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RATIONALE AND SCOPE OF RESEARCH

For many years, pesticides have been extensively used in agriculture,
forestry, public health, and domestic gardening/households. Modern
pesticides greatly benefit our society, but they may pose environmental
concerns, particularly as potential soil and groundwater contaminants.
Knowledge of the environmental fate in soil is important to ensure the
environmental safety of pesticide use. Most laboratory data regarding
sorption/desorption kinetics do not exactly reflect real environmental
situations. The occurrence and significance of bound pesticide residues in soil
have become important issues in dealing with persistence, degradation, and

biological availability of pesticide residues.

The awareness of the presence of bound residues in soil and plants has
increased dramatically. The organic fraction of a soil appears to have the
potential for forming bound residues with pesticides or products arising from
their degradation. Currently the United States Environmental Protection
Agency (USEPA) espouses two primary methods for the extraction of
semivolatile organic contaminants and pesticides from soils. These classical
methods, the sonication and the Soxhlet sequential extraction, are widely used
in environmental laboratories. Unfortunately, these methods are time

consuming and involve the use of large volumes of solvents that are often



toxic or even carcinogenic. Not only is the purchase of these solvents
expensive, but their safe disposal is equally costly. Also, during most soil
extractions, the solvent extracts must be concentrated. In this process, the
excess solvent is usually evaporated in a hood and vented to the atmosphere.

These evaporated solvents contribute to our present air pollution problems.

Analysis of bound residues of pesticides in soil has always been a
challenging problem. The most frequently used method for analysis and
quantification of bound residues of pesticides has been by total combustion of
the solvent-extracted sample to convert bound 14C residues to 4CO,. The
14CO, is trapped in basic solvents and radioassayed by liquid scintillation

counting, leaving little change of characterizing the bound residues.

Supercritical fluid extraction (SFE) has already been shown to be a
viable alternative to more conventional sample preparation techniques. One
of the biggest advantages of SFE over the use of standard liquid extractions is
the fact that many sample preparations can be done with nonpolluting,
nontoxic fluids such as CO,. The use of SFE on an industrial scale has
occurred for many years, but it was not until recently that SFE has been
applied to analytical scale sample preparation. The potential advantages of
this technique come from the unique properties of supercritical fluids.
However, analytical SFE is currently an evolving technique in which many
experimental parameters and problems have yet to be properly defined. The
traditional approach to experimentation is exploring one variable at a time.
This involves holding all variables constant except one, which is varied across

arange. This approach can be very costly, time consuming, and not suitable



for understanding interactions among variables, i.e., how variables work
together in synergistic or antagonistic ways. Nevertheless, a multivariate
optimization scheme (MOS) has not yet been employed to investigate the
complex soil systems as well as SFE parameter interactions and their effects on
the extractability of pesticide residues in soils. To reveal these potential

effects, the objectives of this research are:

* Tostudy sorption/desorption equilibria and kinetics of three
major herbicides in selected soils and the effect of pesticide
residence time (aging) on their desorption and the formation

of “bound” residues.

* To develop a multivariable optimization scheme (MOS) for
supercritical fluid extraction (SFE). To explore the
applicability of the SFE technique for extracting 'bound’ pesticide

residues in soils, compared to some conventional methods.

* To identify the extracted residues (i.e., parents and
metabolites formed under laboratory and field conditions)

using different techniques.

Sorption/desorption equilibria and kinetics of three herbicides were
conducted with several selected soils. Preliminary results discussed in
Chapter 1 help us in understanding and interpreting the behavior of these
pesticides and potential formation of bound residues in the soil environment.
Using a multivariate optimization scheme (MOS), SFE methods were
systematically optimized for both freshly fortified and aged samples, which



enable us to better understand the differences between laboratory spiked and
field aged samples. Significant findings are detailed in Chapter 2. Then a
comparison study was performed with other extraction methodologies such
as Soxhlet, sonication, surfactant addition, and accelerated solvent extraction
(ASE). Analytical data are evaluated and summarized in Chapter 3. To
understand the characteristics of the three herbicides, and the reliability of the
data from the SFE, identification and semiquantification of parent compounds
and their respective degradation products were investigated and are

discussed in respective Chapters 1, 2, and 3.

In addition to the above results, future research is also
suggested /recommended in the "Findings and Future Research" section, to

encourage continued efforts in these important areas.



ABSTRACT

Modern pesticides are generally recognized as significantly benefiting
our ability to satisfy the world's need for abundant, safe, affordable food and
fiber. Pesticides reach the soil environment by direct or indirect applications
from aerial and ground sprays. The main processes affecting the ultimate fate
of pesticides in soil are retention by soil materials (adsorption/desorption
processes), transformation processes (biological and chemical degradation),

and transport into soil, to the atmosphere, and to surface or groundwater.

Sorption/desorption equilibria and kinetics of atrazine, diuron, and
bensulfuron methyl were conducted using a batch technique on several
selected soils. The sorption/desorption distribution coefficients (K, /Ky) of
diuron and bensulfuron methyl were calculated using the Freundlich
equation. Results indicated that the content of organic matter was the major
variable contributing to diuron and bensulfuron methyl sorption. The low
1/ny (isotherm slope for desorption) values showed that both pesticides were
not readily desorbed from the soils tested. The rates of sorption were more
rapid than those of desorption for atrazine and bensulfuron methyl, especially
in the case of bensulfuron methyl on the soil containing a high level of organic
matter (57.5%). In this soil sorption was extremely fast, compared to the other
soils that contained high clay (56.4%) or high sand (91.6%). The slow rates of
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desorption were presumably associated with the heterogeneous nature of the
soil, and potential hysteresis phenomena. Hysteresis was observed, at various
degrees, depending on the pesticides and soils tested. The energy of
activation values for both sorption (E, = 11-25 kJ/mol) and desorption (E4 =
18-38 k] /mol) suggested that transport or diffusion control is rate-limiting for
both processes. This study also showed that the desorption of bensulfuron
methyl was almost irreversible, particularly with high contents of soil organic
matter. This was correlated to the Ky values obtained from the isotherm
equilibrium experiments. The stronger sorption of bensulfuron methyl than

diuron suggested a potential different sorption mechanism.

A multivariate optimization scheme (MOS) was used to investigate the
effects of environmental variables [i.e., soil organic matter %, clay minerals %,
various pesticides, residence time of pesticide (aging), etc.] and supercritical
fluid extraction (SFE) parameters (i.e., pressure, temperature, extraction
duration, extraction mode, etc.) on the extractability of pesticide residues from
soil samples. MOS offered the opportunity to systematically and
simultaneously examine the interaction and effects among important soil
variables and extraction parameters. MOS is a highly efficient technique for
studying a large number of variables and identifying optimal extraction

conditions.

Pesticide residence time had a major influence on binding processes for
all tested pesticides. Extractability as a function of soil composition was
greatly dependent on the particular pesticide examined. Bensulfuron methyl
was extracted with the greatest difficulty from soils containing both high



levels of organic matter and clay. Atrazine was extracted more easily than
diuron. High organic matter and high clay content led to strong binding for

diuron and atrazine, respectively.

