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Abstract

Adsorption processes of chlorpyrifos in two Chilean agro soils (Calera: C; San Esteban: SE) in rela-
tion with the bioaccumulation in wheat plants (Triticum aestivun) were studied. RP-HPLC method
was developed to determine the chlorpyrifos content in soils, roots and seedling tissues. The two
soils showed high adsorption capacity (C = 78%, SE = 92%). The values are not in relation with the
contents of organic matter (C = 3.9% and SE = 2.0%) and clay (C = 12.7% and SE = 10.1%) deter-
mined in the soils. Persistence and mobility of chlorpyrifos in the soils were estimated from half-
life values (Csoil = 23 d, SEsoii = 14 d) and the Guss index (Csoil = 0.89, SEsi = 0.25) respectively.
These values are in the range of non-leaching compounds, and suggest that there should be no
pollutant in the ground water. Wheat plants grown in both soils incubated with chlorpyrifos bio-
accumulate residues in roots and seedling tissues. Root tissues showed the greatest contents (C =
22.3 mg/k. f. wt; SE = 51.8 mg/kg. f. wt.). Germination and growth of wheat young plants were not
inhibited for the contents in the tissues. A relation between the levels of chlorpyrifos residues in
the soils and the bioaccumulation in wheat tissues was estimated from the BAI parameter. Values
showed that the bioaccumulation is dependent on the residues contents in soils. These results
suggest that bioavailability of chlorpyrifos in wheat plants may be a harmful pollutant for mam-
mals if it remains stable at all growth stage of the plant. Further research should be considered to
see if bioavailability in forage and/or grain can occur.
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1. Introduction

Pesticide application is almost essential in modern agriculture to maintain high productivity. Increased aware-
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ness of the environmental damage caused by continued use of conventional synthetic pesticides has raised great
interest in their behavior in the ecosystem and their effects on the biota. It has been estimated that less than 0.1%
of the pesticide applied to crops actually reaches the target pest; the rest enters the environment, gratuitously
contaminating soil, water and air, where it can poison or otherwise adversely affect non-target organisms [1]-[3].
Greater amounts of the pesticides applied in agriculture are included in the soil.

In general, pesticides in the environment are governed by the transformation process, which can include pes-
ticide molecule breakdown by chemical, photochemical or biological degradation or by transfer processes such
as adsorption/desorption, runoff, volatilization and leaching. Among transfer processes, adsorption is a key
process that largely controls the behavior of pesticides in soil, determining their distribution in the soil and the
aquatic systems [4]-[8]. The dynamics of pesticides in the soil is therefore considered to be highly complex.

Persistence is a parameter that encompasses all the processes involved in the dynamics of pesticides in the
soil. Persistence may determine that non-target organism accumulates the residues of pesticides or their degra-
dation products. Particularly important can be accumulation in plant tissues, which can be harmful for mammals
when they are used as foodstuffs. Organophosphorous (OP) insecticides are widely used in the control of insect
pests. OPs are not very persistent in soil and they are known to be considerably toxic in that they inhibit a num-
ber of hydrolytic enzymes and have neurotoxic action in insects and mammals [8] [9].

Dynamics of OPs in soils, particularly the chlorpyrifos insecticide has been studied [10]-[14]. However, data
on the interactions with plants are relatively limited [15]-[17].

Chlorpyrifos (Figure 1(a)) is the OP insecticide most used in Chile. It is used in the control of insect pest in
fruit and cereal cultivars. To gain a deeper understanding of the availability and bioaccumulation in plants of
this chemical, we study the persistence in two Chilean agro soils and the bioavailability in wheat plants (Triti-
cum aestivum) under controlled conditions.

An RP-HPLC method was developed to determine the chlorpyrifos content in soils and plants. The physico-
chemical characteristics of the two soils were determined.

