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Contamination with heavy metals is a major concern because of their toxicity and threat to human life and environ-
ment. The object of the study was dark gray podzolic soil polluted with cadmium. The samples were taken from the research
field of Lviv National Environmental University, from the layer of 0-60 cm deep. Cadmium (CdCl,-2.5 H,O) was applied
to the top layer of soil as water-salt solutions in different doses, namely 0; 3; 15; 30 mg kg'!. The basic chemical and physical
properties, such as soil reaction, organic carbon content, grain size composition, total surface area, porosity, and hydrolytic
acidity of the samples were analyzed using routine laboratory procedures. The soluble forms of Cd were also investigated.
The soil reaction ranged between 6.9 and 7.6 in 1M KCI and 7.4-8.1 in H,O, whereas the content of organic C ranged
between 0.62 and 1.59 %. For Cd-treated samples, the content of sand fraction changed from 7 to 25 %, silt fraction — from
47 to 63 %, and clay — from 18 to 43 %. The pore volume of polluted soil ranged from 411 to 515 mm? g''. The total surface
area of the soils varied from 26.8 m? g”! to 40.0 m? g!. The content of available forms of cadmium was the highest in the top
layers of soils. The presence of this element was similar to that in the control sample at the depth of 30 cm only for small
initial doses of Cd. The content of Cd for the highest dose and at the deepest soil level was higher than for the control sample.
The behaviour of cadmium in soil and the influence of cadmium on the basic characteristics of dark gray podzolic soil can
be caused by the chemical properties of this metal and the properties of the soil. The rate of migration of mobile forms of
cadmium in the soil may be an indication of its self-purification.

Keywords: soil pollution, heavy metals, cadmium, dark gray podzolic soil, physical and chemical properties, soluble
forms of heavy metals.

Kaumap H., lauko T., IBankiB M., {lugis A., Ilanaciok P. Haciaigku kagmieBoro 3a0py/iHeHHs1 TeMHO-Ciporo
ONiA30/1€HOT0 IPYHTY AJI4 iioro ¢pizuko-xiMiuHoro crany B ymoBax 3axignoro Jlicocreny Ykpainu

3a0pyAHECHHS BOXKHMH METalaMH 3YMOBIIIOE CEpPHO3HE 3aHENOKOEHHS Yepe3 IXHIO TOKCHYHICTH 1 3arpo3y >KUTTIO
JIFOIMHYU Ta HABKOJUIIHBOMY cepefoBHiy. JlocmipkeHo 3a0pyAHEHUIH KaMieM TEMHO-CIpHA OMMiA30JICHUI IPYHT. 3pa3Ku
IpyHTY BinOupanu i3 rmubunu 0—60 cMm Ha gociigHoMy 1o JIbBIBCHKOTO HAlliOHATBHOTO YHIBEPCHTETY MPUPOJIOKOPHUCTY-
BaHHs. Kaawmiil (CdCl-2.5 H,O) BHOCHIM Y BEpXHil MIap IPYHTY y BUIIISI BOAHO-COJIbOBUX PO3UUHIB y pi3HUX Ao3ax: 0; 3;
15; 30 mr/kr rpyHTy. OCHOBHI XiMi4Hi Ta (i3U4HI BIACTUBOCTI, SIK-OT PEAKIIis IPYHTY, BMICT OPraHiYHOI'0 BYIJIELO, FPaHy-
JIOMETPUYHUI CKIIaJ], 3arajbHa IJIOIIA TOBEPXHI, IOPUCTICTh, TIPOJIITHYHA KUCIOTHICTh 3pa3KiB, MPOAHAIII30BaHO 32 JIOTIO0-
MOTOI0 CTaHAAPTHUX JIJA0OPATOPHUX METOIB. JIOCIIPKEHO TAKOXK YMICT pO34MHHUX (OPM KaaMito. 3ayBaXKeHO, 10 PEaKIlis
IPyHTY KonuBanacs Bin 6,9 no 7,6 8 IM KCl i1 7,4-8,1 B H,O, Tozi sik ymicT opraHiuHoro Byriento O0ys y mexax 0,62—
1,59 %. ns nocniikyBaHMX 3pa3KiB yMicT ¢pakuii micky 3MiHIoBaBcs Bil 7 1o 25 %; dpakuii myny — Bix 47 1o 63 %, i
dpaxuii konoinuoi raunu — Bix 18 10 43 %. O6’eM nop 3a0pyaHEHHUX 3pa3KiB IPYHTY cTaHoBuUB Bix 411 Mv’r! 10 515 MM’
!, 3arasnpHa 11012 MOBEPXHI IPYHTOBMX 3pas3kiB 3MiHIOBanacs B Mexax Bia 26,8 M2r! 0 40,0 m?r!. Haiisumuii BMicT pyxo-
MuXx (HOpM KaJIMit0 BUSBUBCS Y BEPXHIX IIapax IpyHTY. Bmict 3a0pyaHIoBauya OyB Ha OHOMY DPiBHI 3 KOHTPOJIBHUMH 3pa3-
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kaMu Ha ruOuHI 30 ¢M 3a YMOBH HHM3BKOTO PiBHS 3a0pyaHEHHS. BMicT KajMito 32 BUCOKOTO piBHsI 3a0py/IHEHHS Ha HaHOi-
IbLIIHA ruOuHi IpyHTY OYB 3HAUHO BUIIUM, HDX y KOHTPOJIBHOMY BapiaHTi. OCOOIMBOCTI NOBEIIHKM KaJIMil0 B IPYHTI Ta
BIUIMB JIOCTIPKYBAHOTO ITOJIOTAHTA HA OCHOBHI XapaKTEPUCTHKH TEMHO-CIPOTO OIiA30JIEHOTO IPYHTY MOXKHA HOB’S3aTH 3
XIMIYHUMH BJIACTHUBOCTSIMU IIbOTO METATY Ta BIACTUBOCTSAMH, IPUTAMaHHUMHU JOCITIPKYBaHOMY IpyHTY. [IIBHIKICTh Mirpa-
il pyxoMux (HopM Kaamiro y IpyHTI MOke OyTH CBiTYEHHSM 1 TOKa3HUKOM HOT'0 CAaMOOYHIIICHHSI.