Effects of SFE parameters on extractability were apparently related to
the nature of residues (e.g., freshly fortified versus aged residues). For freshly
fortified samples, analyte solubility in supercritical fluid and/or modified
supercritical fluid was the critical factor as indicated by the strong influence of
pressure on extraction efficiency. For aged samples, temperature was an
important determinant of extraction efficiency, indicating that mass transfer
or diffusion processes were rate-limiting. The presence of modifier and
extraction duration also significantly impacted extractability of aged

pesticides.

Several aged soil samples (with atrazine, diuron, bensulfuron methyl)
were extracted by Soxhlet, sonication, surfactant extraction, accelerated
solvent extraction (ASE), and supercritical fluid extraction (SFE) for
comparison. Among solvent extraction, ASE provided better extraction
efficiency than the conventional methods. This is probably due to the
elevation of temperature and pressure that create a subcritical phase for the
extraction. This results in an increase of solvating power and solubility of
analyte into the extraction liquid. Surfactant extraction yielded better
extractability, particularly in the case of diuron and atrazine, than other

solvent extractions (i.e., Soxhlet).



SFE was the best approach to recover aged residues from the soils.
With the aid of a surfactant as a modifier, additional bound residues can be
extracted using the optimal SFE method, especially for aged atrazine and
diuron. Prewetting of aged samples was found to be effective in accelerating

the extraction rate.

For aged atrazine and diuron extraction, elevated temperature
appeared to be a significant element in effectively recovering or extracting the
analytes from the soils. However, it seemed to be detrimental in recovering
bensulfuron methyl, which was presumably associated with thermal
degradation that occurred in the extraction. To optimize the SFE procedures,
characteristics of the analyte(s) should be also carefully taken into account.
Analytical results suggested that interaction time was important to the
extraction, but fresh supercritical fluid using a dynamic mode may cause
better extraction rate and efficiency of the aged residues. The combination of
an initial static followed by a dynamic mode extraction apparently enhanced

extraction rate and efficiency.

Pesticide degradation occurred mostly in the environment (i.e, soil
system), but in some cases, it was also observed under laboratory conditions
(i.e., during sorption/desorption experiments, sample aging, analytical
procedure, etc.). The rate and extent of the degradation basically depended
on the characteristics of the pesticide and the nature of the soil conditions/
composition. Identification and semiquantification were conducted using
TLC-Bioassay, LC-RadioChem, LC-UV-DAD, and LC or GC/MS techniques.
In general, bensulfuron methyl degraded very rapidly even in the soil-



aqueous system (during sorption/desorption isotherms and sample aging).
Major transformation compounds were identified as sulfonamide, O-
desmethyl-bensulfuron methyl (ODM-DPX-F5384), and homosaccharin.
There was also thermal degradation during the SFE process at an elevated
temperature (> 80°C). Diuron degradation was observed in the field studies
(degradation and lysimeter studies). 3,4-Dichlorophenylurea (DCPU) and N-
(3,4-dichlorophenyl)-N'-methylurea (DCPMU) were present to a various
extent, depending on the length in the field. The percent of DCPU and
DCPMU detected increased with the increase in sampling intervals. It was
surprising that diuron was decomposed to dichloroaniline (DCA) with the
presence of either Celite® 545 or silica homogeneous material during the SFE
extraction at above 120°C. Atrazine was considered to be the most stable
compound, compared to bensulfuron methyl and diuron. No degradation
took place under any laboratory conditions (sorption/desorption
experiments, sample aging, and SFE procedures at elevated temperature, i.e.,
150°C). Atrazine showed some degree of transformation after an extended
period of time (aging) in the field, resulting in dealkylation and/or
hydroxylation.



Chapter 1
PESTICIDES IN THE SOIL ENVIRONMENT
1.1 Introduction
1.1.1 Pesticides in the Environment

The increasing use of pesticides in agriculture remains a controversial
issue. One of the main concerns is the hazard of soil pollution by pesticides
and their impact on soil fertility. Pesticides reach the soil by direct
application, to control soil pests and for uptake by plants, and also indirectly,
from aerial and ground sprays (Graham-Bryce, 1981). The main processes
affecting the efficiency and ultimate fate of pesticides in soil are retention by
soil materials (sorption-desorption processes), transformation processes
(biological and chemical degradation), and transport into soil, to the

atmosphere, and to surface and ground water.

After reaching the soil, most pesticide formulations are distributed
primarily into the soil solution and then onto the surfaces of the solid phase
and/or into the soil atmosphere, gravitating toward a dynamic equilibrium.
The uptake of pesticides by soils (usually termed sorption or adsorption) and
their release (desorption) have been considered from the very beginning of
pesticide use as key processes (Alexander, 1965). The availability of pesticides

for uptake by the target organisms and for movement in solution or in the



gaseous phase, as well as their chemical and biological transformation

processes, are all affected by sorption-desorption.

As discussed, pesticides reach the soil either by direct application or
indirectly, following their application on plant canopies. Upon reaching the
land pesticides are subjected to complex physico-chemical and biological
transformations. There are several reasons for attempting to understand the
fate and behavior of pesticides in soil: the need to improve the efficiency of
soil-applied compounds, the need to minimize their potential adverse effects
on soil fertility, and the need to minimize the risk of environmental pollution

due to their transfer to the groundwater and atmosphere.
1.1.2 Environmental Fate of Pesticides in Soils

The first reports on soil adsorption of synthetic organic pesticides
appeared shortly after World War II as a result of the increasing use of these
compounds. It had been observed that the extremely efficient and persistent
insecticide DDT and other persistent chlorinated hydrocarbon insecticides
used to control malaria vectors and other insects rapidly lost their toxicity
when sprayed on the internal surfaces of houses in several African countries
(Hadaway and Barlow, 1952). Since these first observations, and the
introduction of new classes of pesticides, adsorption has become a central
issue in pesticide studies. The techniques used were developed from visual
observation to bioassays, to direct adsorption measurements both in the field
and in the laboratory, and later to the use of modern sophisticated

spectroscopic and microscopic methods and particle-scattering techniques.



Although the subject has been studied intensively, adsorption of
pesticides by soils is not yet fully understood. However, the available
information provides some understanding of the factors affecting adsorption
and the mechanisms and lays the basis for assessing the behavior of pesticides

in soil and in the environment.

Seven factors are known to influence the fate and behavior of pesticides
in soil systems: (1) chemical decomposition, (2) direct/indirect photochemical
decomposition, (3) microbial decomposition, (4) volatilization, (5) movement,
(6) plant or organism uptake, and (7) adsorption. The phenomenon of
adsorption-desorption directly or indirectly influences the magnitude of the
effect of the other six factors. Adsorption, therefore, appears to be one of the
major factors affecting the interactions occurring between pesticides and soil

colloids.
1.1.3 Nature of Soil Colloids

The chemical and physical properties of soils are influenced strongly by
soil constituents which have high specific surface areas or highly reactive
surfaces. Since high specific surface area is associated with small particle size,
the colloidal fraction of the soil will be the dominant factor in influencing
interactions between pesticide molecules and the soil. The colloidal
constituents of soils may be divided into the organic fraction and the mineral
fraction. The humic colloid fraction has not been completely characterized,
but it appears that much of the reactivity of this fraction is embodied in the

fraction designated "humic acid.” The mineral fraction is composed of



crystalline clay minerals and crystalline and amorphous oxides and
hydroxides. Humic acid has been described by van Dijk (1966) as being
globular, polydisperse, and irregular polycondensate. Humic acids are
polybasic acids with at least two kinds of acid groups, i.e., carboxyl and
phenolic hydroxyl groups. The cation exchange capacity (CEC) of humic acid
is higher than that of clay minerals, being of the order of 200 to 400 meq/100

g

Functional groups such as carboxyl, amino, phenolic hydroxyl, and
alcoholic hydroxyl, in addition to directly affecting the adsorption of cationic
and anionic pesticide by humic acid, may also provide sites for hydrogen
bonding interactions with the pesticide molecules. Because of the complexity
of humic acid and the experimental difficulties in applying spectroscopic
techniques to the study of interactions between two groups of organic
compounds of considerable complexity, relatively little information on the

mechanism of adsorption of pesticides by organic matter is available.