2. Materials and Methods

2.1. Chemicals

Chlorpyrifos was purchased as a 99% pure commercial product (Sigma Chemical Company). A commercial
formulation was obtained from ANASAC (48%). The purity of the chemicals was confirmed by HPLC. Solvents
used in the study were HPLC grade (Merck) and all inorganic reagents were laboratory grade.

2.2. Soil Samples

Two Chilean agricultural soils, Calera (C) and San Esteban (SE) (VI region of Chile) (0 - 20 cm), were selected.
The soils were dried at room temperature and sieved (<2 mm). Particle size distribution (texture) was deter-
mined by the pipette method [18]; pH, electrical conductivity (EC) and organic carbon were determined by de-
scribed methods [19]. All measurements were performed in duplicate. Geographical location of both soils are:
Soil Calera, 32°52' latitude S and 70°30' longitude and San Esteban soil 32°45' latitude S and 70°38' longitude.

2.3. Chemical Analysis

The residues of chlorpyrifos in the soils and plants were determined using a liquid chromatograph (Waters 1525)
high resolution (HPLC) method under the following conditions: Columns Waters Symmetry C,g; mobile phase:
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Figure 1. Structure of chlorpyrifos (0,0-diethyl-0-(3,5,6-trichloro-2-py-
ridil)-phosphothioate) (CoH1;CIsNOzPS) and (b) 3,5,6 trichloro-2-pyri-

dinol (CsH,CI3N).
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acetonitrile/water 70:30; flow rate 1.0 mL/min and injection volume 20 uL. Detection was performed using a
diode array detector (PDA, Waters 2996) at 220 nm. Retention time (tg) of the chlorpyrifos standard was 9.42 +
0.20 min. For both solutions, standard pure and commercial formulation, tz and UV spectra were compared. The
linear range, detection limit and quantification limit were determined in the pure standard and commercial for-
mulation. In Figure 2 are show the chromatogram of standard solution (pure compounds) and commercial for-
mulation solution of chlorpyrifos.

2.4. Bioaccumulation Assay

50 wheat seeds were planted in plastic pots containing 250 g of soils (C and SE) and watered with 50 mL of a
1000 mg-L* solution of chlorpyrifos. Controls were watered with MiliQ grade water (Simplicity, Millipore).
The temperature in the growth room was 25°C + 3°C; the relative humidity range was 55% - 65% and conti-
nuous cold white fluorescent light with an intensity of 200 ft-c. was used. Each assay was performed with two
replicates.

Forty-one d after sowing, between 150 - 250 mg of wheat seedling or root tissue were macerated 3 times in
succession with 5 mL of acetonitrile using a pestle and mortar. Extracts were centrifuged at 4000 rpm for 15
min; supernatants were filtered (0.45 pum) and were evaporated under vacuum and the residues were dissolved in
2 mL of acetonitrile and analyzed by the HPLC method.

2.5. Persistence Assay

20 plastic pots with 10 g of soils (C and SE) were treated with 5 mL of solution 1000 mg-L " solution of chlor-
pyrifos. Incubated soils were irrigated with water Milli-Q grade (Simplicity, Millipore) periodically to maintain
the field capacity humidity. Incubation was conducted for a period of 60 d in the same conditions of temperature
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Figure 2. Chromatogram of Chlorpyrifos: (a) pure compounds and (b)

commercial product.
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and humidity as the bioaccumulation assays. Each 7 d, two pots of C soil, SE soil and control soil were treated
three times with 5 mL of acetonitrile and stirred for 30 min. Samples were centrifuged at 4000 rpm for 15 min.
supernatants were filtered (0.45 um) and evaporated under vacuum and the residues were dissolved in 2 mL of
acetonitrile and analyzed by HPLC. The amount of chlorpyrifos in the soil was obtained by linear regression
from a calibration curve.

