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Abstract This study was conducted to investigate the
effect of time on cadmium (‘*Cd) availability in four
typical soils of the Danubian Lowland through the modi-
fied Tessier’s sequential extraction procedure as well as its
short-term sorption in the bulk soils and their two grain-
size fractions. Results of the fractionation study showed
that there were significant changes in the proportional
distribution of cadmium in all studied soils during
180 days of incubation with spiked cadmium. Generally,
the proportions of cadmium associated with the most
weakly bound fractions (water soluble and exchangeable)
tended to decrease with corresponding increases in the
residual fraction during the incubation. The extent of
cadmium sorption in all studied soils was high, exceeding
95% of the spiked amount after 60 min of incubation,
likely due to slightly alkaline character of the soils. The
finding that soil particles less than 10 pm sorbed up to 51%
of the spiked cadmium in soils is of great importance since
they could play a role in colloid-facilitated transport of
cadmium through preferential pathways, as previously
observed in the region. Addition of 1 M ammonium nitrate
into the soil solution generally decreased cadmium sorption
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in all four soils. The lowest extractabilities of Cd were
obtained using 1 M ammonium nitrate as a single
extractant, whereas 0.025 M ammonium ethylenediamine-
tetraacetate solution extracted the highest proportions of
cadmium from the studied soils.
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Introduction

Cadmium (Cd) is one of the most common heavy metal in
the soil environment and its concentrations have increased
seriously during the last few decades due to the agricultural
application of sewage sludge, phosphate fertilizers, fungi-
cides and land disposal of metal-contaminated municipal
and industrial wastes [1-3]. Cadmium is a soil pollutant of
no known essential biological functions, and may pose
threats to soil-dwelling organisms and human health [4, 5].
Cadmium present in soils may accumulate in food crops or
may leach through soils polluting groundwater supplies.
Thus concerns about soil and water pollution have
emphasized the importance of understanding the processes
or factors, which control the retention and release of Cd in
soils.

The concentration of Cd in the soil solution, and hence
its downward transport, bioavailability and toxicity is
controlled mainly by sorption—desorption processes at the
surfaces of both inorganic and organic soil colloids. It is
well-known that pH is the most important soil parameter
determining the mobility of Cd in soils, which decreases
universally with increasing soil pH [6-9]. However, other
factors such as soil organic carbon content, cation
exchange capacity, clay content, content of Fe and Mn
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oxyhydroxides and solution composition have a pro-
nounced effect on the retention and mobility of Cd in soils
[10-12]. Although downward movement of Cd in soils is
largely controlled by its concentration dissolved in the soil
water, colloid-facilitated transport via preferential path-
ways may result in a deeper penetration of Cd in soils, i.e.
much more as it might be predicted based only on its
sorption characteristics in bulk soils. Lichner [13] showed
in a field experiment that Cd penetrated up to the depth of
65 cm in soils of the Danubian Lowland, the phenomenon,
which could not be explained by single-continuum model
simulating the movement of solutes in the soil matrix.
Vogel et al. [14] suggested that colloid-facilitated transport
by soil particles less than 10 ¢ m, which sorbed a sub-
stantial proportion of added Cd, were responsible for the
observed deep penetration of Cd in soils of the Danubian
Lowland.

Total cadmium contents are of limited importance in
evaluating its mobility and bioavailability in soils. The
mobility and bioavailability of cadmium depend strongly
on its chemical forms associated with inorganic and
organic soil components. Various analytical approaches
have been used for the determination of different chemical
forms of Cd, and many of them rely on the element
desorption from the solid phase using chemical reagents.
Two groups of tests should be considered: (i) the single
extraction procedures using one extraction reagent, and (ii)
the sequential extraction procedures using a series of pro-
gressively harsher reagents to dissolve increasingly
refractory forms [15—17]. Single extraction reagents can be
divided into three main classes: weak replacement of ion
salts, dilute solutions of either weak or strong acids and
chelating agents [15, 18]. Sequential extraction procedures
have also been used to investigate the effect of contact time
on the fractionation of freshly spiked heavy metals in soils
[19-21]. Contact time directly relates to the bioavailability
and toxicity of heavy metal in soils. Studies focused on the
temporal changes in the fractionation and bioavailability of
heavy metals have shown that their bioavailability
decreases and they are converted from easily available and
soluble forms into less soluble ones with increasing contact
time [19, 22-24].