The uptake of nonionic organic compounds and pesticides by soil in
aqueous systems is affected by chemical partition into soil organic matter
(Chiou et al., 1979; Chiou, 1981; Chiou and Shoup, 1985; Sawhney and Brown,
1989). In contrast to adsorption, the term partition or partitioning is used to
denote an uptake in which the sorbed organic chemicals permeate into the
network of an organic medium by forces common to solution (i.e., by van der
Waals forces). The partition uptake is analogous to the extraction of an
organic compound from water into an organic phase. When the organic

phase is a solid (i.e., soil organic matter), partition is distinguished from



adsorption by the homogeneous distribution of the sorbed materials through
the entire volume of the solid phase (Sawhney and Brown, 1989).

Most agricultural soils are mixtures of different materials including
organic matter, microbial biomass, and inorganic crystalline and
noncrystalline compounds. The particle size of mineral grains varies from
colloidal dimensions to pebbles. Soil-pesticide interactions may be better
understood if the interactions of the soil components of organic matter, clay,
and other minerals with the pesticide are better understood. Clay minerals,
having small particle size and hence large surface area per unit weight, are
important in the overall sorption behavior of clay soils and sediments. Large
surface areas are important for sorption of pesticides (Karickhoff, 1984), but it
is likely that sorption occurs most strongly at chemically or
crystallographically specific sites (Karickhoff and Brown, 1978; Terce, 1983;
Glass, 1987; Borggaard and Streibig, 1988; Breen, 1991; Morillo et al., 1991;
Laird et al., 1992). Sites with high charge density demonstrate electrostatic
attraction for ionic pesticides (Karickhoff and Brown, 1978; Glass, 1987;
Morillo et al., 1991), and acidic sites can protonate nonionic pesticides at a pH
near the pK, of the pesticide (Terce, 1983; Borggaard and Streibig, 1988; Breen,
1991).

In contrast to adsorption and transport, which are transfer processes,
degradation is the most widespread phenomenon contributing to the
disappearance of pesticides from soils. Soil is an ideal medium inducing
transformation reactions of pesticides (Graham-Bryce, 1981). The usually

moist and aerated upper layer of agricultural soils provides proper conditions



for chemical changes (mainly hydrolysis and oxidation reactions) occurring in
the soil solution. At the same time, adsorption strongly affects the availability

of pesticides for transformation reactions.

However, the most important soil characteristic related to pesticide
degradation is probably the rich microbial population, capable of attacking a
wide variety of chemical compounds. The first studies of soil persistence of
pesticides were carried out with phenoxyacetic acid herbicides in the first
decade after their introduction (1945-1955) and indicated microbial
degradation. A few years later this disappearance pathway was
demonstrated for other groups of pesticides, such as some cyclodiene and
organophosphorus insecticides, and the s-triazine herbicides. These
accumulating data, and the "principle of microbial infallibility" pervading
scientific thought at that time (Alexander, 1965), led to the opinion that
microbial degradation is responsible for the detoxification of all the toxic
compounds reaching the soil. However, studies of pesticide degradation,
carried out in the late 1960's, mainly with organophosphates and s-triazines,
showed that, in addition to microbiological processes, nonbiological
degradation could play an important role in the transformation of pesticides

in soils.
1.14 Kinetic Studies of Pesticides in Soils

The primary soil components responsible for pesticide sorption are clay
minerals, and especially, humic materials. Pesticides can be divided into

cationic, basic, acidic, and nonionic classes (Saltzman and Yaron, 1986). The



fate of pesticides and organic pollutants in the environment is strongly
dependent on their sorptive behavior. Sorption affects not only physical
transport of these materials but also their degradation.

The sorptive behavior of pesticides can be studied from either
equilibrium or kinetic viewpoints. While both are important, perhaps the
time-dependent processes are least understood. As environmental concerns
intensify about groundwater pollution, waste disposal, and soil detoxification,
it will become increasingly important to better understand the kinetics and
mechanisms of pesticide interactions with soils (Sparks, 1989; Sparks, 1995).

The rate of sorption and desorption of pesticides on soils and soil
constituents has been investigated by a number of researchers (Hance, 1967)
and is dependent on the type of sorbent, pesticide, and rate of mixing. For
example, sorption seems much slower on humic substances (Khan, 1973).
Other factors that may affect the kinetics are swelling of the sorbent and
temperature (Hance, 1967).

Hance (1967) investigated the rate of sorption and desorption of four
pesticides (monuron, linuron, atrazine, and chlorpropahm) on two soils, a soil
organic matter fraction, and bentonite, a 2:1 smectitic clay mineral. An
equilibrium in sorption was reached in 24 hours for almost every system.

Desorption was slower than sorption.

The sorption and desorption of pesticides by soils and soil constituents
has generally been characterized by an initial rapid rate followed by a much

slower approach to an apparent equilibrium (Haque et al., 1968; Leenheer and



Ahlrichs, 1971); Khan, 1973; McCall and Agin, 1985). The initial reaction(s)
have been associated with diffusion of the pesticides to and from the surface
of the sorbent, while the slower reactions have been related to particle

diffusion of the pesticides into and out of micropores of the sorbent.

An example of this kind of relationship is shown in the work of
Leenheer and Ahlrichs (1971) for sorption of carbaryl and parathion on soil
humic materials. An apparent equilibrium was attained in 2 hours or less,
and the amount of pesticides sorbed at equilibrium increased as temperature

increased.

Steinberg et al. (1987) studied the persistence of 1,2-dibromoethane
(EDB) in soils and found that low amounts of the organic were released with
time, particularly if EDB had not been freshly added to the soil. They
suggested that the slow release rate was due to EDB being trapped in soil
micropores where release is influenced by extreme tortuosity and/or steric
restrictions. It was estimated, based on a radial diffusion model, that 23 and
31 years would be required for a 50% equilibrium in EDB release to occur

from two Connecticut soils.

A novel technique using on-line microfitration and HPLC analysis has
been used to study sorption kinetics and sorption equilibrium of the herbicide
atrazine with the clay minerals montmorillonite, kaolinite, and illite and the
clay fraction of a soil (Gilchrist et al., 1993). Fast and slow labile sorption have
been observed for atrazine along with a reversible but kinetically slow

sorption/desorption process that is consistent with diffusion of pesticide into



the interior of the clay particles. In the study, labile sorption capacity, mole
fraction site coverage, labile sorption equilibrium function, and distribution
coefficients were determined for the clay minerals in aqueous slurries with
atrazine. The identification and quantitative description of key chemical

species avoid some of the commonly reported hysteresis.

