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ABSTRACT 

The sorption of organic compounds to soil is mainly through organic matter 
components. The organic matter amount and type depends on soil properties such as 
pH, conductivity, particle size and calcium carbonate content. Therefore, organic 
pesticide movement-through soil strongly depends on the genesis of organic matter. 
Organic matter has fractions such as humic acid (HA) and fluvic acid (FA), fats and oils. 
For this study three tropical soils were chosen, Aguilita, Catano and Tiburones. Some of 
their organic matter properties, such as total acidity, UV-Vis and IR spectra were related 
to the sorption coefficient (Koc) of carbofuran and metolachlor. Sorption coefficients in 
Aguilita, Catano and Tiburones were between 34 and 1,181 ml/g for carbofuran and 
between 90 and 298 ml/g for metolachlor. Solutions of 100 ug/ml HAs from Aguilita, 
Catano, and Tiburones dissolved in 0.05N NaHC03 of pH 8.1 had E4/E6 absorption 
values of 5.5, 4.9 and 3.2, respectively; and those from FA in 2N HCl had values of 
10.0, 6.5 and 10.4, respectively. These values suggest a highly aromatic content for HA 
from Tiburones (E4/E6 ~3) and mainly aliphatic for Aguilita soil. Fulvic acids from 
Aguilita and Tiburones soils had highly aliphatic character (E4/E6 > 8) whereas that of 
Catano was intermediate. Data suggest that differences in metolachlor and carbofuran 
Koc values for the above mentioned soils are mainly due to differences in HA and FA 
properties of the soils. 

RESUMEN 

La adsorciôn de los compuestos orgânicos en el suelo principalmente ocurre a 
través de las interacciones con la materia orgânica presente en los mismos. La 
cantidad y tipo de materia orgânica depende del pH, conductividad, tamano de 
particulas y contenido de carbonato de calcio del suelo; por lo tanto, el movimiento de 
los palguicidas a través del suelo depende de la génesis de la materia orgânica. La 
materia orgânica en los suelos estâ compuesta por âcidos humicos (AH), âcidos 
fùlvicos (AF), grasas y aceites. Es este estudio se seleccionaron très suelos tropicales 
Aguilita, Catano y Tiburones; y algunas de las propiedades de la materia orgânica taies 
como la acidez total y los espectros de UV-Vis e IR se relacionaron a los coeficientes 
de adsorciôn (Koc) de metolachlor y carbofuran en los mismos. Los coeficientes de 
adsorciôn fueron entre 34 y 1,181 ml/g para carbofuran y desde 90 a 298 ml/g para 
metolaclor. Los indices de absorciôn E4/E6 para una solution de 100 ug/ml de los AH 
de los suelos Aguilita, Catano y Tiburones, disueltos en ir-a solution de 0.05N 
NaHC03 de pH 8.1, fueron de 5.5, 4.9 y 3.2, respectivamente, y para los AF, en una 
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solution 2N HCl, para estas mismas series de suelos fueron de 10.0, 6.5 y 10.4, 
respectivamente. Estos valores sugieren un carâcter altamente aromâtico para los AH 
(E4/E6 -3) extraidos de la serie de suelo Tiburones, mientras que la serie de suelo 
Aguilita fue la de mayor carâcter alifâtico. En el caso de los AF los suelos Aguilita y 
Tiburones mostraron un mayor carâcter alifâtico (E4/E6 > 8), mientras que el suelo 
Catano tuvo un carâcter intermedio. Los datos sugieren que las diferencias 
encontradas en las constantes de adsorciôn para los dos plaguicidas se deben en parte 
a las diferencias en la composition de los AH y AF de los suelos. 

INTRODUCTION 

The fate of pesticides over aquatic environment depends on the strength of their 
sorption over soil surfaces. Pesticides are adsorbed over organic and inorganic soil 
constituents (Coquet et al., 2002; Clausen et al., 2001). The magnitude of their 
adsorption depends on physical and chemical properties of both, soil and pesticides, the 
relative amount of soil component, the climate, and agricultural practices. In Puerto 
Rico a total of 175 soil series and twelve tentative series are known (Beinroth et al., 
2002), nine of which are carbonatic soils over main recharging areas of the north and 
southwest aquifer systems of Puerto Rico. Carbonatic soils are those with calcium 
carbonate content higher than 40%. Transformation of organic matter in soils with high 
calcium carbonate content might give humidified matter with some chemical and 
physical properties which must be different from those from non-carbonatic soils. 