2.6. Adsorption Studies

1 g of soil samples, were treated in 250 mL plastic bottles with 10 mL solution of chlorpyrifos in a concentration
range from 0 to 1000 mg-L . Stock solutions pesticide were prepared in acetonitrile (HPLC grade) and a 0.01 M
solution of CaCl, (Fluka p.a.) was used to complete the total volume (10 mL). The suspension was agitated at
23°C £ 2°C in a batch system for 24 h, long enough to reach equilibrium. Subsequently, samples were centri-
fuged for 15 minutes at 4000 rpm, and supernatants were stored in cold for further analysis. Each adsorption
experiment was performed in duplicate. Losses during the process were monitored by including two blank con-
trols in each test: one plastic bottle that only had a chemical solution without any adsorbent and another with
only the adsorbent and CaCl, solution without chemical solution. The amount of each compound adsorbed in the
soil phase, Cs (mg-kg ') was obtained by subtracting from the amount of compound in the initial solution the
amount measured the aqueous phase. Thus it was assumed that processes such as degradation, volatilization or
photolysis were not significant during the 24 h period.

3. Results and Discussion
3.1. Physical and Chemical Properties of Soils

Table 1 shows the textural characteristics, pH, electrical conductivity (EC) and organic carbon (OC) for the two
soils studied. Clay and organic matter (OM; OC x 1.724) content are two principal parameters involved in the
dynamics of pesticides in the soil [20]-[25]. Our soils showed relatively similar percentages of clay, and the C
soil had more organic matter content (3.9%), The pH were slightly alkaline and the EC values corresponded to
the range of non-saline soils.

3.2. Persistence of Chlorpyrifos in Soils

The transfer processes of chlorpyrifos in the C and SE soils were evaluated over a period of 63 d. Both soils
showed high capacity to absorb chlorpyrifos. In the first measurement (to, after approximately 1 h) the adsorp-
tion in C and SE soils were 78% and 92%, respectively. Adsorption of neutral compounds in soils has been ex-
tensively investigated, and appears to depend on the organic (OM) and inorganic (clay matter) components of
the soils [26]-[28]. The mobility of pesticides in soils with low organic matter content (<5%) appears to be
largely governed by inorganic fractions (type and percentage of clay).

The soils studied did not have significant differences in clay content (Table 1), thus the different amounts
adsorbed cannot be related to this parameter. On the other hand, the C soil with greater organic matter content
showed lower adsorption. Figure 3 show the adsorption isotherms of chlorpyrifos in both soils.

The behavior was similar and L-type curve according the classification of Giles et al. (1974), were observed
[29]. These results suggest that part of the organic matter may be inaccessible to the pesticide if it’s is associated
in a solid state with the humic particles or clay aggregate, reducing the effective level of active organic carbon in
the soil. Therefore, other properties such as the molecular nature of the organic matter or the type of clay matter
may influence the adsorption process of chlorpyrifos.

The dynamics of dispersion for the residues, 22% and 8% in C and SE soil respectively, are shown in Figure
4. Dsp values, a measure of the time when the content of compound decreases by 50% with respect to the starting

Table 1. Physic-chemical characterization of Calera (C) and San Esteban (SE) soils (SD of two replicates).

Soil Clay (%) Sand (%) Silt (%) pH EC (dS/m) OoM Texture (USDA)
C 12.7+0.1 57.4+03 29.9+0.2 78+0.2 0.69 +0.02 39+0.1 Loam
SE 10.1+£0.2 46.7+0.1 432+04 76+0.2 0.11+0.02 20+02 silt loam
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Figure 3. Adsorption curves of chlorpyrifos in San Esteban (SE) and
Calera (C) soils.
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Figure 4. Persistence of chlorpyrifos in La Calera (C) and San Esteban
(SE) soils.

point, were derived from these data. Dsy values for C and SE soils were 7 d and 14 d, respectively. This result
shows a greater affinity of chlorpyrifos for the SE soil.