The aim of this study was to investigate the effect of
contact time on the fractionation of added Cd in four
agricultural soils of the Danubian Lowland (south-west
Slovakia). Moreover, the short-term sorption of cadmium
chloride solution labeled with '®>Cd in bulk soils and their
two grain-size fractions, and the effect of ammonium cat-
ions on the Cd sorption were evaluated in this study.
Finally, three single extraction reagents, widely employed
to assess the bioavailability of heavy metals in soils, were
used to extract sorbed Cd after 1 day of incubation and to
compare the Cd proportions extracted by single reagents
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with those obtained by the modified Tessier’s sequential
extraction procedure.

Experimental
Soil samples

This study was conducted with light, medium heavy, and
heavy soils of the Danubian Lowland, which is a large
(1260 km?) agriculturally managed area situated in the
south-west Slovakia, with a shallow (0.5-3.8 m deep)
underlying aquifer containing about 10 km® of groundwa-
ter with the high quality. The light soil (loamy-sand soil,
Calcaric Fluvisol), the two medium heavy soils (loamy
soil, Calcaric-Haplic Chernozem and clay-loam soil,
Calcaric Chernozem) and the heavy soil (clay soil, Calca-
ric-Mollic Fluvisol) were taken from Kalinkovo, Macov,
Most and Jurova, respectively [25]. Selected physico-
chemical properties of the topsoil layers (0.1-0.2 m) are
shown in Table 1 [26, 27]. Quality of soil humus was
assessed as the ratio of humic acid to fulvic acid contents
(HA/FA).

Sequential extraction procedure

For the incubation study, duplicate 40 cm® aliquots of
water solution containing radioactive '°’Cd (in the form of
CdCl,) with a concentration of 50.9 mg dm ™ were added
to 10 g of dry soil (<2 mm) in 100 cm® polyethylene
bottle. The soil suspensions were incubated for 1, 30, 90,
and 180 days at 20 °C. After incubation, soil suspensions
were centrifuged for 5 min at 5,000 rpm, the aqueous
phase was removed as much as possible, and consequently

Table 1 Selected properties of tested soils

Kalinkovo Macov Jurova Most

Soil property

pHHZO 7.8 8.0 8.6 7.6

pHkcl 74 7.7 7.4 7.2

CaCOs* (%) 27 26 16 17

TOC® (%) 0.78 1.38 2.20 1.70

HA/FA® 0.62 1.58 1.77 n.d.
Particle size distribution (%)

Clay (<0.002 mm) 11.5 21.8 22.5 23.0

Silt (0.002-0.05 mm) 344 342 51.5 46.0

Sand (>0.05 mm) 54.1 44.0 26.0 31.0

<0.01 mm 21.6 29.0 41.4 51.8

% Calcium carbonate content, b total organic carbon content, © ratio of
humic acid to fulvic acid contents

n.d. not determined
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a modification of the Tessier’s sequential extraction pro-
cedure [28] was used to extract cadmium from amended
soils. Individual steps of the modified sequential extraction
procedure applied to the soils are given in Table 2. At the
end of each extraction step, the samples were centrifuged
for 5 min at 5,000 rpm to separate the soil. The soil was
washed with distilled water and again centrifuged. The
washed water was discarded. Activity of '®’Cd in the
extracts was measured multi-channel gamma-spectrometer
(Series 35 Plus, Canberra Industries Inc., Meriden, CT,
USA) with Ge/Li detector.