Soil organic matter (SOM) consists of a wide range of organic molecules formed 
through various oxidation, reduction, condensation and polymerization processes under 
different biological and geological environments (Nkedi-Kizza et al., 2004). This matter 
is classified in three groups: humic, and fulvic acids and humin matter. From these 
humic materials come the main components associated with soil sorption. Soil humic 
materials are macromolecular anions containing multiple moieties, such as carboxyl, 
phenolic, and hydroxyl groups, which can be protonated/de-protonated in aqueous 
solutions over a wide pH range. The chemistry of soil organic matter may differ 
according to chemical and biological conditions of soils as well as climate conditions 
(Nkedi-Kizza et al., 2004). Therefore, it is possible that components of organic matter in 
carbonatic soils differ from those in non-carbonatic soils. 

The objectives of this study were 1) to characterize and compare chemical and 
physical properties of three Puerto Rican soils (two carbonatic soils and one organic 
soil), and 2) to characterize sorption of metolachlor and carbofuran and their 
relationship to organic matter composition in the above mentioned tropical soils 

MATERIALS AND METHODS 

Materials 
(a) Filters to remove particulates - Nylon syringe filters of 0.45 pm 
(b) Solvents - Methanol, acetonitrile, water (All solvents were HPLC grade). 
(c) Calcium chloride - Technical grade. 
(d) Metolachlor and Carbofuran (Both were analytical grade from ChemService Co.) 
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Field sampling. The soil samples were collected in January 2005 from Isabela 
(Catano series), Arecibo (Tiburones series), and Guanica (Aguilita series) municipalities 
of Puerto Rico. Soil samples were collected from 0 to 60 cm by using a shovel. During 
the same day samples were brought to the Pesticide Laboratory in Rio Piedras, air 
dried for two to three days, ground and sieved through a 2-mm sieve and stored in 
plastic or paper bags at room temperature. 

Physical and chemical parameters. The physical and chemical parameters of nine 
Puerto Rican soils were determined by using standard methods at the Central Analytical 
Laboratory of the Agricultural Experiment Station in Rio Piedras. The organic carbon 
was determined by using the Walkey and Black (1934) method; calcium carbonate 
content by using a Potentiometrie method (Tan, 2003); and particle size by the 
hydrometer method (Black, 1965). Metals were analyzed by AA. 

Batch equilibrium sorption isotherms. Different concentrations of metolachlor and 
of carbofuran were prepared (0, 1.0, 5, 10 and 20.0 pg/ml) each in 0.01 mol/L CaCh 
solution as supporting electrolyte. Ten ml aliquots of each solution was added to 
duplicate 1 g air-dried soil in a glass tube with Teflon-lined screw cap. The tubes were 
placed in a top to end rotor at room temperature (25 ±30 °C) for 24 hours. The shaken 
samples were centrifuged at 4000 g for 15 min. The supernatant was poured in a plastic 
syringe and filtered through 0.45-pm nylon membrane filters. The samples were 
analyzed immediately by HPLC-UV. Sorption among soils and pesticides was described 
by using the Freundlich linear isotherms (Equation 1): 

S = Kd C Equation 1 
where S = equilibrium concentration of pesticide adsorbed by soil (mg/g) and C = 

equilibrium concentration of pesticide in solution (mg/ml); Kd is the linear sorption 
partition coefficient (ml/g). Equation 1 was used to calculate the sorption constant based 
on five data points. The value of Kd is a measure of the total extent of interaction 
between the pesticide and soil. 

Pesticide Analysis with HPLC-UV. A Waters HPLC system consisted of a 
thermostated autosampler (Waters 717 plus), a quaternary pump with a Waters 600E 
controller, and a turnable absorbance detector (Waters 486). For analysis we used the 
analytical column Symmetry C18, 3.5 mm 4.6 X 7.5 mm (Waters, USA). The mobile 
phase consisted of an isocratic mixture of 50:50 ACN-water for carbofuran, and 60:40 
ACN-water for metolachlor. The flow rate was 1.8 ml/min and the absorbance was 
measured at 225 nm. A 25-pL volume of the sample was injected. 