KaouoBi ciioBa: 3a0pynHeHHs IPYHTY, BaXXKI METallM, KaJMii, TEMHO-CIpUI OMiI30JIEHUH TPYHT, (I3UKO-XiMIYHI

BJIACTUBOCTIi, PO3UUHHI (JOPMU BaKKUX METaIB.

Formulation of the problem. One of the factors
contributing to the chemical degradation of soils is the
presence of heavy metals, which are among the primary
pollutants in the environment. More than 85% of the total
heavy metal content in soils comes from human activities.
Contamination with heavy metals is a major concern due
to their toxicity and the threat they pose to human life and
the environment. Soils accumulate large amounts of
heavy metals and their distribution and movement within
the soil depend largely on their adsorption by soil parti-
cles. Specifically, soil organic and mineral particles can
bind toxic elements by forming complexes.

Analysis of recent research and publications.
Three principal stages of technogenic heavy metals
transformation in soil are 1) the formation of com-
plexes; 2) heavy metals' highly intensive migration; 3)
high humus horizon intrusion [2; 3]. Some agricultural
soils are contaminated with cadmium (Cd). Cadmium
belongs to 10 chemical elements that are the basic con-
taminants of the environment and they can be found in
solid as well as in liquid phase. The parent rock of
which the soils are developed is the natural source of
heavy metals in those soils. Soils exhibit high absorb-
ing capacity to cadmium. Several soil properties, such
as the pH value, organic carbon content, grain size
composition, specific surface area, porosity, and hy-
drolytic acidity, can influence the availability of ex-
changeable and water-soluble Cd determined as avail-
able for plants [5; 12]. On the other hand, several phys-
icochemical processes occurring in soils, such as water
and ions adsorption, acid-base equilibrium, and
transport phenomena, are related to or governed by the
surface properties of the soil solid phase. The main fac-
tor influencing the mobility of heavy metals in the soil
environment is its reaction (pH) which affects the sta-
bility of humus complexes with metals. In alkaline and
high-sorption capacity carbonate soils with pH above
7, heavy metals are naturally transformed into non-sol-
uble forms without any additional agricultural treat-
ments [12]. The relationship between the amount of
metal adsorbed and composition of the soil is quite
complex, due to solid phase heterogeneity and influ-
ence of soil solution chemistry [2; 7]. The solution ac-
tivity of Cd is consistently higher than other heavy
metals, indicating that Cd is more mobile in the envi-
ronment [8]. In soils dominated by permanent charge
surface, heavy metals are not mobile, but in variable
charge soils, the low surface charge density creates

conditions conductive to increased mobility. Conse-
quently, the adsorption of heavy metals, in particular
cadmium, by soils in relation to the effects of inorganic
and organic ligands and the implications for metal
transport were reviewed by researchers [1; 11].

