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ABSTRACT

Adsorption-desorption of pesticides is critical in controlling the concentration
of pesticides in the soil solution and thus the amount that will be leached.
Equilibrium and kinetic aspects of atrazine adsorption-desorption were investigated
on humic acid, montmorillonite, vermiculite, goethite, humic acid-coated
montmorillonite and goethite, and two selected Delaware soils. The equilibrium and
long-term kinetic studies were carried out using a batch technique. The short-term
kinetic studies on vermiculite were conducted using a stirred-flow method. The
equilibrium studies showed that adsorption of atrazine on humic acid (Kg=95.60 L
Kg-1) was considerably higher than on montmorillonite (K 4=18.52 L Kg-1) and
vermiculite (Kg=26.80 LKg-1). Adsorptionof atrazine on goethite was negligible.
Humic acid coatings significantly increased atrazine adsorption on montmorillonite
and goethite. Atrazine adsorption-desorption on montmorillonite was completely
reversible, while nonsingularities were observed for vermiculite and humic acid. The
short-term adsorption kinetic studies on vermiculite indicated that a concentration-
dependent kinetic model is suitable to describe the reaction rates. The long-term
kinetic studies indicated that atrazine adsorption-desorption on humic acid continued
up to 90 days, while equilibrium on montmorillonite was reached in 2 h. The humic

acid coating on montmorillonite decreased the reaction rate compared to that



observed on the uncoated montmorillonite. Adsorption-desorption on a Pocomoke
surface soil, which has a high organic matter (OM) content was slower than on a
Matapeake subsoil which was mainly a mineral soil with a low organic matter
content. A two-site model and a radial pore diffusion model described the kinetics

reasonably well, capturing the fast initial desorption and the relatively slow

desorption that followed.



INTRODUCTION

Groundwater pollution from agricultural organic chemicals has become an
important national and global concem. Atrazine is one of the most widely used
pesticides for weed control of corn and other broadleaf crops in Delaware and
throughout the country. Atrazine is also the most frequently detected pesticide in
groundwater. A thorough understanding of the chemical, physical and biological
processes that affect groundwater pollution is vital for the prevention of the pollution
problem.

Once a pesticide is applied to the environment it may be adsorbed, transported
or degraded. Adsorption-desorption of herbicides is critical in controlling the
concentration of herbicides in the soil solution and thus the amount that can be
leached. A knowledge of these processes is particularly needed for soils in the
Delmarva region, since these soils are characterized by high sand and low organic
matter contents. In these soils, contaminants such as pesticides are more prone to
leach. Very few studies have been conducted on the kinetics of pesticide reactions in
soils, and particularly, the desorption rates of pesticides from soils. Moreover, many
current transport and degradation models account for sorption by assuming an

equilibrium distribution of the contaminant, but there is a growing body of evidence




that sorption and desorption may not reach equilibrium within time scales
characteristic of solute transport or degradation. Such rate limitations can influence
contaminant transport in the subsurface and may potentially hinder remediation
efforts.

Accordingly, the objectives of this study were: to measure the kinetics of
atrazine adsorption and desorption on major soil constituents, humic acid,
montmorillonite, goethite, these constituents coated with humic acid, and on selected
Delmarva soils; and to investigate the characteristics of the adsorption-desorption
process, such as the affinity of the selected soil constituents for atrazine, adsorption-
desorption hysteresis, and the factors affecting these process, i. e., pH values.

A unique aspect of the kinetic studies is their long-term nature: such
investigations more closely mimic the slow time-dependent reactions that occur in the
field. Humic acid-coated montmorillonite and goethite were selected as sorbents
because they more realistically represent natural soil surfaces. In natural soils,
constituents may not exist as separate entities. For example, organic matter and clay
can form organo-clay complexes. Oxides and hydroxides may exist in soils as
separate phases but most likely they exist as coatings or surface layers on
aluminosilicates. Oxides can also form complexes with soil humic substances through
ligand exchange reactions. The commonly used methods for selectively dissolving
soil components (e. g., H2O5 for organic matter and Na-dithionite-citrate-bicarbonate
for iron oxides) may cause dissolution of these complexes and create totaily new
surfaces. Thus, the relative importance of each component responsible for pesticide

adsorption and the mutual interaction of soil constituents and their effects on pesticide




adsorption can be explored by investigating three groups of samples, as was employed

in this study: pure soil constituents, coated constituents, and natural soils.




Chapter 1

EQUILIBRIUM STUDIES OF ATRAZINE ADSORPTION-DESORPTION

1.1 Introduction

Adsorption-desorption phenomena are critical in controlling the distribution of
pesticides in soils. They influence concentrations in the soil solution and thus,
intimately affect transport and adsorption by living organisms. The distribution of a
pesticide between the liquid and the adsorbed phases affects the phytotoxicity and
selectivity of pesticides, their effects on non-target organisms, and potential for
surface and groundwater pollution. Most pesticides have low vapor pressures, and
even in unsaturated soils there are generally several layers of water molecules on the
solid surfaces. Therefore, the dominant phenomenon involved in pesticide
interactions with soils is adsorption at the solid-water interface.

Most agricultural soils are mixtures of different materials: organic matter,
microbial biomass, and inorganic crystalline and noncrystalline components. The
particle size of minerals varies from colloidal dimensions to pebbles. Soil-pesticide
interactions may be better understood if the interactions of the soil components

including organic matter, clay, and other inorganic minerals with pesticide are better




understood. The amount of pesticide sorbed by a given sail is influenced by
properties of the soils and of the pesticides. Important properties related to the soil's
retention ability would include: the clay mineralogy, organic matter content, soil pH
and the amount of iron and aluminum oxides. These properties would then in turn
affect the cation and anion exchange capacities (Bailey and White, 1970). Important
properties of the pesticide would include the charge, polarity, and size (Green, 1974).
Since some pesticides are ionizable, the charge of a pesticide can be influenced by

the soil pH.

