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ABSTRACT IX

Pesticide Volatilization from Soil and Plant Surfaces
Simulation of pesticide volatilization from plant and soil surfaces as an integral component
of pesticide fate models is of utmost importance, especially as part of the PEC (Predicted
Environmental Concentrations) models used in the registration procedures for pesticides.
Experimentally determined volatilization rates at different scales were compared to model
predictions to improve recent approaches included in European registration models.
To assess the influence of crucial factors affecting volatilization under well-defined
conditions, a laboratory chamber was set-up and validated. Aerodynamic conditions were
adjusted to fulfill the requirements of the German guideline on assessing pesticide
volatilization for registration purposes. Determination of soil moisture profiles of the upper
soil layer illustrated that a defined water content in the soil up to a depth of 4 cm could be
achieved by water-saturation of the air. Cumulative volatilization of **C-parathion-methy!
ranged from 2.4% under dry conditions to 32.9% under moist conditions revealing a clear
dependence of volatilization on the water content in the top layer.
At the semi-field scale, volatilization rates were determined in a wind-tunnel study after
soil surface application of pesticides to gleyic cambisol. The following descending order of
cumulative volatilization was observed: chlorpyrifos> parathion-methyl > terbuthyl-
azine > fenpropimorph.
Parameterization of the models PEARL (Pesticide Emission Assessment at Regional and
Local Scales) and PELMO (Pesticide Leaching Model) was performed to mirror the
experimental boundary conditions. Model predictions deviated markedly from measured
volatilization fluxes and showed limitations of current volatilization models, such as the
uppermost compartment thickness having an enormous influence on predicted volati-
lization losses. Moreover, the impact of soil moisture on volatilization from soil was not
reflected by the model calculations. | mprovements of PELMO, including the temperature-
dependence of water-air partitioning, the reduction of the compartment size of the top layer
and the introduction of a moisture-dependent sorption coefficient, contributed to a more
realistic reflection of experimental findings, especially at the initial stage of the studies.
Studies on volatilization from plants included a field study and a wind-tunnel study after
simultaneous application of parathion-methyl, fenpropimorph and quinoxyfen to winter
wheat. Parathion-methyl was shown to have the highest volatilization during the wind-
tunnel study of 10 days (29.2%). Volatilization of quinoxyfen was about 15.0%, indicating
a higher volatilization tendency in comparison with fenpropimorph (6.0%), which may be
attributed to enhanced penetration of fenpropimorph counteracting the volatilization
process.
A mechanistic approach using a laminar air-boundary layer concept for the consideration
of volatilization from plant surfaces was adjusted and calibrated on the basis of a series of
wind-tunnel studies. Calibration of the thickness of the air-boundary layer and the rate
coefficients of phototransformation and penetration into the leaves alowed the
implementation of this description in PELMO and enabled the simultaneous estimation of
volatilization from plants and soil.
The need to determine critical factors affecting volatilization, especially phase partitioning
coefficients, resulted in the development and validation of a novel chamber system for
measurements of the temperature dependence of the soil-air partitioning of fenpropimorph.
Additional batch studies allowed for the quantification of the general tendency of
pesticides towards enhanced soil sorption after lowering the temperature.






INTRODUCTION 1

1 INTRODUCTION

The benefits of agriculture have been immense. Global cereal production has doubled in
the past 40 years, mainly from the increased yields resulting from greater inputs of
fertilizer, water and pesticides, new crop srains and other technologies of the green
revolution (FAO, 2001).

A doubling in global food demand projected for the next 50 years poses huge challenges
for the sustainability both of food production of terrestrial and aquatic ecosystems and the
services they provide to society. Further increases in agricultural output are essential for
global political and social stability and equity (Tilman et al., 2002).