Single extractions

To assess the cadmium individual forms in soils, the soil
samples spiked with cadmium were prepared as described
above. After 1 day of incubation, the samples were cen-
trifuged for 5 min at 5,000 rpm, the aqueous phase was
carefully removed, and then, 40 cm? of single extractants,
i.e. 1 M ammonium nitrate (NH4;NOs3), 2 M nitric acid
(HNO3) and 0.025 M ammonium ethylenediaminete-
traacetate (EDTA) were added to the soil samples. The soil
suspensions were shaken for 1 h, centrifuged and analyzed.
It is generally reported that the exchangeable Cd, usually
determined by unbuffered weak salt solutions such as
NH4NO;, represents the most mobile fraction of soil and
readily available for plant uptake [15, 29]. Nitric acid-
extractable metals in the soil have been suggested as a
measure for geochemically active metals, present in the
soil [30]. The term active implies susceptibility to chemical
interactions with the soil solids that control solution con-
centrations. However, this proposed terminology may be

Table 2 Modified sequential extraction procedure for Cd used in the
study

Step Operational definition Time (h) Phase/
association
1 Distilled water (pH = 5.5) 1 Water soluble
2 1 M MgCl, (pH =7) 1 Exchangeable
3 0.025 M Na,P,0, 1 Humic acid bound
4 1 M NaOAc + HOAC 24 Carbonate bound
(pH = 5)
5 0.04 M NH,OH.HCl1 24 Fe/Mn oxides bound
6 30% H,O, + HNO; 24 Organic bound
(pH = 2)
7 2 M HNO; 24 Dissolved in mineral
acid
8 1 M NaOH 24 Dissolved in
hydroxide
9 As the difference between Residual

the concentration of total
cadmium and sum of the
first eight fractions

somewhat vague, and the fraction may therefore best be
referred to as acid-extractable metals. Complexing
extractants such as EDTA or DTPA can, by virtue of their
strong complexing ability, displace metals from insoluble
organic or organometallic complexes in addition to those
sorbed on inorganic soil components [31, 32].

Sorption experiments

The sorption of cadmium in bulk soils was determined by
the conventional batch technique. Each sorption experi-
ment involved 10 g of dry soil passed through a 2 mm
sieve before use, 40 cm’ of distilled water, and radioactive
cadmium ('°°Cd in the form of CdCl,) with a concentration
of 50.9 mg dm ™~ and specific activity ao. Soil, water and
cadmium solution were placed into a 100 cm® polyethylene
bottle and shaken vigorously for 5 s. Then, a 5 cm® of the
soil suspension was taken at t = I min after shaking,
centrifuged, and the specific activity a(f) of '°’Cd in the
aqueous phase was measured using a multi-channel
gamma-spectrometer (Series 35 Plus, Canberra Industries
Inc., Meriden, CT, USA) with Ge/Li detector. The pro-
portion of cadmium sorbed in bulk soils at a given time was
calculated from the equation:

S(t) = [(ao — a(t))/ao] x 100%

The same procedure was used for the Cd—soil contact times
tof 2, 3,5, 10, 30, and 60 min.

The sorption of cadmium by soil particles less than
10 pm was determined by the modified batch technique
with radioactive cadmium '®Cd and no centrifugation.
Sorption experiments were conducted as described above
for bulk soils, but the soil suspension taken at 1 min after
shaking was not centrifuged. Thus, the measured specific
activity [denoted as a@'(r)] corresponded to '°’Cd in the
aqueous phase and sorbed in the soil particles <10 pm. The
proportion of Cd sorbed in soil particles larger than 10 pm
at a given time was calculated as follows:

§'(t) = [(ao — d'(1)) /ao] x 100%

and the proportion of Cd retained by soil particles less than
10 micrograms could be calculated using the following
equation:

§"() = [(@ (1) - a(t)) fao] x 100%

The same procedure was chosen for the Cd—soil contact
times of 2, 3, 5, 10, 30, and 60 min, but with the modifi-
cation that in the final phase of contact (=65 s before its
finishing) the soil suspension was shaken for 5 s and then
sampled after 1 min. This selected time (f = 1 min) was
evaluated by the Stokes law, according to which the soil
particles smaller than 10 um had not enough time to settle,
and hence remained suspended in the aqueous phase. The
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proportions of cadmium sorbed in bulk soils and soil par-
ticles larger than 10 pm were used to calculate the distri-
bution coefficients for matrix and preferential flow
domains, respectively, in two-domain cadmium transport
modelling [33, 34].

The effect of ammonium cations on Cd sorption in bulk
soils was evaluated by the conventional batch technique
described above using a 1 M NH4NO3 solution.

All the sequential extractions, single extractions
and sorption experiments were made in duplicate and
both the measured values and means are presented in
Figs. 1, 2, 3 and 4.