Aromatic and aliphatic content in humic acid. The humic and fulvic acid fractions 
in soils were extracted by using 0.1 Ν NaOH; then they were separated by differential 
solubilities in acid and alkali solutions. The humic acids were dissolved in 0.05N 
NaHC03 of pH 8.1, and the β humus in 2N HCl. The E4/E6 ratios were determined by 
using a Uv/Vis Beckman Spectrophotometer. The aromatic and aliphatic content of 
humic acid was estimated by using the ratio of absorbacies at 465 and 665 nm, referred 
to as E4/E6 ratio. This ratio has been used as a measure of aromaticity or 
humidification where a low ratio (< 3) indicates high aromatic character and a high ratio 
(> 8) indicates high aliphatic character (Steelink, 2002). 
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RESULTS AND DISCUSSION 

Soil Physical and Chemical Properties. Chemical and physical analysis of the 
three soils selected for this study demonstrated that they have quite different properties 
(Tables 1 and 2). Aguilita and Catano are both basic carbonatic soils, but they differ in 
particle size composition. Catano is a sandy soil with very low water holding capacity, 
all of which means a very high mobility of organic compounds through the soil. Aguilita 
is a clayey soil with higher organic matter content; therefore, it must be expected that 
Aguilita has a higher retention of organic compounds than Catano. Tiburones soil is an 
acid sandy organic soil but has higher water holding capacity than Catano. Tiburones is 
expected to have the highest retention capacity of organic compounds because of its 
high organic matter content. 

Table 1. Classification and Physical Properties of the Soils Studied. 

Soil series Order pH Cond. 
uS/cm WHC CEC 

meq/100g 
OC 
% 

CCE % 

Aguilita Carbonatic 8.18 248 45 10.4 4.08 63.13 
Catano Carbonatic 8.60 123 22 1.04 0.53 14.01 
Tiburones Organic 4.07 14,500 38 6.70 7.93 0.84 

WHC-water holding capacity; CEC- cation exchange capacity; OC-organic carbon 
content; CCE-Calcium Carbonate equivalent pH was measured in water at a soil to 
solution ratio of 1:5. All analyses were performed in the Central Analytical Laboratory of 
the Agricultural Experiment Station in Rio Piedras. 

Table 2. Chemical and Physical Properties of the Soils Studied. 

Soil series Mn 
ug/g 

Κ Ca 
ug/g 

Mg Na 
Mg/g 

Clay 
% 

Silt 
% 

Sand 
% 

Aguilita 0.38 314 7240 211 27 47.7 22.9 29.4 
Catano 1.85 15 3291 116 25 4.6 3.4 92.1 
Tiburones 13.63 159 2297 522 4560 17.4 2.8 79.7 

All analyses were performed in the Central Analytical Laboratory of the Agricultural 
Experiment Station at Rio Piedras. 
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Attenuated Total Reflection-Infrared Spectroscopy (ATR-IR) of Humic acid and β 
humus 

V ! 

Figure 1. ATR-IR spectra of ß-humus fractions from Aguilita (A), Catano (B) and 
Tiburones (C) soils. 

The bands arising from C-0 stretching appear in the spectra of humic acid and β 
humus between 1,200 and 1,250 cm"1 (Figures 1 and 2). The carboxylate groups of β-
humus gave rise to two bands between 1,600 and 1,560 cm'1 and between 1400 and 
1370 cm"1. The typical broad band of the hydroxyl group from alcohols, phenols and 
carboxylic acid were found close to 3,300 cm . These are typical bands found in almost 
all humic acid and β humus IR spectra. However, the shifting toward higher frequencies 
of the stretching bands of the carboxylate groups for Catano and Aguilita fulvic acid 
(1,385 cm"1) higher frequencies than their bands of Tiburones β humus suggested more 
extensive conjugation of carboxylate groups of the former. 
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Figure 2. ATR-IR spectra of humic acid fractions from Aguilita (A), Catafio (B) and 
Tiburones (C) soils. 