The pesticide sorption behavior of specific clay minerals has been
studied by several researchers (Karickhoff and Brown, 1978; Terce and Calvet,
1978; Terce, 1983; Glass, 1987; Borggaard and Streibig, 1988; Singh et al., 1989;
Breen, 1991; Morillo et al., 1991; Laird et al., 1992). It has been found that
some sorption phenomena have not yet been fully explained. Two
outstanding problems are the characterization of the sorption capacity of clay
particles for labile and reversible but slow species (Gamble and Khan, 1990;
Gamble and Ismaily, 1992) and the characterization of the formation of bound
residues of pesticides in clays and soils (Di Toro and Horzempa, 1982;

Macalady and Wolfe, 1984; Karickhoff and Morris, 1985).

Equilibrium partitioning of organic compounds between water and soil
has been the subject of extensive study over the last 2 decades (Hamaher and
Thompson, 1972; Karickhoff (Ed), 1980; Means et al., 1980; Karickhoff, 1984).
More recently, interest has grown in considering kinetic effects which govern
the movement of contaminants in these media under non-equilibrium
conditions (Di Toro and Horzempa, 1982; Karickhoff and Morris, 1985;
Pignatello, 1990; Ball, 1991; Miller and Pedit, 1992; Pavlostathis and Mathavan,
1992; Pignatello et al., 1993). Kinetics are important in many transport and

biodegradation processes which operate at shorter time scales than are



required for equilibrium to be established. Sorbed nonionic organic
compounds often display biphasic desorption kinetics from soils and
sediments where a labile component of the compound desorbs readily and
reversibly, while a resistant component desorbs orders of magnitude more

slowly (Di Toro and Horzempa, 1982; Karickhoff and Morris, 1985).

Several processes have been proposed as being responsible for non-
equilibrium sorption. Rate-limiting processes have been grouped into two
general classes: transport related and sorption related (Brusseau and Rao 1989;
Brusseau et al., 1991). Three different diffusive mass-transfer related
mechanisms can cause sorption-related nonequilibrium: film diffusion,
retarded intraparticle diffusion (RIPD), and intrasorbent diffusion. Film
diffusion will not be considered further, as many researchers have shown that
this mechanism is generally insignificant in comparison to other mechanisms

for the uptake/release of organic chemicals (Brusseau and Rao, 1989).
1.1.5 Pesticide Transformation Products

Pesticides applied in the environment are transformed by biological or
nonbiological processes into one or more transformation/degradation
products. For most pesticides, transformation results in detoxification to
innocuous products. Major degradation products of some currently used
pesticides, however, play an important role in pest control and environmental
contamination. Pesticide transformation is any process in which a change
takes place in the molecular structure of a pesticide. The transformation of a

pesticide can occur immediately after, or even before, application, during
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storage. The chemicals formed by the different transformation processes are

referred to by several names (Somasundaram and Coats, 1991).
1.1.6 Properties of Degradation Products

Characteristics influencing the environmental significance of pesticide
degradation products include water solubility, vapor pressure, and
carcinogenic and mutagenic potential. Although most degradation products
of pesticides are converted into less toxic or nontoxic materials, some
degradation products may be biologically and/or environmentally active. In
general, many degradation products are more soluble in water than their
parent compounds (Somasundaram et al., 1991). This increased solubility

favors their mobility to groundwater.

However, pesticide transformation is mainly a beneficial process
resulting in detoxification of the parent compound. For some pesticides, in
contrast, the products formed can be of significance in both crop protection
and environmental contamination. Yet, for many of the currently used
pesticides, the fate and significance of their degradation products are not

clearly understood.

117 Current Techniques in Identifying Degradation Products of

Pesticides

The derivation of structural information from spectroscopic data is now
an integral part of identification and confirmation of unknown compounds

(i.e., degradation products of organic contaminants). Analytical techniques in
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these areas have been primarily Fourier transform infrared spectrometry
(FTIR), nuclear magnetic resonance (NMR), gas chromatography/mass
spectrometry (GC/MS), gas chromatography/mass spectrometry/mass
spectrometry (GC/MS/MS), liquid chromatography /mass spectrometry
(LC/MS), or liquid chromatography/mass spectrometry/mass spectrometry
(LC/MS/MS).

Among the above mentioned techniques, FTIR and NMR usually
generate characteristic data regarding functional groups and structural
information of the molecules with relatively less sensitivity than MS. It is also
required to have some extent of purity and quantity for identification.
However, GC/MS or LC/MS techniques enable researchers to identify and
quantify trace levels of target analyte(s) in a complex matrix (Karasek and
Clement, 1988).

1.1.8 Applications of GC/MS and LC/MS

Although GC/MS is in an advanced stage of development, new
techniques, applications, and instrumentation are continually being
introduced. Many of these are minor modifications of existing methods, or
are for specialized uses such as extended mass range and the analysis of
substances of low volatility. New developments in such diverse fields as gas
chromatography, ionization method, mass analysis, computer techniques, and
mathematical procedures such as pattern recognition are all of potential
values to GC/MS. Among the most significant developments are the
techniques of tandem mass spectrometry (MS-MS) and Fourier transform

12



mass spectrometry (FTMS). These developments show how unique
applications of existing technology can lead to new analytical capabilities.
Computers are essential to both MS/MS and FTMS because of the vast
amounts of data that have to be processed-even more than for conventional

GC/MS analysis.

The application of a mass spectrometer as a universal, yet extremely
selective and sensitive detector in gas chromatography has revolutionized the
identification and measurement of unknown organic compounds. The
efficient use of GC/MS has made possible the capability to analyze numerous

components in a complex environmental sample.

The simultaneous analysis of 25 pesticides in soybean and rice was
performed by a gas chromatograph with dual electron-capture detection
(ECD) and nitrogen-phosphorus detection (NPD) (Hong et al., 1993). The gas
chromatography properties of the 25 pesticides were also investigated.
Confirmatory analysis was achieved based on the retention time and
characteristic fragment using the technique of GC/MS.

Jackson (1993) reported that the combination of a gas chromatograph,
matrix-isolation FTIR spectrometer and mass spectrometer in a single
instrument showed necessary selectivity and sensitivity in analyzing caffeine
at picogram levels. It was almost three orders of magnitude more sensitive
than the conventional lightpipe GC-FTIR instruments. The presence of
multiple detectors (MS, FID) is seen as a significant advantage. The

complementary nature of MS and FTIR data can be exploited with parallel
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detectors to give complete and confident structural and isomeric identification

of unknowns, as demonstrated with pesticide mixtures.

Analysis of pesticides and PCB in water, soil and plant materials using
GC/MS was reviewed by Cochrane et al. (1994). A variety of adsorbents (i.e.,
silica, modified aluminas, etc.) have been used in a variety of ways to
eliminate interfering coextractives. Successful identification and quantitation
of pesticides and PCB residues has relied heavily on gas chromatography with
element-specific detectors including mass spectrometry. In this review,

several specific examples were provided from current laboratory operations.