Setting objectives. The aim of this study was to
investigate the basic properties of the dark gray pod-
zolic soil polluted with cadmium. Basic chemical and
physical properties, such as soil reaction, hydrolytic
acidity, organic carbon, grain size composition, total
surface area, soil porosity and content of water-soluble
forms of Cd were measured.

Presenting main material. The soil samples
were taken from the research field of Lviv National
Environmental University. The experimental area of
100 m? was divided into 20 plots of 2 m? each. The ef-
fect of cadmium on physical and chemical properties
of the dark gray podzolic soil was investigated at the
contamination levels of 1, 5 and 10 of the Threshold
Limit Value. Heavy metals were applied onto the top
layer of soil as water-salt solutions of CdCl; at differ-
ent doses, namely 0; 3; 15 and 30 mg kg™ of soil. The
soil samples were taken from every next 10 cm layer
of the soil profile (0—60 cm depth). Soil reaction, or-
ganic carbon, grain size composition, specific surface
area, porosity, hydrolytic acidity of the studied soil
were measured using routine laboratory analyses on
the basis of Institute of Agrophysics, Polish Academy
of Sciences in Lublin. Soil reaction was measured by a
potentiometer with a combined glass/calomel elec-
trode in 1M KCI and in H»O at 1:2.5 soil-to-solution
ratio. Organic carbon was determined oxidometrically
with potassium dichromate in hot sulphuric acid, ac-
cording to the modified Tiurin method. The grain size
composition was evaluated by the areometric Cassa-
grande method modified by Proszynski. The specific
surface area of investigated soil samples was obtained
according to the Polish Standard PN-Z-19010-1. Be-
fore adsorption measurements, the soil samples were
dried at 105 °C in a vacuum chamber with concen-
trated sulphuric acid until the weight of the samples
reached constant values. The amount of adsorbed wa-
ter vapour at T = 20 °C was computed as the difference
between the weight of the sample with water and the
dry sample. The relative water pressures were obtained
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from the density of sulphuric acid solutions. The ad-
sorption measurements were replicated three times.
Soil porosity was measured using a Micrometrics Mer-
cury Porosimeter Autopore IV 9510 Model and apply-
ing the pressures from the range from 0.0036 to 413
MPa. This range allowed for the determination of
pores with equivalent radii ranging from 0.003 pm to
360 pm. Before porosity measurements, the samples
were oven-dried at 105 °C and then degassed up 10
Pa to remove physically adsorbed water from their sur-
face. The pore radii were calculated from the Wash-
burn equation [6]. The surface tension and the contact
angle of mercury were assumed to be 480 dynes cm™
and 141.3 °C, respectively. All calculations from ob-
tained porosimetric data, i.e. the bulk density, pore sur-
face area, average pore radius, and total porosity, were
carried out using the cylindrical pore model by com-
puter program Autopore IV Version 1.06. The content
of available forms of cadmium in soils was investi-
gated by atomic absorption spectrometry (AAS) using

a Perkin Elmer 3300 apparatus. The soil was stressed
with cadmium (CdCl,) with concentrations of 0; 3; 15
and 30 mg Cd per kg of soil. Soil samples for those
studies were collected in the second year of the exper-
iment from three depths — 10, 20, and 30 cm. After-
wards, equal-weight amounts of dried soils were ex-
tracted for 24 hours by the mixture of 1 M hydrochloric
(HCI) and 1 M nitric acid (HNOs3) at the ratio of 1:1.
Received extracts of available Cd forms were filtrated.
The content of cadmium was analyzed in clear solu-
tions [4]. Received data were statistically calculated
using a t-student test for equal expectation value.

From the results obtained in this study, it follows
that the reaction of polluted soil samples was 6.9-7.6
in 1M KCl and 7.4-8.1 in H,O, while the pH of the
control soil sample was 6.9-7.4 in 1M KCI and 7.5~
7.9 in H>O (see Table 1). The reaction of the soil was
neutral.

Table 1
Basic properties of samples contaminated with cadmium
No Depth Grain size composition (%) Corg, (%0) pH (TSA m?g™)
(cm)
Sand [ Silt | Clay H,0 [ IMKCI

Soil + Cd 3 (mg kg!)
1 0-10 20 62 18 1.58 7.8 7.3 36.3
2 10-20 19 57 24 1.52 7.9 7.4 29.8
3 20-30 15 55 30 1.44 8.0 7.5 28.8
4 3040 19 51 30 1.28 7.7 7.1 35.5
5 40-50 21 47 32 0.92 7.8 7.3 33.9
6 50-60 11 50 39 0.62 7.4 7.0 40.0

