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INTRODUCTION

”Głogów II” Copper Smelter and Refinery, 
a branch of KGHM Polska Miedź S.A., is the 
source of soils contamination with heavy met-
als, especially with copper and zinc. In this re-
gion, high content of these metals in the soils 
also results from the type of bedrock [Jaworska, 
Dąbkowska-Naskręt 2012]. Direct neighborhood 
of the copper smelter and arable land effects on 
the structure of their use. A common way of the 
development of this land is cultivation of indus-
trial plants [Kabała et al. 2010]. High content of 
copper and zinc influences a number of soil bio-
logical and chemical properties, which can modify 
the behavior of organisms and substances which 
are already present in the soil or the ones intro-
duced to it [Valery, Eugene 1998, Nwuche, Ugoji 
2008]. The latter possibility can be exemplified 
by herbicides, which, as one of the basic compo-
nents of modern technology of plant cultivation, 
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ABSTRACT
The aim of the studies was to determine the influence of copper and zinc contamina-
tion on clopyralid dissipation in soil. The experiment was carried out in laboratory 
conditions (plant growth chamber). Clopyralid was applied to three different soils 
[similar textures, pH, organic carbon content and contrasting copper and zinc con-
tent: soil natural contaminated with Cu and Zn (S1), soil with natural low Cu and Zn 
concentration (S2) and soil S21 prepared in the laboratory (S2 soil additionally con-
taminated with Cu and Zn salts in the amounts equivalent to contamination level of S1 
soil)]. Soil samples were taken for analyses for 1 hour (initial concentration) and 2, 4, 
8, 16, 32, 64 and 96 days after treatment. Clopyralid residue was analysed using GC/
ECD (gas chromatography with electron capture detector). Good linearity was found 
between logarithmic concentration of clopyralid residues and time. The differences in 
Cu and Zn content influenced the clopyralid decay in soil. The values of DT50 obtained 
in the experiment ranged from 21 to 27 days. A high concentration of Cu and Zn in 
soil slowed down clopyralid degradation (the DT50 value was higher – 25–27 days).
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are an alien element introduced to the environ-
ment. After fulfilling their weed control function 
in crops, herbicides should undergo degradation to 
simple substances, not toxic to the environment. 
Decomposition of herbicide active substances in 
the soil dependent on many factors, such as tem-
perature and soil moisture, the type of soil, the 
content of organic carbon and clay fraction, as the 
dominant ones [Sedeghi et al. 2000, Li et al. 2003, 
Rodriguez-Liebana et al. 2013]. Metals like cop-
per or zinc can effect the process of herbicide deg-
radation, which can take place through catalyzed 
degradation reaction, forming complexes with ac-
tive substances, which can modify the processes 
of sorption, transport in the soil and susceptibility 
to decomposition [Guo et al. 2009]. The process 
of affecting herbicides by metals can be of an 
indirect character, through the influence on soil 
microorganisms, e.g. on their population and ac-
tivity, and therefore, affect the rate of herbicide 
decay [Wang et al. 2007, Xu et al.2008].
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Clopyralid, 3,6-dichloro-2-pyridinecarboxyl-
ic acid, selected to the tests, is a phenoxy acid her-
bicide, which was first developed and produced 
by U.S. Dow AgroSciences Ltd, and was regis-
tered for many annual and perennial broadleaf 
weeds control in different crops. It is absorbed by 
the leaves and roots of weed and moves rapidly 
through the plant, and affects plant cell respira-
tion and growth. This herbicide is generally ac-
tive in the soil and maybe persistent in soils under 
anaerobic conditions and with low microorgan-
ism [Corredor et al. 2006, Zhao et al. 2011].

The aim of the work was the assessment of 
the effect of copper and zinc contamination on 
clopyralid degradation in the soil.

MATERIALS AND METHODS

Laboratory studies

The research involved controlled experiments. 
The soil samples were collected from cultivated 
fields, from 0–15 cm arable layer. Two types of 
soil, featuring naturally diversified content of cop-
per and zinc, were used in the investigation. One 
of the soils (S1), of increased copper and zinc con-
tent, came from the field situated in the vicinity 
of “Głogów II” Copper Smelter, while the second 
sample (S2), characterized by low content of Cu 
and Zn, was collected from a field near Wrocław. 
In order to eliminate the effect of the soil prop-
erties on herbicide degradation, the soil S2 was 
selected so that its basic parameters (Corg, granu-
lometric composition and pH) were similar to the 
properties of S1 soil. The studies also included ad-
ditional soil S21 prepared in the laboratory (S2 soil 
additionally contaminated with Cu and Zn salts in 
the amounts equivalent to contamination level of 
S1 soil). The analysis of basic physical and chemi-
cal parameters of the soils, as well as the content 
of heavy metals was done in accredited chemical 
and agricultural laboratory. The basic parameters 
of the soils were shown in Table 1.

