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Abstract. The porosity of leached forest-meadowrabeem polluted by Cd and Pb was studied
by mercury porosimetry. The samples were taken fitmenresearch field of the Lviv State Agrarian
University, from layers of 0-10 cm and 10-20 cmpl€Ene pore volume of polluted soils ranged from
370 mntg? to 515 mritg? and was higher for Cd- than Pb-polluted polluteiil ¥he soil samples
containing Cd were also characterized by highe fmrosities and average pore radii. The pore size
distributions for the investigated soils exhibitate or two peaks of different height. The distridnos
for Cd-polluted soils were shifted towards largerepradii compared with those for Pb-polluted soils
Different influence of lead and cadmium on porosifyleached chernozem was connected with the
chemical properties of both heavy metals and highproperties of the soil.
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INTRODUCTION

Contamination of soils with heavy metals is thejettbof great concern because
of their toxicity and threat to human life and @amiment. Numerous studies have
been conducted on soils contaminated with heawalsetoming from various
anthropogenic sources such as industrial wastes, traffésions, mining activity and
agricultural practice. Soils are the receptorsanfié quantities of these pollutants,
being therefore a key of several environmental ateroycles. Among heavy metals
lead and cadmium are among the most important mimaats present in natural
wastes, which has a deleterious effect on varipusas.

Many physicochemical processes in soils, such as water and ionpteatsor
acid-base equilibria and transport phenomena are governed, among otlilees, by
surface properties of soil solid phase. This phase may be highly ghreus its
complex geometry resulting from chemical and physical compositionbasie
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characteristic of porous solids is provided by the micropore sizabdison
function that yields information about the fraction of pores of a ggiea in
addition to the overall amount of the pores. The latter is chaisaddry the total
pore volume of the material (Roqueatlal.,1994).

The aim of this study was to investigate the poyasi leached forest-meadow
chernozem polluted with lead and cadmium, usingrteecury intrusion porosimetry.

MATERIALS AND METHODS

Our investigations were carried out on a soil talkem the research field of the
Lviv State Agrarian University. The experiment waestablished on leached forest-
meadow chernozem developed from loess. The expedmarea of 300 fmwas
divided into 35 plots of 2 freach. The phytotoxic effect of lead and cadmiunthen
growth of spring barley was investigated at theamimation levels of 1, 5 and 10 of
the Threshold Limit Value. Heavy metals were applied irecdp layer of the soil as
water salt solutions of Pb(GEOOQO) in the case of lead and Cd@h the case of
cadmium, at different doses, namely 0, 32, 1603&@mg kg of soil in the case of
Pb, and 0, 3, 15, and 30 mg'kipr Cd. Soil samples were taken from layers of the
soil profile of 0-10 cm and 10-20 cm in depth. Tesults presented below were
obtained for the doses of 320 mg'kdg Pb, and for the dose of 30 mg'kg the case
of Cd.

Basic chemical and physical properties of the studied soil wedaated via
routine laboratory analyses. Soil reaction was measured with atipateter
with a combined glass/calomel electrode in 1 M dé¢el and in HO at 1 to 2.5
soil to solution ratio. Organic carbon was determined oxidometricaitk
potassium dichromate in hot sulphuric acid (i.e. according to modifiednTiur
method) and the granulometric composition — with the areometric gassie
method, modified by Présagki. The basic properties of the soil are given in
Table 1.

