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Abstract

The numerical speciation analysis relies on quantitative assessment of concentrations
of different forms of an element in soil solution (free ions, complex ions, neutral comple-
xes), which have different abilities to react (ion activity). The reactivity affects the ele-
ment’s mobility and bioavailability. This method can be employed to estimate potential bio-
availability and toxicity of a given element. This study was undertaken to evaluaate effects
of selected soil properties on changes in the total concentration of copper (Cu) and percen-
tages of particular forms of this element in soil solution.

The study was based on a microplot experiment. The investigated factors were the
soil texture, pH, organic carbon content and degree of soil copper contamination. Soil solu-
tions were obtained with the vacuum displacement method. The concentration of copper
in soil solution was determined with the ICP method, and the percentages of particular
copper forms in the total copper concentration were calculated with the MINTEQA 2 so-
ftware. It was found that copper in the analysed soil solutions occurred mainly in the form
of metalorganic complexes. The increasing soil acidity was correlated with an increased
percentage of free copper ions and copper complexes with organic matter. Simultaneously,
the share of bonds with carbonates, sulfates and hydroxyl groups decreased. A decrease in
the percentage of Cu2+ free ions in the soil solution was observed in response to an incre-
asing organic carbon content, while the percentage of copper complexes with organic mat-
ter rose. The degree of soil copper contamination and soil texture had no influence on the
percentages of different copper forms in the soil solution.
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WP£YW W£AŒCIWOŒCI GLEBY NA SPECJACJÊ MIEDZI
W ROZTWORZE GLEBOWYM

Abstrakt

Numeryczna analiza specjacyjna polega na iloœciowej ocenie stê¿enia ró¿nych form ba-
danego pierwiastka w roztworze glebowym (wolne jony, jony kompleksowe, obojêtne kom-
pleksy), które charakteryzuj¹ siê ró¿n¹ zdolnoœci¹ do reagowania (aktywnoœci¹ jonów),
co wp³ywa na ich ruchliwoœæ i biodostêpnoœæ. Metoda ta mo¿e wiêc byæ narzêdziem umo¿li-
wiaj¹cym prognozowanie ich potencjalnej biodostêpnoœci lub toksycznoœci dla organizmów.
W zwi¹zku z tym podjêto badania dotycz¹ce oceny wp³ywu wybranych w³aœciwoœci gleby
na zmiany ca³kowitego stê¿enia Cu oraz udzia³u poszczególnych form tego pierwiastka
w roztworze glebowym.

W doœwiadczeniu mikropoletkowym badanymi czynnikami by³y sk³ad granulometrycz-
ny, pH, zawartoœæ Corg. w glebie oraz stopieñ zanieczyszczenia gleby miedzi¹. Roztwór gle-
bowy pozyskiwano metod¹ podciœnieniow¹. Stê¿enie miedzi w roztworze glebowym ozna-
czono metod¹ ICP, a udzia³ poszczególnych form miedzi w ca³kowitym stê¿eniu tego
pierwiastka w roztworze glebowym obliczono za pomoc¹ programu komputerowego MIN-
TEQA 2. Stwierdzono, ¿e w analizowanych roztworach glebowych miedŸ wystêpuje g³ównie
w formie kompleksów metaloorganicznych. Wraz ze wzrostem zakwaszenia zwiêksza³ siê
w roztworze glebowym udzia³ wolnych jonów i kompleksów miedzi z materi¹ organiczn¹,
a zmniejsza³ udzia³ po³¹czeñ z wêglanami, siarczanami i grupami hydroksylowymi. Wraz ze
wzrostem zawartoœci C-org. w glebie, zmniejsza³ siê w roztworze glebowym udzia³ wolnych
jonów Cu2+, a zwiêksza³ udzia³ kompleksów miedzi z materi¹ organiczn¹. Stopieñ zanie-
czyszczenia gleby metalami ciê¿kimi i sk³ad granulometryczny nie wp³ywa³y na procentowy
udzia³ ró¿nych form miedzi w roztworze glebowym.

