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Abstract Chlorpyrifos (O, O-diethyl-O-(3,5,6-trichloro-
2-pyridyl) phosphorothioate) is a broad-spectrum
organophosphate insecticide and acaricide, widely
used in our country. Nowadays, it is the principal
insecticide in the market employed for agricultural
purposes. A number of studies tending to study the
affinity of different pesticides with soil have been
performed, but only a few refer to chlorpyrifos. Because
of its intensive use, a wide range of terrestrial ecosys-
tems may be contaminated with chlorpyrifos, and there
is a need to evaluate its environmental behavior and
effects. The aim of our work is to study the interaction
and persistence of a commercial formulation of chlor-
pyrifos on an agricultural soil from Provincia de Buenos
Aires, Argentina. In this case, recovery percentages
increased with the increase of initial concentration of
the pesticide until a concentration of about 25 ppm
is reached, and then a decrease was observed. The
half-time life was not affected by an increase in
chlorpyrifos concentration.
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1 Introduction

Buenos Aires province has undergone, in the last
30 years, a remarkable expansion in agricultural activi-
ties based in the incorporation of new technologies; the
improved specialization and reduction of diversity to
meet the increasing food demand. The extension of the
cultivated area brought, as a consequence, an increase in
the use of agrochemicals, as the agricultural intensifica-
tion requires an even more aggressive fight against
plagues, parasites, and other harmful factors. Soybean
is the crop accounting for the highest proportional per-
centage of the pesticide market. The main products sold
for soybean are, in order of importance, herbicides and
insecticides. The principal insecticides in the market are,
in order of importance, chlorpyrifos, endosulfan, and
cypermethrin (CASAFE 2012). A large amount of ag-
ricultural pesticide application never reaches its target
organisms but is, instead, dispersed through the air, soil,
and water (Moses et al. 1993).

Chlorpyrifos (O, O-diethyl-O-(3,5,6-trichloro-2-
pyridyl) phosphorothioate) is a broad-spectrum or-
ganophosphate insecticide and acaricide, which is
widely used to control insect pests on grain, cotton,
fruit, nut, and vegetable crops, as well as lawns and
ornamental plants, household pests, and aquatic lar-
vae (Fang et al. 20006). It is also used on sheep and
cattle for the control of ectoparasites.

Chlorpyrifos (molecular weight—350.62) has a
melting point in the range of 41.5-44 °C (USEPA
1999), a low water solubility (139 mg/l), a high soil
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sorption coefficient (849 ml/g), and a vapor pressure
of 2.49 MPa (25 °C). It has been suspected to accu-
mulate in living tissues, and it may create a potential
risk to humans and other organisms (Serrano et al.
1997; Wang et al. 2005). It has an intermediate toxic-
ity to mammals and may affect the central nervous
system, the cardiovascular system, and the respiratory
system, as well as causing skin and eye irritation
(Oliver et al. 2000). It has been added to Annex I to
Directive 91/414/EEC (European Union 2005) and is
under study by the US Environmental Protection Agency
(USEPA 2011a, b).

A number of studies tending to study the affinity of
different pesticides with soil have been performed, but
only a few refer to chlorpyrifos. Because of its inten-
sive use, a wide range of terrestrial ecosystems may be
contaminated with chlorpyrifos, and there is a need to
evaluate its environmental behavior and effects. It has
been reported that chlorpyrifos is moderately persis-
tent in soils with half-life from less than 1 day to more
than 240 days, depending on soil types, soil moisture,
soil pH, temperature, organic carbon content, pesticide
formulation, soil microorganisms, climatic condition,
and initial concentrations (Awasthi and Prakash 1997;
Getzin 1981; Pandey and Singh 2004; Racke et al.
1990; 1996; Racke 1993; Singh et al. 2002; Singh et
al. 2003). Products of biodegradation include 3,4,6-
trichloro-2-pyridinol which subsequently breaks down
to organochlorine compounds and carbon dioxide. In
some cases, the half-life of chlorpyrifos on sediments,
when considered from the perspective of complete
mineralization, is 5—6 years (Gebremariam and Beutel
2010). Thus, the pesticide and/or its metabolites can
persist in aquatic environments for decades before they
completely dissipate. The structure of chlorpyrifos and
its metabolite are shown in Fig. 1.

In Argentina, studies on the possible pollution
caused by chlorpyrifos are scarce. There are several
reports of the occurrence of chlorpyrifos in agricultur-
al districts (Marino and Ronco 2005; Jergentz et al.
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Fig. 1 Structures of chlorpyrifos and its degradation product
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2004, 2005). As far as our knowledge, there are no
studies on the affinity or half-time of commercial
chlorpyrifos with soils of the region.