Results and discussion
Characterization of soils

Selected chemical and physical properties of the soils are
shown in Table 1. Clay contents ranged from 11.5 to
23.0%, total organic carbon contents ranged from 0.78 to
2.20%, and contents of soil particles smaller than 10 pm
were from 21.6 to 51.8%. The soils were loamy sand to
clay in texture, and exhibited alkaline character, which
could be attributed to the relatively high calcium carbonate
contents, varying from 16 to 27%. The clay fraction of all
studied soils was composed mainly of illite, followed by
chlorite, smectite, calcite, dolomite and quartz [26]. The
highest HA/FA ratio had the clay soil from Jurova, indi-
cating a good quality of soil humus in this soil.

Temporal changes in the fractionation of Cd

The effect of contact time on the distribution of Cd
between different soil fractions is shown in Fig. 1. The
results presented in Fig. 1 clearly show that water soluble
Cd decreased markedly within 30 days, remained relatively
constant with increasing contact time, and were approxi-
mately identical for all soils at the end of incubation study.
As could be seen from Fig. 1, most of Cd added to soils
appeared in the exchangeable fraction after 1 day of
incubation. Cadmium in the exchangeable fraction was
39.4, 29.3, 20.3 and 32% in Kalinkovo, Macov, Jurova and
Most soils after 1 day of incubation. When the contact time
increased, proportions of added Cd in the exchangeable
fraction decreased gradually and were between 10-13% at
day 180. The proportions of carbonate-bound Cd also
decreased to some extent during the incubation (Fig. 1),
although the rates at which the changes occurred with the
proportion of carbonate-bound Cd appeared to be much
lower compared to the rates associated with the
exchangeable Cd fractions. Organic-bound Cd was found
to increase when contact time increased from 1 to 30 days
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in all soils, but then generally decreased and the proportions
of Cd bound to organic matter were significantly lower at
day 180 compared to those at day 1 (Fig. 1). The amounts of
Cd fraction dissolved in mineral acid decreased continually
during the incubation study, but with the different rates,
when the highest decrease in the proportions of Cd dissolved
in mineral acid occurred between 30 and 60 days. No
obvious trends were observed for Cd associated with Fe/Mn
oxides and dissolved in sodium hydroxide (Fig. 1). Cad-
mium that was added to the soils transformed mainly to the
less soluble forms as reflected by the continual increase in
the proportions of Cd associated with residual fraction
during the incubation. It could be concluded that there were
clear changes in the fractionation of Cd in all four studied
soils during the whole period of incubation. The main out-
come of this study is that the amounts of water soluble and
exchangeable Cd, which are considered as the most bio-
available and susceptible forms for downward leaching in
soils, tended to decrease with time, whereas the amounts of
Cd in the most strongly bound fractions (i.e. residual) clearly
increased indicating a decline in its bioavailability and
hence potential toxicity to animals and humans. Since the
soils have similar characteristics concerning, e.g. their pH
values and calcium carbonate contents, there were no sig-
nificant differences in the rates at which redistribution of Cd
took place during the incubation.

Despite the differences in sequential extraction proce-
dures used, the results of this study were in close agreement
with the findings of previous studies. Mann and Ritchie
[35] investigated the changes in the forms of added Cd
through eight days in soils, and found that the most labile
fractions of Cd (water soluble and exchangeable) trans-
formed with time to least available and soluble forms
(residual). In another study, Tang et al. [36] also observed
that the added Cd in the exchangeable fraction of five soils
decreased with time (through 120 days), with correspond-
ing increases in the proportions of Cd associated with
residual fraction.