S ³owa  k luczowe : roztwór glebowy, miedŸ, w³aœciwoœci gleby, specjacja numeryczna,
MINTEQA.

INTRODUCTION

The chemical composition of soil solution can be exploited to predict
both bioavailability of trace elements to plants as well as potential contami-
nation of plants grown for feed or food (HIRSH, BANIN 1990, KHOSHGOFTAR et
al. 2004). Considering the number and diversity of chemical forms of trace
elements in soil solution, special attention should be paid to the method of
numerical speciation analysis. The method is based on quantifying concen-
trations of various forms of a given element in soil solution in an attempt
to calculate its bioavailability or toxicity to living organisms (PARKER, PEDLER

1986, CHECKAI et al. 1987, MINNICH et al. 1987, CANCÉS et al. 2003).
The aim of the study was to determine the total concentration of copper

(Cu) an percentages of individual chemical forms of this element in soil
solution depending on such soil properties as the soil grain size composi-
tion, soil reaction, organic carbon content and degree of soil copper contam-
ination.
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MATERIAL AND METHODS

The study was based on a microplot experiment run at the Experimen-
tal Station of Agriculture, the Faculty of Biology at Warsaw University of
Life Sciences in Skierniewice (central Poland). The microplots were repre-
sented by stoneware pots (1.2 m deep and 40 cm wide), which were filled
with soil and placed outdoors.
The experimental factors were:
– three levels of soil pH: 4, 5 and 6;
– two soils: loamy sand (7% clay, 6% silt, 87% sand), sandy loam (13% clay, 5%

silt, 82% sand);
– three levels of the content of soil organic carbon: 6, 9 and 12g C kg–1;
– four degrees of soil contamination with Cu: natural content – 0 (10 mg kg–1),

I (30 mg kg–1), II (50 mg kg–1) and III (80 mg kg–1) (KABATA-PENDIAS et al.
1993).

The experiment consisted of 216 microplots, which represented 72 com-
binations of the investigated factors. All the factors were observed in three
replications arranged in a split-plot experimental design. The experimental
samples were collected from each microplot’s topmost soil layer (0-30 cm
down). The soil samples were dried up to the level of air humidity. After-
wards, they were ground in a china mortar and put through a sieve with
the 1 mm diameter mesh net. The samples thus prepared were used to
obtain soil solutions according to the vacuum displacement method with
a vacuum pump (Dynavac OP4). The total concentration of copper was de-
termined by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-
AES method) (apparatus: IRYS Advantage ThermoElementar). The MINTE-
QA2 for Windows software was used for calculations of shares of particular
forms of Cu ions in soil solution. The results were statistically analyzed
with ANOVA and simple linear regression. The differences between means
were analysed with the Tukey’s test at p=0.05. Statistical analyses were
conducted with Statgraphics 5.1. software.

RESEARCH RESULTS

The total concentration of Cu in the analysed soil solutions ranged from
1.23 to 2.25 µmol dm–3 and differed depending on soil properties.

The results of ANOVA showed that the total concentration of copper in
soil solutions increased significantly as the soil reaction became more acidic
and the degree of copper soil contamination increased. The concentration of
Cu was higher in soil solution of loamy sand than of sandy loam. The con-
tent of organic carbon did not significantly affect Cu concentrations in soil
solution (Table 1).
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The results of speciation analysis of copper in soil solutions indicated
the highest percentage of Cu complexes with organic matter and carbon-
ates. The prevalent forms of copper were Cu-org. complexes, whose average
share ranged from 28.2 to 93.2% of the total concentration of copper in soil
solution. The second most abundant form of copper observed in soil solu-
tions were Cu-CO3 complexes, whose contribution to total copper ranged
from 12.7 to 62.3%, depending on soil properties (Tables 2–5).
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The highest percentage (93.2%) of Cu-org. complexes in the total con-
centration of copper was observed in the soil solutions of most acid soils
(Table 2). As the soil pH was increasing, amounts of metalorganic complexes
of copper were steadily decreasing, while the percentage of Cu-CO3 com-
plexes was growing. Copper complexes with carbonates reached 34.6% in
the solutions of soils with pH 5.0 and 62.3% in the solutions of soils with
pH 6.0. Other forms of copper (CuOH+, Cu-CO3 and Cu(CO3)2