Two bands appeared between 3,700 and 3,600 cm"1 which correspond to amino 
groups probably from proteic moieties of humic acids. These bands did not appear on 
ATR-IR spectra of either of the two bands of β humus between 3,000 and 2,800 cm"1. 
The carboxylate group gave rise to two bands between 1,637 and 1,620 cm"1 and 
between 1,534 and 1,503 cm"1. The typical broad band of the hydroxyl group from 
alcohols, phenols and carboxylic acid was close to 3,300 cm"1. The shifting of 
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carboxylate group bands of humic acids toward higher frequencies than those 
frequencies found for β humus was due to higher aromatic character of humic acids 
than that of β humus, as was also shown by the lower E4/E6 values for humic acids 
than for β humus. 

Pesticide Sorption Coefficient. Sorption experiments for metolachlor and 
carbofuran were conducted in Aguilita, Catano and Tiburones soil series. Metolachlor is 
a chloroacetanilide, and carbofuran is a carbamate (Table 3). 

Table 3. Physicochemical properties of pesticides at 25° C analyzed in this 
study3 

., . Solubility in Vapor Pressure Kow Soil Sorption 
Name Structure w a t e r ( m g / L ) ( m P a ) | o g P (Koc), mUg p K a 

/ CM. I ' 
π - ι - ο 

CM; 

MET ' X Y K t K 5 3 0 4 2 2 9 2 0 0 N A 

Η Ο 
CAR 1 . ο -- 700 0.031 1.52 14-160 ΝΑ 

Ij Λ 
- - - 'CH-

AH values from Hornsby et al.; MET = metolachlor; CAR = carbofuran. 

The adsorption data for both pesticides obtained from chromatographic 
measurements were adequately described by the Freundlich lineal equation (Equation 
1). The Kd value from the Freundlich equation is a measure of the total extent of 
interaction between pesticides and solid soil components from which organic matter is 
usually the main component responsible for it. Table 4 also shows Kd values normalized 
by soil organic carbon content to give (Koc) values. The Koc's values were calculated 
by equation 2. 

Koc = Kd//oc (2) 

Table 4. Pesticide adsorption coefficients for three soil 
series of Puerto Rico 

Soil Series Kd (ml/g) Koc 
CAR MET CAR MET 

Aguilita 1.67 3.66 41 90 
Catano 6.26 1.58 1181 298 

Tiburones 2.68 9.23 34 116 
MET = metolachlor; CAR = carbofuran. 

The Koc values reported in Table 4 are within the range of Koc reported in the 
literature (Table 3). Note that carbofuran Koc values vary by a factor of 10 (Table 3). 
Karickhoff et al. (1979) have suggested that Koc values can vary by a factor of 2 across 
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soils. Both pesticides had Koc values higher in Catafio than in Aguilita or Tiburones 
soils (Table 4). However, Catano soil has lower organic matter content than Aguilita or 
Tiburones, all of which suggest that the organic matter properties among these soils are 
responsible for this behavior. The humic acid and β humus fractions have shown 
spectroscopic differences as was mentioned above; besides, the total acidities of these 
fractions of organic matter have shown differences (Liu et al., 2002). 

The total acidities of humic acid were similar for Aguilita (1.4 meq/g) and Tiburones 
(1.6 meq/g) but not for Catano (Non detectable). Similar behaviors have shown β 
humus from above mentioned soils (Table 5). 

Table 5. Humic and β humus absorption ratio and 
total acidity of Aguilita, Catano and Tiburones. 

E4/E6 Total Acidity 
Soil Series E4/E6 (meq/g humic) 

Humic Humus Humic Humus 
Aguilita 5.5 10.0 1.4 2.8 
Catano 4.9 6.5 ND 0.44 

Tiburones 3.2 10.4 1.6 3.2 

These data pinpoint a less ionizable character for humic acid and β humus from 
Catano series than for that of Aguilita or Tiburones. However, organic matter alone is 
not the only reason for behavior of metolachlor and carbofuran in Catano soil. This 
behavior may also be due to promoted organic matter-clay complexes by the low total 
acidity of humic and fulvic matter in Catano soil. Therefore, organic matter-clay complex 
may play a predominant role, and Koc may have been overestimated by taking organic 
matter alone as correction for Kd in some soils that have organic matter with very low 
total acidity (Dumas et al., 2005) and organic matter content less than 1% (Karickhoff et 
al., 1979) 
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