1.1.1 Pesticide Sorption on Soil Organic Matter

It is widely accepted that the retention of pesticides by natural soils is most
readily affected by the soil organic matter content (Sullivan and Felbeck, 1968;
Weber et al., 1969; Wershaw et al., 1969; Bouchard and Lavy, 1985; Clay et al.,
1988). Quite often, organic matter content is the only parameter that is correlated
with the adsorption of pesticides on soils. There is some evidence suggesting that
small amounts of organic matter can effectively block the soil mineral surface. Thus,
the mineral surface is no longer an effective adsorbent for pesticides (Hance, 1969;
Walker and Crawford, 1968). Most pesticides contain hydrophobic regions, therefore
entropy generation could be important in their adsorption on hydrophobic soil organic
matter. However, charge transfer and dipole interactions are also likely mechanisms
for adsorption. Senesi and Testini (1583) used electron spin resonance (ESR)

techniques to study the adsorption mechanisms of atrazine on soil organic materials.




They found that s-triazines are adsorbed by humic acids, forming stable complexes
via ionic bonding, proton transfer, and hydrogen bonding.

The adsorption of nonionic organic compounds (NOC) on soils is generally
characterized by adsorption isotherms that are approximately linear over a
substantial concentration range, and they can be adequately described by a constant

distribution coefficient, K;. The K values are generally correlated with the organic

carbon content of the soil. By attributing all the sorption to organic matter, an organic

carbon partition coefficient, K, can be defined as,

where { . is the mass fraction of organic carbon in the soil. The K, values typically

correlate well with properties of the sorbate, such as the aqueous solubility (S) or the

octanol-water partition coefficient (K ;). The correlation of K, to K, has led to

the definition of linear relationships of the form,

logK.=alogKgy, +b

where a and b are constants resulting from a regression analysis.

In addition to the dependence of sorption on the organic fraction of the sorbent

and the K, of the sorbate, Chion et al. (1989) cited the following observations as

support for the hypothesis that the sorptive mechanism of NOC is hydrophobic




partitioning onto the organic fractions of soils: (1) the linearity of the isotherms as
the concentration approaches the solubility of the sorbate, (2) the small effect of
temperature on sorption of the organics, and (3) the lack of competition between
sorbates for the sorbent.

Although the importance of organic matter in pesticide adsorption is well
established, the properties of the organic colloids relevant to the adsorption are not
well understood. We know that humic substances are composed of humic acid, fuvic
acid, and humin, they have functional groups such as carboxyl, hydroxyl, carbonyl,
methoxy, and amino, and tney have high cation exchange capacity and surface area

(Weed and Weber, 1974; Burchill et al., 1981).

1.1.2 Pesticide Sorption on Clay Minerals

Evidence exists that pesticides and other hydrophobic organic compounds
interact more strongly with clay minerals than with the remaining larger soil particles
such as sand and silt. Karickhoff and Brown (1978) reported that in natural
sediments, where the coarse clay fraction accounted for less than 1% of the sediment
mass, it contained 50-60% of the sorbed pesticide. The sand fraction, which
accounted for as much as 99% of the sediment mass, always contained less than 10%
of the sorbed pesticide. Karickhoff (1984) has noted that natural clay mineral
surfaces will most likely have organic slime, microbial biomass, humic substances, or
polymeric oxide and hydroxide coatings. Karickhoff et al. (1979) have showed that

different amounts of organic carbon (OC) correlated with the different sediment size




fractions and may be responsible for the different sorption behaviors of the size
fractions.

Pesticide sorption on specific clay minerals has been studied by several
workers (Karickhoff and Brown, 1978; Terrace and Calvet, 1978; Terrace, 1983;
Borggaard and Streibig, 1988; Morillo et al., 1991; Laird et al., 1992). Of the various
inorganic soil constituents, montmorillonite and vermiculite have the greatest
potential for adsorption of pesticides due to their large surface area and abundance in
agricultural soils. Terrace and Calvet (1978) have examined pesticide sorption on
montmorillonite, illite, and kaolinite and correlated the amount of pesticide sorbed to
the surface area and the cation exchange capacity (CEC) per unit mass of the clay.
Montmorillonite had the highest surface area and CEC and thus sorbed the greatest
quantity of pesticides. Glass (1987) reported that glyphosate is preferentiaily
adsorbed by the clay minerals in the order montmorillonite > illite > kaolinite.
Glyphosate sorption on montmorillonite decreased in the order Fe3+ > Cu2+ > Mg2+
> Ca?+ >Na+ montmorillonite. Chopra et al. (1984) found that the adsorption of
simazine depends on clay type and increased in the order bentonite > pyrophyllite >
illite > kaolinite. Triazine is adsorbed on interlamellar surfaces of expanding clays.
As a result of this process, Weber et al. (1965) found that the basal spacing in
montmorillonite was expanded by the adsorption of prometone.

Investigations on reactions between weak basic pesticides and clay minerals
have demonstrated that both protonated and neutral species are adsorbed as interlayer
complexes (Weber, 1970; Ainsworth et al., 1987; Micera et al., 1988; Rodriguez et
al., 1988). Ainsworth et al. (1987) suggested that protonated species were adsorbed