After sieving the soil through a 2-mm sieve, 
it was stored in covered trays in a greenhouse 

for 10 days and regularly mixed. Five days be-
fore the experiment was established, S21 soil was 
prepared by adding Cu and Zn salts to S2 soil in 
the amounts corresponding to the level of S1 soil 
contamination. Soil moisture was measured be-
fore the start of the trials by heating to dryness for 
24 h at 105 °C and determining the difference in 
weight. Soil moisture was set at 60% of field ca-
pacity, checked at regular intervals and adjusted 
with distilled water to the initial level.

Soil samples were transferred into 90 mm di-
ameter and 85 mm height pots that were placed 
in growth chambers; each variant had four repli-
cates. Day/night temperature regimes were 20/10 
°C (average temperatures recorded at the end of 
April and May – typical term of clopyralid appli-
cation on the field in Poland) and light intensity 
was 320 ±10 µmol.m-2·s-1 photosynthetic photon 
flux, with 15 h day length. Two days after placing 
the pots into the growth chambers, the commer-
cial formulation of clopyralid (herbicide Lontrel 
300 SL; Dow AgroSciences®, USA) at a dose 90g 
of active substance per hectare was applied. Ap-
plication of herbicide was done using a stationary 
chamber sprayer equipped with a mobile nozzle 
TeeJet XR 11003-VS. The nozzle was operated at 
pressure of 200 kPa and speed 3.6 km.h-1 produc-
ing a spray volume of 250 l·ha-1. Herbicide doses 
and spraying conditions were the same as for field 
conditions. Soil samples (one pot containing ca. 
250 g of soil = one sample and one replica) were 
taken for analysis one hour after herbicide appli-
cation and 2, 4, 8, 16, 32, 64 and 96 days after 
treatment. The samples taken from the experi-
ment were well mixed and stored in polyethylene 
bags at minus 20 °C until sample extraction.

Clopyralid determination – analytical method

The analytical procedure consisted of three 
crucial steps:
1)	 Extraction of the analyzed substance from the 

matrix.
	 Soil samples were homogenized. Soil portions 

(3×10g) were mixed with 3×2.5g of Diato-
maceous Earth (Dionex® ASE® Prep DE) and 

Table 1. Soil characteristics

Soil pH
(1n KCl)

Corg
[%]

Sand
[%]

Silt
[%]

Clay
[%]

Cu
[mg·kg-1]

Zn
[mg·kg-1]

S1 6.4 2.21 15 25 60 278.2 93.6

S2 6.2 2.09 19 24 57 6.8 3.6

S21 6.5 2.09 19 24 57 275.9 94.2
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transferred into stainless steel cells. Extraction 
was done using accelerated solvent extraction 
on fully automated Dionex ASE 350 extrac-
tor (Dionex®, CA, USA) [extraction solvent 
– acetone (33 mL per cell for two cycles of 
extraction), temp. 40 °C, extraction time – 20 
min. and pressure – 0.2 MPa)]. The combined 
extracts (from three cells) were then slowly 
evaporated under a nitrogen stream until dry.

2) 	Extract cleaning.
	 Dry residues were dissolved in 10 mL of wa-

ter (acidified to pH = 2) and subjected to SPE 
(Solid Phase Extraction). 3 mL-capacity car-
tridges and sorbent bed – 0.5 g of octadecyl, 
40 µm particle size (Bakerbond®, J.T.Baker®, 
Philipsburg, NJ, USA) were used. The sorbent 
was preconditioned with water (3 mL) and then 
methanol (3 mL). 10 mL of extract solution was 
loaded with small portions onto the cartridge 
and the eluate was discarded. Analytes were 
eluted with two portions of methanol (2×1 mL). 
To eluate was added 20 mL of water, moved 
to separator and extracted with two portions of 
dichloromethane (2×10 mL). Collected extract 
was evaporated to dryness. Next, dry residue 
was dissolved in methanol (2 mL) and esteri-
fied with diazomethane (injection solvent).

3) 	Final determination.
	 A gas chromatograph Varian CP 3800 equipped 

with software Varian GCMS 2000 and the 
electron capture detector (Varian®, CA, USA) 
was used to carry out the final determination. 
Throughout the entire experiment, a VF-5ms 
capillary column (30 m ×0.25 mm ×0.25 µm 
film thickness) (Varian®, CA, USA) was used. 
Nitrogen was used as carrier gas at a flow rate 
of 1.5 mL/min. Chromatographic separation 
was performed at the column oven where the 
initial temperature was held at 120 °C for 7 
min. Then, the temperature ramped at a rate of 
10 °C/min. to 200 °C and was held for 2 min-
utes. Finally, the second ramp was continued 
at 5 °C/min. to 230 °C, which was held for 20 
min. Injector and detector temperatures were 
set at 230 and 300 °C, respectively. Aliquots 
of 1 µl of the samples were injected.

The recovery of clopyralid from soil was 
determined by analyzing fortified samples. The 
analyses were carried out at four concentration 
levels in three replicates. The average recovery 
for all concentration were 97.2%. The quantifica-
tion limit of the method was 0.0010 mg kg-1.

Each soil sample was analyzed three times. 
Repeatability of the analytical results was satis-
factory, with relative standard deviation (RSD) 
not exceeding 8.9% of the mean values. All ex-
perimental data was calculated using the statisti-
cal program Statgraphics Centurion, version XV 
and Excel (MS Office 2010).