More recently GC/MS methodology was investigated by Barinova et
al. (1995) to determine residues of chlorinated pesticides in potatoes. Aldrin,
dieldrin, dilor, heptachlor, alpha- and gamma- hexachlorocyclohexanes, DDT
and its metabolites were studied. Gas chromatography with packed columns
may result in errors in the identification of chlorinated pesticides. A
combination of gas chromatography and mass spectrometry provided reliable

identification of the pesticides, even with interfering compounds present.

The research efforts were mainly inspired by the great success of
combined capillary gas chromatography/mass spectrometry (GC/MS) in
solving analytical problems. However, the development of LC/MS turned
out to be a demanding and challenging task, because many of the new
pesticides and their degradation products are thermally labile. LC/MS has
grown to become a mature and routinely used technique in many areas of

application.
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GC/MS is widely used as the major MS method in environmental
analysis (Barcelo, 1988; Cairns et al., 1989). However, many of the target
compounds (i.e., many pesticides and their metabolites) are not amenable to
GC analysis. Therefore, the role of LC in environmental analysis is of growing
importance. It is almost impossible to review all applications of LC/MS,
which have received extensive coverage. Selected applications in the field of

environmental analysis for pesticides will be discussed.

Carbamate pesticides, since their thermal lability prohibits GC/MS, are
compatible with a variety of LC/MS interfaces (Browm et al., 1990).
Quantitative data on the LC/MS analysis of carbamates are given by various
authors (Bellar and Budde, 1988; Behymer et al., 1990; Voyksner and Bursey,
1984).

The thermospray (TSP) interface is used for the quantitative carbamate
analysis (Bell and Budde, 1988; Voyksner et al., 1984; Chiu et al., 1989), and
the identification of metabolites (Saar and Salomon, 1990). Generally, better
detection limits are achieved with TSP compared to direct liquid introduction
(DLI). However, the improvement in the detection limit in TSP relative to DLI
is less than would be expected considering the difference in effective mass

flow to the MS ion source with these two techniques (split ratio).

Quantitative analysis of carbamates using the particle beam interface
(PBI) is reported by Behymer et al. (1990) and Bellar et al. (1990). In general,
the reported detection limits are between 100 and 300 ng, which appears to be

insufficient for practical quantitative pesticide residue analysis.
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Sulfonylureas form a group of relatively new and selective herbicides.
The compounds are highly thermally labile and cannot readily be derivatized
and are therefore not amenable to GC/MS. The LC/MS analysis of this group
of herbicides has been described with various interfaces. The Moving-belt
interface (MBI) analysis of sulfonylureas is described by Barefoot and Reiser
(Barefoot and Reiser, 1987; Barefoot and Reiser 1989), and for two of its
metabolites, but no molecular weight information is obtained. The
compounds show extensive fragmentation due to bond cleavage on either

side of the carbonyl group, allowing the calculation of molecular weight.

In comparison with the probe electron impact (EI), given by Shalaby
(1985), the MBI EI spectrum gives more information, e.g., the peaks atm/z =
300 and 257 are not observed in the probe EI spectrum. In ammonia chemical
ionization (CI) spectra obtained with the MBI, weak protonated molecules are
observed for sulfometuron methyl and its hydroxylated metabolite, but not
for the glucoside of the hydroxylated metabolites (Barefoot and Reiser, 1989).

Sulfonylureas and their metabolites have also been studied using
packed microcapillary columns coupled to a continuous-flow fast atom
bombardment (CF-FAB) interface (Barefoot and Reiser, 1989). The on-line
FAB spectra of sulfometuron methyl and its metabolites show strong
protonated molecules and more low intensity, useful fragment ions. No
quantitative data are given. It was apparent that the highly labile
sulfonylurea herbicides are difficult to analyze with LC/MS. Extreme care

must be taken to obtain direct molecular-weight information from the intact
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molecules. From the interfaces tested, only CF-FAB gave strong intact

protonated molecules for the parent compounds and their metabolites.

Supercritical fluid extraction of atrazine and polar metabolites from
sediments followed by confirmation with LC/MS was reported recently
(Papilloud et al., 1996). An optimized nondegrading supercritical fluid
extraction enabled the reproducible extraction of atrazine and its metabolites
from the sediments, showing also that atrazine was metabolized in its
hydroxylated analogue, involving chemical abiotic degradation. It was the
first time use of SFE followed by LC/MS of the polar atrazine metabolites

from an environmental matrix.
4.1.5 Significance in Identifying Degradation Products of Pesticides

Pesticide transformation may occur during sample preparation,
sorption/desorption equilibria, extraction, sample storage, shipment, and
especially after field application biologically by microorganisms and

nonbiologically through chemical reactions in the soil system.

Identification and semiquantification of degradation products are
vitally important in order to clearly understand the real situation of laboratory
or field samples before and after any of the available extraction approaches.
Degradation processes may occur in the environment (i.e., soil system) as well
as in analytical procedures, especially with elevated temperature and/or
caustic conditions. TLC-Bioassay, LC-RadioChem, LC/UV-DAD, LC/MS,
and/or GC/MS can be used to identify or confirm the presence of potential

degradation compounds (metabolites) during different processes.
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Experimental findings will enable environmental scientists to
understand the characteristics of parent compounds and their respective
metabolites in predicting the fate of pesticides and potential degradates in the

surface and subsurface environments.

Identification and semiquantification of potential degradation products
were performed and are discussed in each of the following chapters,

respectively.
1.2 Methods and Materials

1.21 Sorption/Desorption Equilibrium Studies of Diuron and
Bensulfuron Methyl on Selected Soils

Four different soils (Cecil sandy loam, Woodstown sandy loam,
Keyport silt loam and Flanagan sandy loam) were used for preliminary
studies (collaborative studies within DuPont). Characterization data (pH, %

sand, % silt, % clay, % organic matter, etc.) are given in Appendix II.
1.2.1.1.  Sorption Isotherm Study

Aqueous (0.01 N CaSO,) solutions of the 14C-labeled test compound
were prepared to have nominal initial concentrations (C;) of 0.2, 0.5, 1.0 2.5,
5.0 mg/L. One-half milliliter (0.5 mL) aliquots of each solution, sampled in
triplicate, were mixed with 20 mL of a Formula-947™ Scintillation Cocktail
(New England Nuclear, DuPont Medical Products, Boston, Mass) and
analyzed for total 1C by liquid scintillation counting (LSC, Tracor® Analytic
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Mark IIT Liquid Scintillation System; Model 6881, TM Analytic Inc., Elk Grove
Village, IL).