Single extractions

The extractabilities of spiked Cd after 1 day of incubation
using single extractants are depicted in Fig. 2a. The
NH4NO;, HNOj3, and EDTA solutions used to extract the
soils demonstrated variability in capacity to extract Cd
from the soils and the following order of their increasing
extraction capacity was observed: NHy;NO; < HNO; <
EDTA. It is interesting to compare the proportions of Cd
extracted by NH4;NO; with those extracted by MgCl, in the
modified Tessier’s sequential extraction procedure. As
could be seen from Figs. 1 and 2a, the MgCl, solution was
able to extract the much higher amounts of Cd from all
soils than the NH4NOj; solution did. This was likely due to
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Fig. 2 a The extractabilities of Cd from soils using single extraction
reagents, and b comparison of the Cd extractabilities by EDTA to the
sum of the first six steps in the modified Tessier’s sequential extraction

procedure. Error bars are range of the observed values in duplicates

different cation competitiveness for adsorption to the soil,
and therefore in the ability to release competing cations
such as Cd from the soil matrix. Generally, the following

order of competitiveness of exchangeable cations used
in single extraction procedures has been observed:
Ba > Ca > Mg > NH, > K > Na [37]. The total pool of
potentially available metal species in soils can be estimated
from the EDTA-extractable fraction [1]. EDTA, as a strong
chelating agent, is considered to extract metals in all the
non-silicate-bound soil phase, i.e. is capable of desorbing
not only the mobile forms of the metals (water soluble and
exchangeable), but also those more strongly bound to
organic and inorganic non-silicate soil constituents [32]. In
this regard, the proportions of Cd extracted by this single
procedure were comparable to the sum of the proportions
of Cd extracted in the first six steps of the modified
Tessier’s procedure, as shown in Fig. 2b.

Sorption of Cd in soils

The sorption of Cd and other elements by solids was
commonly investigated as a function of contact time in
previous experiments and the results showed that the
sorption was very fast and equilibrium was reached almost
instantaneously after mixing [38—42]. The relative pro-
portions of Cd sorbed in bulk soils with time are shown in
Fig. 3. It could be seen that the sorption of Cd was rapid
and very efficient, exceeding 95% of the total Cd added to
soils after 1 min. The observed short-term kinetics of Cd
sorption satisfied well the pseudo-second order kinetic
equation, which can be written in its linear form as [43,
44]:

o 1 t
% B k2 X Se N S_e

where k, is the pseudo-second order rate constant. This
likely indicated that the rate of direct sorption process (seen
as a kind of chemical reaction) controlled the overall
sorption kinetics of Cd in the soils. The extent of Cd
sorption after 60 min in bulk soils, expressed as percentage
of the total added Cd was very high with only minor

Fig. 3 The effect of contact 100 100
time on the sorption of Cdin | e —
soils. The lines are fitted 99| 99
according to the pseudo-second
order kinetic equation. Error
bars represent range of the T 98+ T 984
measured values in duplicate g g
samples @ 97 § 97
3 3
8 96+ 8 96 4
957 . 95+
--O-- Kalinkovo --¥-- Macov
—A— Jurova —5- Most
94 T T T T T T T 94 T T T T T T T
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (min) Time (min)
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differences among the soils, and followed the order: Ka-
linkovo (99.8%) > Jurova (99.2%) = Most (99.2%) >
Macov (97.2%). The high sorption capacity of the soils for
Cd might be due to their neutral up to slightly alkaline soil
pH, high calcium carbonate, silt and clay contents. A
dominant role of clays, carbonates and soil pH for the
sorption of Cd in soils was confirmed previously by Hooda
and Alloway [10], Adhikari and Singh [7], Palagyi and
Rigas [39], and more recently by Shaheen [12]. The
sorption results with soils of the Danubian Lowland
showed that Cd added to the soils might be retained effi-
ciently, and hence they might reduce the potential of Cd to
leach via the soil matrix into groundwater.

The results of the modified batch technique revealed that
significant proportions of Cd were adsorbed by the soil
particles smaller than 10 pm within 1 min of incubation
(Table 3). However, during the incubation, cadmium was
quickly re-distributed between the soil particles <10 pm
and the particles >10 pm, reaching an equilibrium state
after 30 min. Decrease in the extent of Cd sorption by soil
particles less than 10 pm was balanced by increase in the
Cd sorption by soil particles larger than 10 pm. The
observed particle-size dependent and temporal changes of
Cd distribution in all studied soils remain poorly

understood, but might be related with the corresponding
changes in degree of aggregation of the soil particles with
increasing time. Nevertheless, the results confirmed that
the soil particles less than 10 pm sorbed a substantial part
of Cd, and these particles might transport cadmium towards
groundwater through preferential pathways, i.e. macrop-
ores, since the hydrogeological setting of the soil sites is
dominated by macropore flow and less by the flow in the
low permeability matrix [45]. The quantitative impact of
such transport was not evaluated in the present study, but
previously, Vogel et al. [14] confirmed by the field trans-
port experiment at the studied site and the dual-continuum
modelling that more than 40% of the applied Cd was
transported deeper than 10 cm through macropore-medi-
ated transport of Cd in particle-bound form and liquid
phase.