Table 1. Basic properties of leached forest-meadow chemoze

Object/Dose

R T
0
o 104 01002 <002 HO  IMKCI
Soil + Pb 320 mg kg
1 0-10 13 65 22 1.55 7.9 74
2 10-20 17 59 24 1.49 8.0 7.5
Soil + Cd 30 mg kg
3 0-10 20 60 20 1.57 7.9 74
4 10-20 20 47 33 1.47 8.1 7.5
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Porosity of the soil was measured using a Micrometrics Mereargsimeter
Autopore IV 9510 Model and applying pressures from the range of 0.0036 to 413
MPa. This range allowed determination of pores with equivalent radging
from 0.003um to 360um. Before performing analyses of porosity, the samples
were oven-dried at 108 and then outgassed up t6*1Pa to remove physically
adsorbed water from their surface. The pore radii were caldufaben the
Washburn equation (Hajnos 1998). The surface tension and the contact angle of
mercury were assumed to be 480 dyne¥ @md 141.3, respectively. All the
calculations (pore size distribution, bulk density, surface areaagaepore
radius and total porosity) were carried out using cylindrical pooglel by
computer program Autopore IV 9500 Version 1.06.

RESULTS AND DISSCUSION

The ability of mercury to intrude into samples is inversely proguat to
pressure, so filling of the smallest pores occurs at the highessures. The
cumulative pore volume (CPV) curve gives the total mercurymel intruded
into the pores versus the pore size. Figure 1 shows the CPV daorvesil
polluted by lead (Fig. 1A) and cadmium (Fig. 1B). Overall shape oblt@ined
CPV curves is similar, except for the curves for the Cd-pallstl. However,
the detailed run of the curves and, in particular, the total amounteafuny
introduced into pores, vary from sample to sample.
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Fig 1. Cumulative pore volume curve of leached forestdogachernozem polluted with lead (A)
and cadmium (B). Explanations: PV — pore volumepore radius
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The results of the mercury porosimetry measurements are collecteolénZTa
The total intrusion volume (pore volume, PV) is the direct resuttoobsimetry
measurement, and the total pore area (TPA), average pore digRigtd and
bulk density are obtained using the cylindrical pore model.

Table 2. Parameters of the pore structure of leached ckemalegraded by lead and cadmium

. Total
Object/Dose of heavy . : Total Average pore .
No. metal/Depth intrusion pore area diameter Bulk de_qsﬂy
volume 2 1 (g mL?)
(cm) (mL g?) (mg) (nm)
Soil + Pb 320 mg kg
1 0-10 0.404 3.60 448.3 1.259
2 10-20 0.370 3.72 398.2 1.300
Soil + Cd 30 mg kg
3 0-10 0.426 3.44 495.3 1.211
4 10-20 0.515 3.73 552.2 1.100
58 The pore volume (PV) of the
0 0-10 cmE 10-20 cm investigated polluted soils ranges
56 3 1 3 1
from 370 mnt g to 515 mnt g
54 and is higher for cadmium-pollu-
- ted soil than for the soil polluted
with lead. Both polluted soils
L 50 exhibit also different values of
a 18 PV for the upper and lower ho-
rizons. While PV decreases with
46 depth for the Pb-polluted soil, it
44 increases for the soil containing Cd
(Tab. 2). The influence of Cd and
42 . Pb ions on the total porosity (TP)

Pb-soil

Fig. 2. Total porosity of leached forest-meadow cher

Cd-saoil

nozem polluted by lead and cadmium

of chernozem is visualised in
Figure 2. The porosity of Cd-soil is

higher than Pb-soil, and the chan-
ges in TP with depth are similar to

those already observed in the case of PV. In generalatwes of PV, TP and
average pore radii are found to be lower for Pb-soils comparédQutsoils.
Higher values of TP and lower average pore radius characssilsewith more
pronounced porous structure. However, a decrease of the bulk densitydoil Cd
can be also attributed to increasing pore volume, as well asreadety particle