Twenty-mL aliquots of each standard solution were mixed with 20 g of
soil (oven-dried equivalents, Mettler Model PE600 2-place top-loading
balance, Mettler Instrument Corp., Hightstown, NJ) in screw-capped, Poly-
seal, 4-oz polyethylene bottles. The capped bottles and their contents were
shaken for 24 hours in a constant temperature water bath maintained at 25°C
(Gyrotory Shaker Model G-76, New Brunswick Scientific, New Brunswick,
NJ), and then centrifuged at 1000 x G (2000 rpm) for 10 minutes (IEC HN-SII
Tabletop Centrifuge, Damon/IEC Division, Needham Hts., Mass). Three 0.5-
mL aliquots of the supernatant were removed from each bottle, mixed with 15
mL of Formula-947 Scintillation Cocktail, and the concentration of
radioactivity in the aqueous phase (C) was determined by LSC. All

concentration values were expressed as pg/mL or ug/g (ppm).
1.2.1.2  Desorption Isotherm Study

Soil and water from the highest concentration level of each sorption
study were used for the desorption study. Each test system was identified
with an alpha-numeric code. After discarding a known volume of the
supernatant, fresh 0.01 N calcium sulfate solution was added until the original
total weight and 1:1 (w/w) soil to water ratio was obtained. The volume of
supernatant discarded varied from soil to soil depending on its moisture
capacity and filtration characteristics. The bottles were shaken in the constant

temperature shaker bath maintained at 25°C for another 24 hours and the new
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concentration of radioactivity in the supernatant (C;) was determined again.
This procedure was repeated a total of five times (5 consecutive days) using

fresh 0.01 N calcium sulfate solution for each equilibration.

1.2.2 Sorption/Desorption Kinetic Studies of Bensulfuron Methyl and

Atrazine on Selected Soils
1.2.2.1  Sorption Kinetic Study

Three soils (a, Belhaven with high organic matter content: 56.7%; b,
Cullera with high clay content: 57.5%; ¢, Miaka with high sand content: 91.7%)
and Alliston sandy loam (from Canada) were used to study sorption/
desorption kinetics of bensulfuron methyl and atrazine, respectively. Soil
characterization data are given in Appendix II. A batch technique was chosen
for the study, because generally pesticide sorption/desorption rates are

considered to be relatively slow.

Aqueous (0.01 N CaCly) solutions of the test compound were prepared
to have nominal initial concentrations of 0.5 and 5.0 pg/mL or ppm. (20 mL
for 10 g soil). One-quarter milliliter (0.25 mL) aliquots of each solution taken
in duplicate, were mixed with 15 mL of Formula-947™ Scintillation Cocktail
(New England Nuclear) and analyzed for total 14C by liquid scintillation
counting (LSC).

Twenty-mL aliquots of each standard solution were mixed with 10 g of
soil (oven-dried equivalents) in screw-capped, Poly-seal, 4-oz polyethylene

bottles. The capped bottles and their contents were shaken (moderate speed
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setting) for up to 60 hours in a constant temperature water bath maintained at
25°,40°, and 60°C, respectively. Ata predetermined interval (0, 5, 15, 30, 60
minutes, 2, 4, 8, 16, 32 and 60 hours), samples were centrifuged at 1000 x G
(2000 rpm) for 3 minutes when necessary (if too turbid). Then two 0.25-mL
aliquots of the supernatant were removed from each bottle, mixed with 15 mL
of Formula-947 Scintillation Cocktail, and the concentration of radioactivity in
the aqueous phase was determined by LSC. All concentration values were

expressed as fraction sorbed (0-1 or 0-100% ).
1222  Desorption Kinetic Study

After the sorption kinetic studies, 20 mL of fresh 0.01N CaCl, was
added to the soils. The capped bottles and their contents were shaken for up
to 32 hours in a constant temperature water bath maintained at 25°, 40°, and
60°C, respectively. Ata predetermined interval (0, 15, 30, 60, 120, 240
minutes, 8, 16, 20 and 32 hours), samples were centrifuged at 1000 x G (2000
rpm) for 3 minutes when necessary (if too turbid). Then two 0.25-mL aliquots
of the supernatant were removed from each bottle, mixed with 15 mL of
Formula-947 Scintillation Cocktail, and the concentration of radioactivity in
the aqueous phase was determined by LSC. All concentration values were

expressed as fraction desorbed (0-1 or 0-100%).

1.23 Identification and Semiquantification of Potential Degradation

Compounds from the Sorption/Desorption Studies

Aqueous samples were taken from both sorption and desorption

studies over a period of time to identify any potential degradation during the
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studies. Aqueous samples were acidified to pH 3.2 and extracted three times
with methylene chloride at 1:1 (v/v) ratio. Aliquots of the concentrate and
nonradiolabeled reference standards were spotted on EM 500 silica and 200 p
SiC1s TLC plates and developed in CH,Cl, /CH30H/23%NH4OH (144/50/4,
v/v/v) and CH,Cl,/acetonitrile/acetic acid /water (150/27/2.5/0.3,
v/v/v/v), respectively. The bensulfuron methyl and metabolites/degradates
were detected and quantified with a Berthold LB2832 automatic-TLC analyzer
(Berthold Scientific, Wiessbaden, Germany) and identified by coelution of
authentic reference standards. These analyses were performed on the
aqueous extracts both before sorption and after the last desorption phase of
the experiments. An additional extraction was done on water samples which
had been incubated for the same period of time as the desorption phase
aqueous extracts but without soil. Aqueous samples were also analyzed by
reversed phase LC with a gradient mobile phase separation. LC column:
Zorbax® Rx-C1g 4.6 mm ID, 250 mm, 5 um (Mac-Mod Analytical); Mobile
phase: 20% acetonitrile held for initial 5 minutes, gradient to 30% in 10
minutes, then to 50% in 5 minutes, and held for 5 minutes, with NaH,PO,
buffered at pH 3.2; Flowrate: 1.0 mL/min; Injection volume: 25-50 pL; UV

detection: 254 nm.
1.24. Chemicals and Reagents

The radiolabeled reference standards used in the study were: [phenyl-
HUC(W)ldiuron with a radiochemical purity of 98.3%, [4C] atrazine with a
radiochemical purity of 99%, [phenyl-14C(U)]bensulfuron methyl, and
[pyrimidine-2-1C]bensulfuron methyl with a radiochemical purity of 99%,



and related standards of degradation compounds were synthesized by
DuPont New England Nuclear (NEN) Products (Billerica, Mass.).

Analytical standards of diuron (DPX-14740-149, 99.7% purity),
bensulfuron methyl (DPX-F5384, 99.3% purity), atrazine (INY-0150, 100.0%
purity), and related standards of degradation compounds were synthesized
by DuPont Agricultural Products, E. I. du Pont de Nemours and Company
(Wilmington, Del.). The structures of the compounds are given in Appendix I.

All water used in the studies was deionized using a Milli-Q® water
purification system (Millipore Corp. Milford, Mass). Chemical reagents were
Fisher Scientific reagent grade, ACS grade, and HPLC grade where applicable.

1.3 Results and Discussion

To understand the sorptive nature of pesticides in different soil
matrices, the sorption/desorption equilibrium and kinetic studies were

performed on selected soils for bensulfuron methyl, diuron, and atrazine.