RESULTS AND DISCUSSION

The detailed course of clopyralid degrada-
tion in the soils was show in Figure 1. The initial 
clopyralid concentration (analysed 1 hour after 
application) amounted for all samples to 0.283 
± 0.0203 mg·kg-1. The process differed accord-
ing to the content of copper and zinc in the soil. 
The slowest rate of clopyralid dissipation was 
observed in S21 soil (additionally contaminated 
by the two examined metals). Clopyralid proved 
to decompose only a bit faster in S1 soil (of high 
natural Cu and Zn content). Significantly faster 
degradation was recorded in the case of the soil 
characterized by low Cu and Zn content (S2). 
The differences in clopyralid degradation were 
maintained in the course of research. Only 96 
days after introduction of the herbicide, clopy-
ralid the concentration in all the soils was simi-
lar and it ranged, respectively: 3.8% of initial 
concentration – S1 soil, 6.2% – S21 soil and 
2.6% – S2 soil.

The correlation observed in the research, i.e. 
slowing of herbicide active substance degradation 
in the soil contaminated with heavy metals, was 
confirmed in the research by other authors [Said, 
Lewis 1991, Pieuchot et al. 1996, Suhadolc et al. 
2004, Dictor et al. 2008, Wróbel, Sadowski 2012].

As it was already mentioned in the introduc-
tion, clopyralid dissipation takes place mainly in a 
biological way (soil microorganisms). Numerous 
investigations prove that higher concentration of 
metals in the soil does significantly reduce the ac-
tivity of soil microorganisms, which can slow her-
bicide degradation [Giller et al. 1998]. In similar 
research by the authors (not yet published), it was 
possible to state that the presence of copper and 
zinc in the soil accelerates metazachlor decompo-
sition, which follows mainly the chemical way.

Diversified chemical structure and metabolic 
processes of herbicides do not allow to assess the 
effect of heavy metals on decomposition of these 
compounds. Similar research should be conduct-
ed for particular active substances.
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The degradation data was plotted. Good lin-
earity was found between logarithmic concentra-
tion of clopyralid residues and time, indicating 
first-order rates of degradation with correlation 
coefficients (R2) about 0.99 for soils. The DT50 
values (graphically derived by interpolating the 
values between successive residue measure-
ments) varied from 21.1 days for S2 soil, to 27.6 
days for S21 soil. The DT50 values obtained after 
fitting the curves to first-order kinetics were simi-
lar (19.5 and 25.3 days, respectively) (Table 2). 
The same model of kinetics equation was noticed 
for clopyralid and other herbicides (Allen, Walker 
1987, Ravelli et al. 1997, Ma et al. 2004, Cuevas 
et al. 2007, Hu et al. 2011, Kucharski, Sadowski 
2011, Zhao et al. 2011).

Significant differences in degradation rate of 
the herbicide in soil in the first period after treat-
ment influenced the DT50 indicator. The DT50 val-
ues for soils in this experiment are consistent with 
the data presented by Smith and Aubin [1998], 
who measured the dissipation of clopyralid in three 
prairie soils (clay, clay loam and sandy loam) at 
different temperatures. They found that dissipation 
increased as increased temperature (from 10 to 30 
°C), and showed first-order kinetics. Half-lives 
ranged from 10 to 47 days, and were similar in the 

clay and sandy loam soils, and greatest in the clay 
loam soil at higher temperatures.

Different half–life period of clopyralid is sig-
nificant, but the obtained results do not exceed 
the range of values published by European Food 
Safety Authority (EFSA). On the basis of the re-
search results it is possible to state that clopyralid 
belongs to substances of medium stability in the 
soil. Its half–life, obtained due to laboratory tests, 
ranged from 13 to 65 days, while in field experi-
ments it was shorter and amounted to 2–24 days 
[EFSA Sci. Rep. 2005].

CONCLUSIONS

1.	 Clopyralid belongs to the group of moderate 
persistent compounds, its half-life (DT50) in the 
soil, in this research, ranged from 21 to 27 days.

2.	 Graphical representation of clopyralid degrada-
tion in the soil course takes the form of exponen-
tial curve (rate equation of first-order kinetics).

3.	 The increase in copper and zinc content in the 
soil influenced clopyralid degradation and DT50 
value. Slower degradation, and therefore higher 
DT50 value was observed in the soil with higher 
Cu and Zn content (DT50 = 25–27 days).

Figure 1. Degradation of clopyralid in soils. Vertical bars represent ± standard errors of means (n = 3)

Table 2. Equations for clopyralid degradation curves and values of DT50

Object Equation of degradation curve
(for average values)

DT50 [days]

Graphically determined Calculated from equation

Soil S1 Ct = 0.299.e-0.0292 t, R2 = 0.9959 25.32 ± 2.12 23.73

Soil S2 Ct = 0.291.e-0.0356 t, R2 = 0.9901 21.13 ± 1.76 19.47

Soil S21 Ct = 0.293.e-0.0274 t, R2 = 0.9918 27.64 ± 2.31 25.29

Explanation: Ct – acetochlor concentration at time „t”, R2 – correlation coefficient.
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