Soil + Cd 15 (mg kg’
1 0-10 25 50 25 1.55 7.9 7.4 30.2
2 10-20 19 58 23 1.49 8.1 7.6 30.8
3 20-30 13 60 27 1.39 7.8 7.4 29.3
4 30-40 14 53 33 1.30 7.9 7.3 33.9
5 40-50 7 50 43 0.85 7.7 7.2 39.2
6 50-60 9 63 28 0.72 7.5 6.9 36.7

Soil + Cd 30 (mg kg™
1 0-10 20 60 20 1.57 7.9 7.4 30.5
2 10-20 20 47 33 1.47 8.1 7.5 30.7
3 20-30 12 58 30 1.42 7.8 7.3 30.2
4 30-40 10 60 30 1.24 7.7 7.1 37.6
5 40-50 13 55 32 0.89 7.5 7.0 37.8
6 50-60 11 49 40 0.66 7.6 7.0 36.5

Control
1 0-10 20 54 26 1.59 7.7 7.2 30.1
2 10-20 18 59 23 1.50 7.9 7.4 30.4
3 20-30 13 57 30 1.46 7.9 7.3 26.8
4 30-40 9 56 35 1.23 7.6 7.2 30.4
5 40-50 15 55 30 0.94 7.7 7.1 33.9
6 50-60 13 54 33 0.71 7.5 6.9 38.7
Abbreviation: sand fraction: 1-0.1 mm, silt: 0.1-0.02 mm, clay: <0.02 mm, Corg.— Organic carbon,

TSA — Total surface area

19



Pozpgin 1

The fraction of organic carbon in all investigated
samples was rather low. Indeed, the organic carbon
content in the samples polluted with Cd ranged from
0.62 % to 1.58 %, whereas in the control soil, it
changed from 0.71 % to 1.59 %. Within the layers of
0-20 cm (they exhibited the highest organic carbon
content), significant differences in organic carbon con-
tent between contaminated and control samples were
observed for all soils treated with Cd.

The transport and deposition of pollutants in soil
profiles strongly depend on pH and the amount of or-
ganic matter. Several researchers have shown that
heavy metals get bound to dissolved humic substances
and this phenomenon significantly decreases the nega-
tive impact of heavy metals on plants and soil organ-
isms [9; 10].

For Cd polluted soils the content of sand fraction
was from 7 to 25 %, silt fraction — from 47 to 63 %,
and clay — from 18 to 43 %. The grain size composition
of the control soil was as follows: sand — 9-20 %, silt
— 54-59 %, and clay — 23-35 %. The grain size com-
position depends on the soil horizon (Table 1). How-
ever, one can state that the grain size compositions of
the polluted soil samples were not significantly differ-
ent from the composition of the control soil. For all
studied samples the TSA evaluated from the adsorp-
tion isotherms ranged from 28.8 to 40.0 m?g’! for Cd-
polluted soils.

The BET specific surface area for control soil
ranged from 26.8 to 38.7 m’g™! (Table 1) and there
were no essential differences between the polluted soil
samples and the control soil. The average values of
specific surface area were 33.8 m?g”! and 31.7 m?g’!
for soil-Cd and control soil, respectively. The highest
values of specific surface area were observed for sam-
ples taken from layers 40—-60 deep and contaminated
with cadmium. The differences between the surface
area of the control sample and soil polluted by heavy
metals were rather low. That may be connected with a
different factor, such as low concentration of metals in
soil and heterogeneity of samples which were taken
from the experimental plots.

The results of the mercury porosimetry meas-
urements are given in Table 2. The samples were taken
from the layers of 0—10 cm and 10-20 cm deep. The
total intrusion volume (TV) was directly measured in
a quantitative way, whereas the total pore area (TPA),
average pore diameter (PDay), and bulk density were
calculated using the cylindrical pore model. The pore
volume (TV) of investigated soil samples ranged from
411 mm’g! to 515 mmig!. Polluted soils exhibited
also different values of TV for the upper and lower ho-
rizons. TV increased for the soil containing Cd. The
changes in TP (total porosity) with depth were similar
to those already observed for TV.

