1341-1347

[23] Calace N., Petrinio B.M., Picciolo M., Pietronelli M.,
Heavy metal uptake by barley growing in polluted
soils: relationships with heavy metal speciation in
soils, Commun. Soil Sci. Plan., 2002, 33, 103-115

[24] Antoniadis V., Alloway B.J.,, Evidence of heavy metal
movement down the profile of a heavily-sludged soil,
Commun. Soil Sci. Plan., 2003, 34, 1225-1231

[25] Tyler G., Leaching rates of heavy metal ions in forest
soils, Water Air Soil Pollut.,, 1978, 9, 137-148

[26] Plant J.A., Raiswell R, Principles of environmental
geochemistry, In: Thornton I. (Ed.), Applied environ-
mental geochemistry, Academic Press, London, 1983,
1-39

[27] lyengar S.S., Martens D.C., Miller W.P,, Distribution
and plant availability of soil zinc fractions, Soil Sci.
Soc. Am. J., 1981, 45, 735-739

[28] Hickey M.G., Kittrick J.A., Chemical partitioning of
cadmium, copper, nickel and zinc in soils and sedi-
ments containing high levels of heavy metals, J. Env-
iron. Qual., 1984, 13, 372-376

[29] Teutsch N., Erel Y. Halicz L., Chadwick O.A., The
influence of rainfall on metal concentration and be-
havior in the soil, Geochim. Cosmochim. Ac., 1999, 63,
3499-3511

[30] Lee S.Z,, Chang L., Yang H.H., Chen CM,, Liu M.C,
Adsorption characteristics of lead onto soils, J. Haz-
ard. Mater., 1998, 63, 37-49

[31] Tyler G., Leaching rates of heavy metal ions in forest
soils, Water Air Soil Poll., 1978, 9, 137-148

[32] Plant J. A, Raiswell R. Principles of environmental

191




Distribution and sorption of potentially toxic metals in four forest soils from Hungary

geochemistry, In: Thornton I. (Ed.), Applied environ-
mental geochemistry, Academic Press, London, 1983,
1-39

[33] Fujikawa Y., Fukui M., Kudo A., Vertical distributions
of trace metals in natural soils horizons from Japan.
Part 1. Effect of soil types, Water Air Soil Poll., 2000,
124, 1-21

[34] Sipos P, Mobilization conditions of lead in for-
est soils from the Cserhat Mts., NE Hungary, Acta
Mineralogica-Petrographica, 2007, 47, 53-59

[35] Santillan-Medrano J., Jurinak J. J., The chemistry of
lead and cadmium in soil: solid phase formation, Soil
Sci. Soc. Am. J., 1975, 39, 851-856

[36] Somasundaran P., Hubbard AT., Encyclopedia of sur-
face and colloid science, CRC Press, 2004

[37] Sipos P., Németh T. Kovécs Kis V., Mohat ., Sorption

of Cu, Zn and Pb on soil mineral phases, Chemo-

sphere, 2008, 73, 461-469

Fontes M.P.F., de Matos AT., da Costa L.M., Neves

J.C.L., Competitive adsorption of zinc, cadmium, cop-

per, and lead in three highly weathered Brazilian

soils, Commun. Soil Sci. Plan., 2000, 31, 2923-2958

Brimmer GW. Heavy metal species, mobility and

availability in soils, In: Bernhard M., Brinckman F.E.,

Sadler PJ. (Eds.), Dahlem Workshop on the impor-

tance of chemical “speciation” in environmental pro-

cesses, Berlin, Springer-Verlag, 1986, 169-192

[40] Brookins D.G., Eh-pH diagrams for geochemistry,
New York, Springer-Verlag, 1988

[41] Takamatsu I, Yoshida T., Determination of stability
constants of metal-humic complexes by potentiomet-

38

39

ric titration and ion-selective electrodes, Soil Sci.,
1978,125, 377-386

[42] Sun QY. Lu P, Yang L.Z,, The adsorption of lead and
copper from aqueous solution on modified peat-resin
particles, Environ. Geochem. Hlth., 2004, 26, 311-317

[43] Huheey J.E., Keiter E.A., Keiter R.L., Inorganic chem-
istry: Principles of structure and reactivity, Harper
Collins College Publishers, New York, 1993

[44] Abollino O., Giacomino A., Malandrino M., Mentasti
E., Interaction of metal ions with montmorillonite and
vermiculite, Appl. Clay Sci., 2008, 38, 227-236

[45] Wang H., Wang C.X., Wang ZJ., Cao R.H., Fraction-
ation of heavy metals in surface sediments of Taihu
Lake, East China, Environ. Geochem. Hlth., 2004, 26,
303-309

==