The presence of NH4* cation in the aqueous solution, as
a common component of fertilizers, reduced slightly total
Cd sorption in soils as compared to its absence (Fig. 4).
The maximum reduction of Cd sorption by 3.3% in the
presence of NH, " was observed for the soil from Kalin-
kovo, which had the highest exchangeable proportion of Cd
among the studied soils (Fig. 1). The inhibitory effect of
NH,* on soil sorption was previously reported for Zn, an
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Table 3 Extent of Cd sorption in bulk soils and soil particles larger than 10 pum, and less than 10 um as a function of contact time

Sorption (%)

Cd-soil contact time (min)

1 2 3 5 10 30 60
Kalinkovo (loamy-sand soil) S(1) 96.6 97.0 97.6 98.7 98.9 99.2 99.8
S'() 61.1 78.6 71.2 75.3 77.7 83.2 83.2
S"(5) 355 18.4 26.4 234 21.2 16.0 16.5
Macov (loamy soil) S(¢) 95.8 96.3 95.8 96.9 97.0 97.2 97.2
S'(t) 63.7 71.7 72.4 73.6 76.1 81.3 84.9
S"(t) 32.1 24.6 234 233 20.9 15.9 12.3
Jurova (clay soil) S(1) 97.8 98.2 98.3 97.9 98.7 99.2 99.2
S'(1) 49.7 54.2 69.8 74.1 74.1 90.2 91.0
S"(1) 48.1 44.0 28.5 23.8 24.6 9.00 8.20
Most (clay-loam soil) S(1) 97.1 97.9 98.5 98.8 98.6 99.0 99.2
S'() 45.8 55.9 584 55.5 67.1 70.9 62.6
S"(5) 51.3 42.0 40.1 433 31.5 28.1 36.6

element very familiar to Cd, and this was attributed to
direct competition for adsorption sites and effect of NH,"
on surface negative charge density [46]. He et al. [47]
reported that the use of NH, ™ also enhanced the release of
Zn from Florida sandy soils with exchangeable Zn >23%
as compared to water and pointed out the role of cation
exchange competition between Zn and NH," in the
electrolyte.

Conclusion

There is a need for studying cadmium distribution and
retention in soils since groundwater contamination and
uptake by plants depends strongly on these processes. In
this study, four calcareous soils of the Danubian Lowland
(Slovakia), the area with highly vulnerable groundwater
resources, were used to investigate the fractionation of
added Cd over time, its sorption and the effect of ammo-
nium cations on the Cd sorption. The added Cd to soils was
transformed from easily extractable fractions to more sta-
ble fractions, mainly residual, with increasing time of
contact between the soils and cadmium. However, rela-
tively high proportions of Cd were still present in the
labile, exchangeable fraction of the soils after 180 days of
the incubation study, indicating that Cd might pose an
environmental risk to groundwater contamination in the
area. The soils were highly efficient sorbents of Cd, when
up to 99.8% of the total added Cd was sorbed during
60 min. The high sorption capacity of the soils for Cd was
attributed to their alkaline character, high calcium car-
bonate, silt and clay contents. Addition of NH4;NO; to the
aqueous phase had slight inhibitory effect on the sorption
of Cd and the decreases in Cd sorption were in a range
from ~0 to 3.3%. The results of the modified batch
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technique confirmed that the soil particles less than 10 pm
sorbed a substantial proportion of Cd, and these particles
might carry cadmium towards groundwater via soil mac-
ropores mainly during heavy rains, frequency and intensity
of which are increasing as a result of climate change. The
NH4NO;, HNOj, and EDTA solutions used as single
extractants exhibited variable ability to extract Cd from the
soils and the following order of their increasing extraction
ability was observed: NH4,NO; < HNO; < EDTA.
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