Table 2
Parameters of pore structure of the dark gray podzolic soil degraded by cadmium
No Depth (cm) TV (mm? g) TPA (m? g'!) PD,y (nm) D (g mL) TP (%)
Soil + Cd 30 (mg kg™)
1 0-10 0.426 3.44 495.3 1.211 51.63
2 10-20 0.515 3.73 552.2 1.100 56.61
Control
3 0-10 0.420 3.50 481.1 1.223 51.42
4 10-20 0.411 3.74 438.8 1.244 51.09

Abbreviations: TV — total intrusion volume, TPA — total pore area, PD,, — average pore diameter, D — bulk

density, TP — total porosity

Generally, the samples of Cd-soil were charac-
terized by high values of all investigated parameters,
i.e. total volume of intruded mercury, pore volume, to-
tal porosity, average pore radius, and the amounts of
storage and residual pores. It can be connected with the
behavior of Cd in the environment. The influence of
cadmium on the porosity of the dark gray podzolic soil

can be related to both the chemical nature of the metal
and the properties of the soil. The results of mercury
porosimetry from samples taken from the experimental
plot were compared with those from samples prepared
in the laboratory. The cumulative curves for the labor-
atory and plot samples are shown in the Figure.
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Fig. Cumulative curves for the dark gray podzolic soil polluted by cadmium (30 mg kg™)
Abbreviations: r — pore radius, PV — pore volume, L — samples prepared in the laboratory,
P — samples taken from the experimental plot, 0—10 cm and 10-20 cm — depth

The difference between the PV of polluted soil
samples prepared in the laboratory and those from the
experimental plot is rather connected with the hetero-

geneity of the samples. The results of studies of cad-
mium content in selected levels of investigated soil are
presented in Table 3.

Table 3

Cadmium content at selected depths of soil and for different initial doses of metal

Depth (cm) Metal content (mg dm)
Control soil Soil+dose of Cd (mg kg™)
3 15 30
10 0.101 0.182 0.224 0.535
20 0.077 0.122 0.195 0.166
30 0.099 0.114 0.112 0.209

The results show that after two years of the ex-
periment, the highest concentration of cadmium re-
mained constantly in the shallowest soil layer, irre-
spective of the initial dose of cation. The highest dose
(30 mg Cd per kg of soil) was illuviated faster than
smaller doses of cadmium (3 and 15 mg Cd per kg of
soil). The control sample contained also a small
amount of cadmium, but it was smaller in all layer lev-
els than for the soils with metal. After two years of the
experiment, the content of Cd at the depth of 30 cm and
for initial doses of 3 and 15 mg Cd per kg of soil was
still similar to the control sample. Only soil samples
with the highest concentration of Cd showed a higher
content of Cd at the depth of 30 cm than the control
sample at the same level.

The decrease of heavy metal content with depth
is connected with the process of gradual migration and

illuviation to the soil profile. Similar contents of cad-
mium as for the control samples can be evidence of a
weak rate of migration of small amounts of Cd (3 and
15 mg kg™!'). The highest doses of heavy metals mi-
grate to the soil faster, and after the second year, a
slightly higher content of cadmium can be observed at
a depth of 30 cm. The presence of cadmium in soil can
be influenced by the creation of less mobile and spar-
ingly soluble organomineral forms of cadmium in the
upper soil layers. This can result in small doses of cad-
mium remaining in the 0-20 cm layer for longer peri-
ods of time. When large doses of metals are applied, a
portion of them can become chemically bound, while
the rest may move deeper into the soil. Consequently,
higher levels of cadmium can be found at a depth of 30
cm.
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Conclusions. The behavior of cadmium in soil
and the different influences of cadmium on the basic
characteristics of the dark gray podzolic soil can be
connected with the chemical properties of this metal
and the properties of the soil. The pore volume of in-
vestigated polluted soil ranged from 411 to 515 mm? g-
!. The reaction of the soil samples was neutral. Within
0-20 cm layers significant differences between aver-
age values of pH (in H>O) for polluted and control soils
were detected only in the case of samples contaminated
with 15 mg and 30 mg doses Cd (per 1 kg of soil). The
soil samples were characterized by a low content of or-
ganic carbon fraction. Statistically significant differ-
ences (P> 0.05) between the average fraction of or-
ganic carbon in the whole soil profile (0—60 cm) oc-
curred only for samples contaminated with 15 and
30 mg of Cd per 1 kg of soil. In the case of results ob-
tained from mercury intrusion experiments, the Cd-
polluted samples possessed higher values of all inves-
tigated parameters, i.e. the total intrusion volume of
mercury, pore volume, total porosity, average pore ra-
dii, and amounts of storage and residual pores. The
above-listed parameters varied with the soil horizon,
but they did not essentially change with the dose of the
applied pollutant. The highest level of cadmium was
found at a depth of 0—20 cm regardless of the amount
of cadmium applied. At a depth of 30 cm, the presence
of cadmium was significantly lower for smaller doses,
likely due to the formation of less mobile and sparingly
soluble organomineral forms of cadmium in the upper
layers of soil. The movement of cadmium forms in the
soil can be an indication of the soil's ability to purify
itself.
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