1.3.1 Sorption/Desorption Equilibrium Studies of Diuron And
Bensulfuron Methyl on Selected Soils

In the sorption studies, the concentration of radioactivity sorbed onto
the soil after equilibration (C;) was determined by subtracting the
concentration of radioactive diuron in the aqueous solution at equilibrium
(C2) from the initial concentration in the standard solution (C;). The C; and C,
values were plotted on a log-log scale to generate Freundlich isotherms. The

sorption distribution coefficient (K;) of diuron on each soil was calculated as
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the C; value corresponding to a C; value of the concentration at 1 ug/mL
samples. Coefficients of sorption per unit of organic matter values (K,,onm)

were calculated from each K, value using the equation
Ka,om = K3(100%) / %0OM

where 7% OM is the percent organic matter in the corresponding soil
sample. The slope of each line (1/n,) was calculated using a least square

regression curve fitting program.

In the desorption studies, the initial concentrations of radioactive
diuron in the aqueous phases (C; and C5) and on the soil (C;), prior to the first
desorption equilibration, were determined from the sorption study. The
concentration of radioactivity removed from the soil (C,,) was determined at
each subsequent equilibrium period (Days 1-5) by subtracting the initial
concentration of radioactivity in the aqueous phase at the beginning of the
day (C;) from the concentration at the end of the day (C;). The concentration
remaining on the soil was determined by subtracting the C,, value from the
previous day's C; value. The C; and Cs desorption data were similarly plotted
on a log-log scale. Desorption distribution coefficients (Kg), coefficients of
desorption per unit of organic matter (Ky,on), and the slope of the isotherms

(1/ny) were determined in a manner analogous to the sorption study.

Theoretical desorption distribution coefficients (K4') were calculated

from the experimental K, values using the Hornsby equation (Wu et al., 1975):

Kg =K, Ma/ndg) x5 (1-na/na)
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where Sy, is maximum concentration of test substance on the soil.

For diuron studies, the concentration data from the sorption studies
were plotted in Figures 1.1-1.4. Calculated sorption characteristics (i.e., K,,
Ka,om and 1/n,) for diuron on each soil are summarized in Table 1.2. Diuron
was moderately sorbed to the two sandy loam soils (K, = 4.0 and 6.7), but was
fairly strongly sorbed to the Flanagan silt loam (K, =18) and the Keyport silt
loam (K, = 12), which have 4.3 and 4.7% organic matter, respectively. The fact
that the slopes (1/n,) were not significantly different from 1.0 indicated that
sorption was not significantly affected by the concentration of diuron. The
correlation coefficients (r) for the soils’ percent organic matter versus K, was
0.98 for diuron. This indicated a very strong relationship between soil organic
matter content and K,. The good agreement in diuron K, o values on each
soil indicated that the organic matter content was the major variable

contributing to diuron sorption.

The concentration data from the desorption studies are plotted (Figures
1.1-1.4). Calculated desorption characteristics (i.e., Kq, Kq, Kgomand 1/ny) are
summarized in Table 1.2. K4’ values (i.e., the numbers in parentheses),
calculated from the experimental K, values, were in excellent agreement with
the experimental Ky values, suggesting a strong relationship between K4 and

% organic matter.

The primary soil components responsible for pesticide sorption are clay
minerals and especially, humic materials of organic matter. As with most

pesticides (nonionic and neither acidic nor basic), organic matter appeared to



be the soil constituent most important for pesticide sorption in the studies.
The higher the content of organic matter in the soil, the less desorption would
occur. The molecular structure of the pesticide and the pH of the soil strongly
affected the degree of sorption (Saltzman and Yaron, 1986).

The effect of atrazine treatments on adsorption properties of a brown
soil from the Lorraine plain, eastern France, was studied (Berhard-Bitaud et
al., 1994). A strong correlation between the soil organic matter (SOM) content
with cropping time was emphasized in the absence of weeds, as a result of the
specific effect of the herbicide. Not only the amount of atrazine adsorbed, but
the adsorption kinetics, were affected by the treatment. Adsorption assays
were also carried out on samples from plots with treated and untreated soils,
and with controlled SOM content. No effect of the herbicide could be
demonstrated after one year, whereas the influence on the SOM quality was

questioned.
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Similarly, the experimentally measured and calculated concentration
data from the bensulfuron methyl sorption studies are plotted in Figures 1.5-
1.8. Calculated sorption characteristics (i.e., Ka, Ka,om. and 1/n,) for
bensulfuron methyl on each soil are summarized in Table 1.2. The correlation
coefficient (r) of K, versus percent organic matter was 0.82. This indicated
that only a fair correlation of K, with percent organic matter for bensulfuron
methyl. Bensulfuron methyl was weakly sorbed to the two sandy loam soils
(Ka = 1.4 and 2.5), but was strongly sorbed to the Flanagan silt loam (K, = 14),
and the Keyport silt loam (K, = 12) which have 4.3 and 7.5% organic matter,
respectively. The K; oy values for the Cecil sandy loam (i.e., 120), Woodstown
sandy loam (i.e., 130) and Keyport silt loam (i.e., 160) were in reasonably good
agreement. The high value (i.e. 230) on Flanagan silt loam and the moderate
correlation coefficient (r = 0.8) suggested that other variables (i.e. cation
exchange capacity) may also be important in the sorption of bensulfuron

methyl.

The fact that the slopes (1/n,) were not significantly different from 1.0
indicated that sorption was not significantly affected by the concentration of
bensulfuron methyl over the concentration range studied. The correlation
coefficients (r) for the soils' percent organic matter versus K, was 0.92 for
bensulfuron methyl. This indicated a very strong relationship between soil
organic matter content and K,. The good agreement in bensulfuron methyl
K. om values on each soil indicated that the organic matter content also was

the major variable contributing to bensulfuron methyl's sorption.
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The concentration data from the bensulfuron methyl desorption studies
are plotted in Figures 1.5-1.8. Calculated desorption characteristics (i.e., Kg,
K4', Kgomand 1/ny) are summarized in Table 1.2. Ky' values (i.e., the
numbers in parentheses), calculated from the experimental K4 values, were in
excellent agreement with the experimental K4 values. The consistency of the
Kdom values and inverse relationship of 1/n, values with % organic matter (r
= 0.80) (Figure 1.9, where a line can be established) indicated that the
desorption properties of bensulfuron methyl were directly, but not strongly or
only, related to the soil organic matter content (possible ion exchange
mechanism). The low 1/n, values (i.e., 1/n, = <0.3) indicated that
bensulfuron methyl was only gradually desorbed from the test soils.
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Table 1.1 Comparison of K, values (sorption partition coefficients)

Cecil sandy loam soil

Compound K observed KLL K predicted KUL
predicted* predicted*
Bensulfuron 2.50 1.00 1.76 3.09
Methyl
Diuron 6.70 2.62 6.09 14.16

Woodstown sandy loam soil

Compound K observed KLL K predicted KUL
predicted* predicted*
Bensulfuron 1.40 0.45 0.83 1.54
Methyl
Diuron 4.00 1.38 3.36 8.16

*LL Lower limit predicted; UL Upper limit predicted

The partition coefficients (K values) for both diuron and bensulfuron
methyl were evaluated by comparing the experimental results (observed) to
predicted values using R¢ values (mobility index) obtained from a thin-layer
chromatography (TLC) method with a linear regression least-square fit
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approach (unpublished research), as given in Table 1.1 above. Both upper and
lower limit values were obtained within a 95% confidence interval (CI). These
fairly comparable results indicated that these isotherm equilibrium studies
were valid and reliable in understanding/interpreting the
sorption/desorption behavior in these soils. The pH-dependent sorption and
the relationship between pH and the dissociation constant with pH suggested
a potential ion exchange mechanism, as observed in the bensulfuron methyl

studies.