density of the soil.
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Differential pore size distribution (PSD) can be regarded ametion ref-
lecting the main aspect of soil porosity. This function, i.e. the depeadsinc
dv/dlog R versus log R, permits comparisons of samples withblarigore
volume. Pore size distributions for investigated polluted soilsde@ayed in
Figure 3. For Pb-polluted soil the PSD functions obtained for the sartaken
from two depths are quite similar and exhibit two peaks. The PSDOidanc
evaluated for the deeper soil layer is slightly shifted towsder values of r,
compared with that for the upper layer which possesses its maxanhatmout
6.97um. The differences between the PSDs obtained for the two deptimo@re
pronounced for Cd- than for Pb-polluted soil (Fig. 3B). The PSD functio@der
polluted soil exhibits one peak for the upper layer and two peaks fdouies
layer. The shape of the latter function is simitathe functions evaluated for Pb-
polluted soil (Fig. 3A). However, the main maximefrthe PSD function is now at
about 10.66um, while its secondary (i.e. lower) maximum is bo@t 45.32um.
Moreover, the entire PSD function and its main maximum in partiemtahigher
for Cd- than for Pb-polluted soil. This indicates the existence ohoae
pronounced porous structure of the former. The PSD function possesses only one
maximum at about 8,6@m for Cd-soil from the upper layer. Comparing the PSD
curves for soils polluted by Pb and Cd we can state that the porosity and pore siz
are greater in Cd- than in Pb-polluted soil. This conclusion s @afirmed by
the values of average pore diameter and pore area (see Table 2).
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Fig. 3. Pore size distributions of leached forest-meadbermozem polluted with lead (A) and
cadmium (B)
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The total porosity reveals nothing about the sizes or shapes afig@ares in
soil. Greenland (1979) proposed the classification of pores in termisewf t
agronomic function in soil. According to his classification, pores inrdinge of
0.5 to 50um, called the storage pores, hold water necessary for growtané.pl
Pores ranging from 50 to 5@én, called the transmission pores, are importarsdusse
they regulate transmission of water and gasespares of sizes lower than Quin
are the residual pores. However, the classificattmommended by IUPAC (Sing
1982) (based on microscopic modelling and on thge®f interactions of pore walls
with confined molecules) divides pores into micnaso(with dimensions <2.0 nm),
mesopores (in the range of 2.0-50 nm) and macroporéls ¢(ivhensions greater
than 50 nm). Therefore, the Pb-soil contains mainly the storage (@mex.
91-93% of its PV) and a small amount of residual pores (about 7-9% of itsrPV)
macropores (about 97-98%) and mesopores (about 2-3%). For the Cd-soil those
values are about 93-95% of the storage pores and 5-8% of residuabp6B8%
of macropores and 2% of micropores. The above numbers point to a somewhat
more developed porous structure of the Cd-soil.

Generally, the samples of the Cd-soil are characterised hgrhiglues of all
investigated parameters, i.e. the total volume of intruded mertheypore
volume, the total porosity, the average pore radius and the amounts of storage and
residual pores. Also, the PSD curves for the Pb- and Cd-pollutesl el
different. The above noted differences can be connected with the behavialur of C
in environment. In their studies of adsorption ofi€a@oils O'Connoet al (1984)
stressed that two mechanisms are responsible fial ne¢ention by soil. The first
mechanism, active at low concentration (0.01-10 Infg of added Cd, was
attributed to specific sorption. At higher concatitins (100-1000 mgt) of added
Cd, the adsorption was attributed to exchangeiozectDesorption studies showed
that Cd added at low concentration was not remawe@.05 M CaCl solution. At
higher loading rates, the calcium salt removedifioigmt amounts of adsorbed Cd.
On the basis of stability diagrams Santillan-Medramd Jurinak (1975) demon-
strated that the solution activity of Cd is coreigly higher than that of Pb,
indicating that Cd is more mobile in the environinen

Different influence of lead and cadmium on porosifyleached chernozem
is connected with the nature of both heavy metalsveitid the properties of a
soil. It is well-known that the behaviour of both skecations in soils is
different (Santillan-Medrano and Jurinak 1975, Petisal 1991, Japony and
Young 1994, Hooda and Allowey 1998). The accumulaton mobility of
heavy metals are determined largely by the extent aof Husorption by soil
particles (McLean and Bledsoe 1992). In particutai] organic and mineral
particles can bind toxic elements through the fdimmaof complexes. The
retention of metals by soils and, consequently, theailability to plants, are
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also influenced by pH and ionic composition of tloél solution. The rela-
tionship between the amount of metal adsorbed angposition of the soil is
quite complex, due to solid phase heterogeneity afidence of soil solution
chemistry (Harter 1979, Zhou De-Z#i al 1991, Appel and Ma 2002, Diattd
al. 2003).