Because chlorpyrifos is widely used in our country,
over US$ 46,769,236 sales annually, (CASAFE 2012)
further research is needed to characterize chlorpyrifos
mineralization on soils characteristic of our region.
Due to the lack of systematic studies in this respect,
its result is essential to perform studies on the interac-
tion and persistence of commercial chlorpyrifos with
Argentinean soils in order to assess the environmental
impact caused by its application in crops. In this work,
we analyze the behavior (interactions and persistence)
of a commercial formulation of chlorpyrifos in a soil
from a productive areca (Navarro) of Provincia de
Buenos Aires, Argentina.

2 Materials and Methods

Commercial chlorpyrifos (Pirfos Glex, 48 % Purity,
from Punch Quimica S.A.), marked in the organo-
phosphate insecticides group, was used. Pesticide
grade dichloromethane, acetone, and hexane
(Sintorgan) were employed in our experiments.

For studies of interaction and degradation, stock
solutions of formulated chlorpyrifos (O, O-diethyl-
0-(3,5,5-trichloro-2-pyridyl phosphorothioate) were
prepared by dissolving 1 ml of commercial formula-
tion in 99 ml of acetone/hexane (1:1). Calibration
standards were prepared by dilution of stock solution
with acetone/hexane (1:1) or dichloromethane.

Soil samples were obtained from Navarro, province
of Buenos Aires, at 48 m above sea level and
35°00.519'S and 59°13.125'W. Navarro is located in
the Salado River basin, in the Flooding Pampa,
where the mean annual precipitation is between
900-1,000 mm. Soils samples were collected at a
depth of 10 cm, were air dried, crushed and
passed through a 2 mm sieve, and stored in closed
containers at room temperature (20-25 °C). Before
performing the experiments, soil was characterized
(Table 1), and blanks were carried out with the
matrices to assure absence of chlorpyrifos. Solid
matrices were analyzed for extractable phospho-
rous (Olsen), pH (1:2.5 soil/water ratio), organic
carbon (Walkley—Black), nitrogen (Micro—
Kjeldahl), and clay content (Bouyoucous) by standard-
ized methods (Sparks 1996; USDA 1993).
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Table 1 Chemical characterization of soil

% Organic
matter content

% Carbon % Nitrogen % Phosphorous pH

1.82 0.91 0.360 12.57 7.05

Field capacity of soils was determined by the
method describe by Mizuno et al. (1978). Field
capacity is considered as the moisture retained by
the profile of a uniformly wet soil that has virtu-
ally ceased to drain (Cavazza et al. 2007). To
determine this parameter, a plastic container with
holes on the bottom was used. Before adding the
soil sample, a piece of cloth was used to cover the
bottom, in order to avoid sample losses. The con-
tainer was filled with the soil sample up to 5 cm
of the top of the container. Water was added until
the sample was wet, and water started to drain.
The top of the container was then covered with a
plastic bag. The container was checked daily; and
when the drainage was no longer observed, two
samples were taken from the middle of the con-
tainer. Samples were dried in the oven, until reaching
constant weight. Field capacity, determined by the
equation: H = Ph — Ps x 100/Ps (H = percentage of
moisture, Ph = weight of wet sample at field capacity,
Ps = weight of dry sample), was 51.75 %.

2.1 Preparation of Solid Matrices for Recovery
Experiments

Soil samples (50 g) were spiked with the commercial
formulation of chlorpyrifos to obtain final concentrations
of 6, 12, 24, and 48 mg/g. The spiked samples were
allowed to rest for 3 days, and extraction was performed.

2.2 Preparation of Solid Matrices for Persistence
Experiments

Soil samples (400 g) were spiked with the commer-
cial formulation of chlorpyrifos to obtain final con-
centrations of 3 and 6 mg/kg. Dry samples (20 g)
were weighed into 100 ml glass recipients, and then
water was added in an amount predetermined by a
field capacity experiment to reach 80 % field ca-
pacity. Eighty percent of field capacity was used as
water content in all the experiences because the
field capacity in soils with mean annual precipita-
tion between 900—1,000 mm could remain as high
as 80 % in the rain time. Soils were placed in a
dark cabinet at 22-25 °C and in aerobic medium.
The cabinet floor was covered with water in order
to maintain the moisture of the soils. All the sam-
ples were weighed three times a week, and water
was added if necessary to maintain the 80 % field
capacity moisture level. Finally, extractions at 7, 14,
28, 35, 42, and 49 days were made. The tests were
conducted in duplicate for each concentration.

2.3 Analysis and Quantification

EPA method 3540C was adapted for the extrac-
tion. The spiked samples (20 g) were extracted
(Soxhlet) with 450 ml of acetone/hexane
(50:50 v/v) mixture for 16 h. Extracts were passed
through a drying column containing about 10 cm
of anhydrous sodium sulfate. The extracts were
concentrated in rotatory evaporator to 2 ml final
volume. All the experiments were conducted in
duplicates. Matrices without the addition of the
pesticide were used as blanks.
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Fig. 3 Degradation of
chlorpyrifos at concentra-
tions of 3 and 6 mg/kg
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EPA method 8080 was adapted for quantification.
The gas chromatographic analyses were performed on
a Perkin—Elmer AutoSystem XL instrument equipped
with an electron capture detector and a capillary col-
umn Quadrex (phase: 007-5; large: 30 m; DI: 0.25;
film: 0.25). Program: initial temperature 100 °C hold
2', 15 °C per minute to 160 °C hold 0', 5 °C per minute
to 270 °C hold 10". Injector: 225 °C; detector 300 °C.
Standard solutions of 25, 50, 100, 125, 500, and
1,000 pg/l were used for calibration. The detection
limit for chlorpyrifos was 5x10° mg/l.