Sorption/desorption characteristics of diuron and bensulfuron methyl
are summarized in Table 1.2. Unfortunately, no data were obtained for
bensulfuron methyl desorption from Keyport silt loam soil, because almost no
desorption occurred. This was probably due to the high organic matter, high
CEC and low pH of this soil.

Sorption of diuron and bensulfuron methyl at extended periods of time
were conducted. No significant increase in sorption was observed during 24-
72 hours, when an apparent equilibrium was reached. However, more
sorption occurred after 20 days. It is likely that if the sorbent particles have a
small pore structure, or if the sorbent processes are characterized by a very
slow step, a steady state, which could be reached quite quickly, may be
mistaken for the true equilibrium. Unless a study is continued for a long
enough time the slow sorption may not be observed. Several possible
sorption mechanisms have been proposed to ascribe this apparent
equilibrium. Hamaker and Thompson (1972) reported that the amount of

atrazine absorbed by some soils could be doubled over a period of 60 days.
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Multiple site sorption was assumed, which was attributed to a combination of
low interaction or affinity sites, and high interaction or affinity sites (Sparks,
1995).

Yuyama et al. (1987) studied soil and water relationship in the
behavior of bensulfuron methyl, and concluded that the degree of soil binding
was increased by high clay and organic matter contents and low pH. The
Freundlich constant of the soil samples, ranging from 2.1 to 112, was highly
correlated with their total CEC.

Steinberg et al. (1987) studied the persistence of 1,2-dibromoethane
(EDB) in soils and found that low amounts of the organic were released with
time, particularly if EDB had not been freshly added to the soil. They
suggested that the slow release rate was due to EDB being trapped in the soil
micropores where the release rate was influenced by extreme tortuosity
and/or steric restrictions. It was estimated, based on a radial diffusion model,
that 23 and 31 years would be required for a 50% equilibrium in EDB release
to occur from two Connecticut soils. The results implied that desorption for
some pesticides after a period of aging time would be very difficult or even
impossible to evaluate using conventional approaches for desorption such as

batch techniques and other similar methodologies.

Ma and Selim (1994) reported that sorption/desorption isotherms of
atrazine on a Sharkey clay soil exhibited a strong hysteric behavior. The
extent of observed hysteresis increased with retention/residence time.

Attempts were made to describe atrazine retention based on a modified 2nd-
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order approach where heterogeneity of adsorption sites was assumed. Two
retention sites were considered: type 1 (Se) represented that retained on
noncatalytic sites with low binding energy, and type 2 (Sk) was that retained
on catalytic sites that result in the formation of strong interactions with matrix
surfaces. A 3rd type (Si) represented irreversible sites occupied by
hydroxyatrazine following hydrolysis or other physico-chemical
transformations. The rates of the reactions were assumed to be a function of

vacant or available sites which were equally accessible to either Se or Sk.
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Table 1.2 Sorption/desorption characteristics of diuron and
bensulfuron methyl (BM) on selected soils

Sorption characteristics

Soil type K, Kaom 1/n,

Diuron BM Diuron BM Diuron BM

Woodstown Sandy Loam 40 1.4 260 130 0.85 0.88

Cecil Sandy Loam 6.7 25 240 120 0.81 0.89
Flanagan Silt Loam 18 14 330 230 0.87 0.93
Keyport Silt Loam 12 12 280 160 0.92 0.97

Desorption characteristics

Soil type K4 (Kg) Kd,0M /ng

Diuron BM Diuron BM Diuron BM

Woodstown Sandy Loam 4.2 (42) 24(5) 380 220 0.51 0.26
Cecil Sandy Loam 6.1(59) 3332 290 160 0.54 0.30
Flanagan SiltLoam 6.8 (7.0) 6.4(63) 160 150 0.68 0.18

Keyport Silt Loam 7.0 (7.0) - 150 - 0.63 -
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1.3.2 Kinetic Studies of Bensulfuron Methyl and Atrazine on Selected
Soils

Three soils (a, Belhaven with high organic matter content: 56.7%; b,
Cullera with high clay content: 57.5%; c, Miaka with high sand content: 91.7%)
were used to study sorption/desorption kinetics of bensulfuron methyl. One
soil (Alliston soil from Canada) was selected for a similar study of
sorption/desorption kinetics for atrazine. Characterization data for these soils

are given in Appendix II.

Sorption rates (the slopes of In A vs. t plot, where A is the
concentration of a sorbate at a time ¢#) of atrazine on the Alliston soil and
bensulfuron methyl on the above three soils were not apparently affected by
varying the concentration of sorbate, suggesting a possible first order kinetics.
The sorption rate of atrazine on the Alliston soil was fairly fast. An increase in
temperature resulted in an increase in the sorption rate. The desorption rate
was generally lower than the sorption rate at a specific temperature. During
atrazine sorption studies, apparent equilibria were reached within 3-6 hours
depending upon the temperature used (Figure 1.10). It was much easier to
desorb atrazine from the soil than bensulfuron methyl (Figures 1.11-1.12). For
instance, approximately 78% (0.78 fraction) of the sorbed atrazine could be

desorbed after the sorption process.

Surprisingly, the sorption of bensulfuron methy! to the Belhaven soil
(high organic: 57%) was extremely rapid. Equilibrium was reached within 10-
25 minutes depending upon the temperature used (Figure 1.13). It was
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reported (Khan, 1973) that sorption seemed much slower on humic substances
than other components (i.e., clay minerals). Fast sorption on the high organic
soil was probably associated with the low pH (pH 4.0), which would
protonate the sorbate. Thus it would become more hydrophobic favoring
sorption, and rapid partitioning onto the soil particles. Because of the high
specific surface areas, almost 98% of bensulfuron methyl was sorbed at an
apparent equilibrium. This was also attributed partially to the high cation
exchange capacity of this high organic soil, as observed in the equilibrium
studies.

Sorption to the Cullera clay soil was rather slow (Figure 1.15), probably
due to the high pH of the soil (pH 8.1). At this pH, bensulfuron methyl could
be readily deprotonated or ionized resulting in a negatively charged species.
In addition, the soil colloid would be negatively charged at pH 8.1. Both
negatively charged sorbate and sorbent would repel each other causing much
slower sorption than usual. The sorption rate for the Miaka sandy soil was
higher than that for the Cullera soil, presumably with a relatively neutral pH
(pH 6.2). The pK; value for bensulfuron methyl is 5.9, which would not cause
obvious ionization and protonation at this pH. In addition, the Miaka sandy
soil did not contain either high clay (4.4%) or high organic matter (1.0%), or
high CEC (3.8 meq/100g), which appeared to be the major determinants for
bensulfuron methyl sorption.



’\m‘ 45 T
o
5 - - .
- —0- g0 o
5 .
° - || ]
£
<
. 298°K
® b
-D o
s 2 ﬁ —D0——313K
7
o 15 g +— 333°K
2
©
s 1
g
2 05
Q
< o= : + ¢ : + + —
0 5 10 15 20 25 30 35
t (hour)
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