One should remember that mercury porosimetry messuores ranging in their
size from 3.5 to 7500 nm, and thus the pore volis@valuated taking into account
pores from this interval. Consequently, the totatopity does not include all
macropores and micropores, as well as closed and potts. A better description of
porosity and pore size distribution across a watege of pore sizes is not possible
using one method. The full characteristics of thmps system of a porous material
may be obtained by comparison of the results abdiainsing several methods
simultaneously (Hajnos 1998). Hajnes al (2006) showed that the approach
employing four methods, i.e. pF curve, mercury ponetry, adsorption of water
vapour and adsorption of nitrogen, is the moshbléttool for characterising a wide
range of pore radii, from 0.001 to >pfh, influenced by soil management practices.

CONCLUSION

Different influence of lead and cadmium on porosityeached forest-meadow
chernozem is connected with the nature of bothyheaetals. The behaviour of
lead and cadmium in soil are different. Pore vol{f&) of investigated polluted
soils ranged from 370 mitg* to 515 mrit g. The Cd-soil has higher values of all
investigated parameters, i.e. total intrusion vauwh mercury, pore volume, total
porosity, average pore radii and amounts of stoeageresidual pores. Also the
difference in PSD curves are visible. Also, bothlss@xhibit differences of
investigated parameters between the upper ancgets!
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Streszczenie. Metadporozymetrii rteciowej badano porowstowytugowanego l&o-
stepowego czarnoziemu, zanieczyszczonego ofowladmem. Gleby pochodzity z poleteksdaad-
czalnych stacji badawczej Uniwersytetu Rolniczegolwowie. Probki glebowe pobrano zlgbkaici
0-10 i 10-20 cm. Maksymalneegenie ofowiu w glebie wynosito 320 rilig?, a kadmu 30 nig™.
Dla badanych gleb wyznaczono krzywe kumulatywnezyke rozkladu poréw w funkcji promienia.
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Obijetos¢ poréw w badanych glebach zmieniata sl 370 mrig™ do 515 mrig® i byta wyzsza dla
gleb zanieczyszczonych Cdzrotowiem. Dla obu gleb, tj. Pb-gleby i Cd-glebywirdzono réana
objetos¢ poréw w warstwie powierzchniowej i giszej. Obgtos¢ poroéw, porowaté catkowita
i sredni promi& poréw byly nisze dla Pb-gleby niCd-gleby. Dla czarnoziemu zanieczyszczonego
Pb na krzywych riniczkowych obgtosci porow (PSD) wyspowat jeden pik (przy promieniu
poréw ok. 6.97um), a krzywe miaty podobny przebieg. W poréwnaniugleby zanieczyszczonej
Pb, krzywe PSD dla gleby zanieczyszczonej Cd bgdylhiej zrgnicowane, szczegdlnie dla probki
pobranej z gibokasci 10-20 cm. Dla tej probki funkcja PSD charaktemyata s¢ dwoma pikami:
wysokim pikiem wystpujacym dla poréw o promieniu ok. 10.66n oraz drugim mniejszym, dla
poréw o promieniu ok. 45.32m. Gleba zanieczyszczona Cd charakteryzowataigksz porowa-
toscia i obecndcia poréw o wikszym promieniu. Badane prébki czarnoziemu zan&xzzonego
Pb i Cd posiadaly gtownie pory magazymg wod. Zréznicowany wplyw otowiu i kadmu na
porowat@¢ czarnoziemu kno-stepowego zwrany byt z chemiczpnatug tych pierwiastkéw oraz
wihasciwosciami gleby.

Stowa kluczowe: zanieczyszczenie gleby, otow, kagonpzymetria rteciowa