2–) were not
observed in the solutions of soils with the lowest pH value. At the same
time, their share in the total Cu concentration in solutions of soils with
higher pH was relatively low (Table 2).
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Regardless of the degree of soil Cu contamination, the dominant forms
of copper in soil solution were Cu-org. complexes, which approximately made
up 59% of this element’s total soil solution concentration. At the same time,
a relatively high percentage (32%) of Cu-CO3 complexes was observed. In
both Cu unpolluted and contaminated soils, an average share of free ions
Cu2+ was just 5.5% of the total concentration of copper in soil solution
(Table 3).

������

�	
��
����	

���
��

�	
���
�����
��	�����
��
�����	�����

	

��	
���	
�����
��

�
�

���
��
�

	

��	
���	
��

����
������

� � �� ���

�� �� ��� ���  �� !��

���
"�� ��#� $�!� ��#� !�#�

%&�� � '�� '�� ��� '��

&�"�� � ���� ���� ���� $�'�

&�(�� �)�
"� ��� ��� ��� ���

������

�	��	
�
��	
��
���	

���
��

�	
���
�����
��	�����
��
�����	�����

	
�����
	���
�

��


���
��
�

����	
�����
	���
�

��
�	��	
� �� �

��� �� ��!�

�� "! #�� $�# ��#

���
%�� ��&$ &��� '�'&

()�� " ��! ��! '��

)�%�� $ ��!# ���$ !���

)���� $�!
%!  �� #�� %

The effect of the content of soil organic carbon on copper speciation in
soil solutions was considerable. A two-fold increase of soil organic carbon con-
tent nearly doubled the share of Cu-org. in the total concentration of copper
in soil solution (from 37.1% to 78.8%). Simultaneously, the percentage of
Cu-CO3 complexes decreased three-fold (from 52.6% to 14.2%). Free ions Cu2+

made up 5.0% of all Cu forms in soil solutions of the soils characterized by
the highest content of organic carbon, and 6.5% in soil solution of soils with
the lowest content of organic carbon. Other forms of copper represented low
percentages in the total content of copper in the soil solution (Table 4).
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Soil texture had a weak effect on the share of copper forms in the
distribution of this element in soil solution. The Cu-org. form was prevalent
in the solutions of all the analysed soils: an average share of this form in
the total copper concentration in soil solutions was 56.7% in sandy loam soil
and 60.8% in loamy sand. The Cu-CO3 complexes had a large share in the
overall distribution of copper forms in soil solutions. Unlike Cu-org., they
were more abundant in sandy loam soil solutions (on average 34.5%). In
loamy sand soils, complexes of copper with carbonates constituted 30.0% of
the total amount of copper in the soil solution (Table 5).
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DISCUSSION

The results of the present study suggest a significant effect of soil prop-
erties on the total concentration of copper in soil solution. In solutions of
the analysed soils, total copper concentrations increased due to soil Cu con-
tamination and in response to soil acidification. At the same time, the cop-
per total concentration was higher in solution of loamy sand soil. On the
other hand, no effect of the soil organic carbon content on the total concen-
tration of Cu in soil solution was observed (Table 1). Such influence of soil
properties on copper concentration in soil solution has been confirmed by
other authors (JEFFERY, UREN 1983, MCGRATH et al. 1988, SAUVÉ et al. 1997).
The observed effects are attributed to the high affinity of copper for organic
matter (NORVELL 1991).