3 Results and Discussion
3.1 Recovery of Commercial Chlorpyrifos from Soil

Soil samples were obtained from Navarro, province of
Buenos Aires. Chemical characterization is shown in Table 1.
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y=0,0014e0.122¢
R?=0,896

Time (days after treatment)

Soil samples were artificially contaminated with
four different concentrations of the pesticide (6, 12,
24, and 48 ppm), extracted (Soxhlet) and analyzed by
capillary gas chromatography using electron capture
detection to determine the amount of extracted chlor-
pyrifos in each case. Recovery was estimated as

Table 2 Kinetics data of chlorpyrifos degradation in soil

Chlorpyrifos Dynamic function DT50%* Coefficient
concentration (days) (R
(mg/kg)

3 C=0,0005 ¢ 15,07 0.9431

6 C=0,0014 ¢ *'*>* 568 0.896

*The degradation of chlorpyrifos in soil was described by the
first-order function (C=Cyxe ') where C is the concentration
(mg kg-") and C, is the initial concentration. The degradation
half-life of chlorpyrifos (DT50) in soil was obtained by the
function DT50=In2/k. Each value is a mean of two replicates
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percentage of initial concentration. Control experi-
ments with uncontaminated samples were run in
all cases to rule out any previous contamination.
High reproducibility was observed for the extractions.
Recoveries (% of initial concentration) are shown in
Fig. 2.

In this case, recovery percentages increased with the
increase of initial concentration of the pesticide until a
concentration of about 25 ppm is reached, and then a
decrease is observed. In previous work, we observed
that when pure chlorpyrifos (98 % of purity) was used, a
decrease in recovery percentages with the increase of
initial concentration employed was observed.

3.2 Persistence of Commercial Formulations
of Chlorpyrifos in Soil

The sorption and the persistence of a particular organic
xenobiotic in the environment are essential to evaluate
their potential contamination effect. The latter param-
eter is normally expressed as the degradation half-life.
The half-life is the time, in days, when the initial
concentration became half.

Degradation experiences were performed at two
different concentrations of commercial chlorpyrifos
(3 and 6 mg/kg). Extractions were performed every
7 days for 49 days, and chlorpyrifos was analyzed by
gas chromatography with ECD detection. Chlorpyrifos
concentrations (mg/kg, mean of two determinations), at
each extraction time, are shown in Fig. 3. Degradation
of chlorpyrifos in soil seems to be subjected to a first-
order model, considering the fact that the determination
coefficient (R?) is more than 0.7 (Table 2) (Fang et al.
2009; Bin Liang et al. 2011). Kinetic data of chlorpyr-
ifos degradation in Table 2 show that, in both cases,
chlorpyrifos at initial concentrations of 3 and 6 mg/kg
soil was degraded in 21 days by 99.9 % with half-life
of 15.07 and 5.68 days after treatment for 42 days,
respectively. Racke et al. (1988) reported half-life for
chlorpyrifos from 10 to 120 days and Howard (1991)
reported half-life of 2 weeks to over 1 year, depending
on the soil type, climate, and other conditions. This
large variation in half-life has been attributed to
variation in factors such as pH, temperature, mois-
ture content, organic carbon content, and pesticide
formulation (Getzin 1981).

The half-lives were not significantly extended with
increasing chlorpyrifos concentration, but they are
consistent with half-lives reported previously (Chu et

al. 2008; Bin et al. 2011; Fang et al. 2009). This could
be explained by the fact that inhibition of soil micro-
bial communities (bacteria, fungi, and actinomycetes)
is reported to start at higher concentrations (10 mg/kg)
(Shan et al. 2000).

4 Conclusions

The results reported in the present paper show that the
recovery percentages increase exponentially with the
increase of initial concentration of the pesticide until a
concentration of about 25 ppm is reached, and the
recovery starts to decrease. In fields where this pesticide
is used several times in every crop, a greater application
means a higher return to the surrounding water bodies
due to the runoff and a possible contamination of the
water bodies and the biota of the stream.

Some authors suggest that the half-life of chlorpyr-
ifos had a positive correlation with chlorpyrifos con-
centration, and its inhibitory effect on soil microbial
communities followed a positive dose-response pat-
tern (Fang et al. 2009; Fogg et al. 2003 and Gan et al.
1996). No difference in the half-time was observed
with the two concentrations assayed, maybe because
the concentrations used were not high enough to modify
soil microbial activity or diversity (Shan et al. 2006;
Vischetti et al. 2007).
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