Degradation is fundamental for attenuating pesticide residue levels in soil [4] [7] [30]. It is governed by biotic
and abiotic factors and the adsorption-desorption process. Organophosphorous (OP) insecticides may hydrolyze
under alkaline, neutral and acidic conditions. For most OPs acidic hydrolysis is fairly slow and is thus negligible
under environmental reaction conditions [10], whereas neutral and alkaline hydrolysis are of concern, the latter
usually being the most important hydrolytic degradation pathway [11] [12]. Chlorpyrifos is hydrolyzed to its
primary metabolite, 3,5,6 trichloro 2-pyridinol (Figure 1(b)) in the soil [16] [31] [32]. Our soils are slightly al-
kaline, thus part of the dispersion of chlorpyrifos may depend on hydrolytic degradation, although degradation
by microorganisms could be more important [14] [33]. From our experimental conditions the metabolite B was
not detected.

Persistence of chlorpyrifos in the soils was estimated from half-life (ty,) values. The ty;, values for C and SE
soils were 23 d and 14 d respectively. The mobility of chlorpyrifos in the soils was also estimated from the Gus
index [34] (Gustafson, 1989), a measure of the leaching or diffusion the compound toward groundwater. The
values for C and SE soils were 0.89 and 0.25 respectively. These values are in the range of non-leaching com-
pounds, thus the contents of chlorpyrifos in both soils should not be polluting the groundwater. All these results
suggest that chlorpyrifos is available in both soils.

3.3. Bioaccumulation in Plant Tissues

The amount of chlorpyrifos absorbed by wheat plants after 41 d in C and SE soils incubated with chlorpyrifos is
shown in Table 2.

The content of chlorpyrifos in plants from SE soil was higher than the content in plants from C soil. Root tis-
sues accumulated more compound than seedling tissues. Persistence data suggest that the available chlorpyrifos
content is low in the both soils, but this result shows that they are sufficient to be absorbed by wheat plants. The
SE soil displayed lower bioavailable chlorpyrifos content, but the tissues showed greater accumulation.
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Table 2. Chlorpyrifos content in roots and seedling tissues of wheat culti-
vated in C and SE soils and the bioaccumulation index (BAI).

Soil Tissues mag/kg f. w. BAI
Roots 22.3 33.75

C
Seedlings 8.1 12.27
Roots 51.8 84.93

SE
Seedlings 135 22.13

This behavior can be related the greater affinity of chlorpyrifos for SE soil. Clarity about the relation between
the content of chlorpyrifos in the tissues plant and the content in the soil was obtained from the bioaccumulation
index (BAI) [35] (Kabara-Pendias and Pendias, 2000). The values obtained are given in Table 2. How is ob-
served SE soil displayed the larger BAI values particularly with the root tissues.

Therefore, the BAI index should be an appropriate parameter to estimate the levels of pollution of chlorpyri-
fos in soils with different psychochemical characteristics and their relation to its bioaccumulation in wheat cul-
tivars.

In order for a pesticide to injure a plant a certain threshold concentration of the chemical at the site of action
must be reached and maintained for a certain period of time. The length of the period required is affected by
condition of the plant and the environmental conditions under which the plant is growing. In our experimental
conditions we observed that the germination and growth of young wheat plants was not affected by the chlorpy-
rifos content in tissues.

Further research should be considered to see if chlorpyrifos remain stable at all growth stage of this cultivar.

Although the concentrations in this study are probably great than in field, the accumulation and persistence in
cultivars of great agricultural importance should be occurring. Consequently the accumulation in wheat straw
used how forages and the grain can be a harmful pollutant for mammals.

4. Conclusions

The adsorption of chlorpyrifos by both soils was dominated by interaction with the solid state of the soils.
Adsorption capacity did not depend upon the organic matter content in the soil.
The Gus index suggests that chlorpyrifos would not be a pollutant in the groundwater.
The BAI index value should be an appropriate parameter to evaluate the levels of pollution of chlorpyrifos re-
sidues in soils in relation to the bioaccumulation in wheat cultivars.
Germination and growth of wheat plants were not affected by the chlorpyrifos accumulation in the tissues.
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