The observed high ratio of Cu-org. complexes in the total concentration
of copper in soil solution is confirmed in literature (SANDERS 1982, 1983, MC-
BRIDE, BOULDIN 1984, FOTOVAT, NAIDU 1997). The share of metalorganic com-
plexes estimated in this experiment at 28.2 to 93.2% corresponds well with
the results of SMAL (1999), which were obtained with the use of SOILCHEM
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software. The latter showed that copper organic complexes amounted to
75.4% of the total concentration of this element in soil solution of a humus
layer of forest soils and 48.4% in agricultural soils. The results of the nu-
merical analysis of organic soil solutions carried out by RUTKOWSKA (2008)
with the MINTEQA2 software indicated that the percentage share of Cu-
org. complexes in the total concentration of copper in soil solution ranged
from 74 to 86%. Even a higher percentage of copper organic complexes,
reaching 99.5%, was found by MCBRIDE and BOULDIN (1984).

In the analysed solutions, copper was also found in the form of complex-
es with carbonates, whose share ranged from 12.7 to 62.3% of the total
concentration of copper in soil solution, depending on soil reaction and soil
richness in organic carbon (Tables 2-5). The share of Cu-CO3 complexes in
soil solution decreased with an increase of soil organic carbon content and
a change of soil reaction into acid one. SMAL (1999), SAEKI et al. (2002) and
RUTKOWSKA (2008) confirmed presence of copper in the form of Cu-CO3 com-
plexes in soil solution. However, none of these authors obtained a percent-
age of this form in soil solution as high as observed in the present study.
RUTKOWSKA (2008) showed that solutions of agricultural soils contain com-
plexes of copper with carbonates on a level ranging from 5.0 to 6.8% of the
total concentration of Cu in soil solution.

Regardless of the soil properties investigated, a small percentage of free
Cu2+ ions was observed in the total concentration of copper in soil solution.
Similar observations were reported by NOLAN et al. (2003) who showed a 5%
share of free Cu2+ ions in the soil solutions analysed in their research.
A small share of free Cu2+ in soil solution, no more than slightly over 12%,
was also observed by SANDERS (1983), MCGRATH et al. (1988) and FOTOVAT, NAIDU

(1997). According to YUAN (2009), WÓJCIKOWSKA-KAPUSTA, NIEMCZUK (2009) and
JAWORSKA, D¥BKOWSKA-NASKRÊT (2012) this result is due to the strong binding
of copper by the soil solid phase. As claimed by CANCÉS et al. (2003), specia-
tion of copper in soil solution is conditioned by soluble forms of organic
substance. SALAM, HELMKE (1998) suggest that complexing is a reaction that
substantially conditions the course of copper speciation in soil solution.

According to SMAL (1999), SAEKI et al. (2002), ARTIOLA (2005) and RUTKOWSKA

(2008) copper in soil solution can also form bonds with other nonorganic
ligands (e.g. SO4

2-, NH3, NO3
-, H2PO4

2-, Cl-, OH-). In the numerical specia-
tion analysis carried out in this study, a small proportion of CuOH+ bonds
was detected in the analysed soil solutions, but other forms were not ob-
served (Tables 2-5).
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CONCLUSIONS

Based on the numerical speciation analysis of copper in the solutions
of soils with different physical and chemical properties it was concluded that:
– the estimates derived by running a MINTEQA2 software package of the

percentages of ion forms in soil solutions showed that copper occurred in soil
solution in the form of complexes with humus acids;

– among the soil properties studied, soil reaction had the strongest influence
on the per cent shares of  copper forms in soil solution; in a more acid soil,
the ratio of copper free ions and copper complexes with organic matter,
bonds with carbonates as well as sulfates and hydroxyl groups decreased;

– the degree of soil Cu contamination and soil texture had no effect on
percentages of different forms of copper in soil solution;

– with a higher organic carbon content in soil, soil solution contained a lower
share of free copper ions, whereas the share of copper complexes with
organic matter increased.
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