Agricultural practices determine the level of food production and, to a great extent, the
state of the global environment. The main environmental impacts of agriculture come from
the conversion of natural ecosystems to agriculture, from agricultural nutrients that pollute
aguatic and terrestrial habitats, and from pesticides, especially bioaccumulating or
persistent organic agricultural pollutants. Despite intensive research, it is only partially
understood how chemical pollutants move between soil, water and atmosphere and what
transformation they undergo during transport. The fate of a pesticide and the potential for
its movement from the site of application are affected by chemical and physical properties
of the pesticide, site characteristics such as soil, geology, and vegetation, climate and local
weather conditions, and the handling practice of the pesticide user. Pesticides may be
transformed by degradation processes or transported from the site of application by several
processes including runoff, movement through the soil to ground water, volatilization,
transport on soil particles, and wind erosion (Fig. 1.1). Individual pesticides vary widely in
their response to environmental processes. Each factor has to be considered when
determining the likelihood of pesticide movement and off-target effects.

Pesticide application

Deposition

Volatilization _
from soil and plants <@ -.__ Photochemical
S T oxidative degradation
S
RN
vooN N
Ny ‘o o
\ a Drift
\ \ o \Vind erosion
\ ; \_.- P
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Figure 1.1 Major processes involved in the environmental fate of pesticides after their application to soil or
plants. Cy, C,, and Cs represent the pesticide concentrations in gaseous, aqueous, and solid phases,
respectively (adapted from Fihr et al., 1998).



2 INTRODUCTION

1.1 Pesticidesin the Atmosphere

Until the 1960°s, atmospheric pesticide contamination was generally thought of as a
»local” problem caused by spray drift. The detection of DDT and other organochlorine
compounds in fish and mammals in the Antarctic (George & Frear, 1966) and Arctic
(Addison & Smith, 1974) changed this notion. These organochlorine residues could not
exclusively be attributed to movement in surface water and distribution through the food
chain, so the idea of atmospheric depositions as a main source of contamination in remote
areas gained significance. Currently the atmosphere is recognized as the major transport
pathway depositing pesticides and other organic and inorganic compounds in areas far
away from their sources (Majewski & Capel, 1995).

1.1.1 Sources. Application and Post-application Processes

The most important source of pesticide contamination in the atmosphere is agricultural use.
About 75% of the pesticides are used annually on agricultural crops (Aspelin, 1994), which
involves large acreage, large quantities and most major types of pesticides. Other sources
of pesticide contamination include manufacturing processes and waste effluents, urban and
industrial weed control, turf management of golf courses etc. (Mgewski & Capel, 1995).
Agricultural sources of pesticide contamination fall into two main categories. application
and post-application processes.

Off-target drift during pesticide application occurs to varying degrees, ranging from 1 to
75% of the applied spray dose (e.g. Glotfelty et al., 1990; Symons, 1977) and is mainly
affected by application methods, formulation, and spray-cloud processes (Maewski &
Capel, 1995). To date, measurements of pesticide emission during application are
concentrating on spray drift of droplets or particles. In Germany, data on spray drift to
adjacent watercourses for various techniques and crops were collected by Ganzelmeier et
al. (1995) and threshold rates of spray drift for evaluation and registration purposes were
determined (Anonymous, 2000). Based on these data, the estimation model EVA 1.1
(Exposure Via Air) for the prediction of aerially derived input of pesticides and
metabolites, including drift and volatilization, on terrestrial and aquatic non-target areas
was developed (BBA, 2002). A draft protocol for drift measurement is being discussed by
the International Organization for Standardization (1SO, 1999), which would enable a
comparison of drift data from various sources obtained by different methods. In most cases
drift measurements have been limited to the determination of the mass of pesticide
deposited on the surface adjacent to the treated field and to measurements of dropletsin the
air close to the ground leaving the target area. Little is known about the total fraction of the
dosage, which does not reach the target area. A portion of the pesticide that does not reach
the target area consists of gas-phase pesticide and small droplet or particles (aerosols),
which are or have become so small that they cannot be captured effectively by drift
collectors. For this fraction, measurement may be possible, but would require some form of
isokinetic sampling (Van den Berg et al., 1999).

Once on the surface, the pesticide residue can volatilize or be transported into the
atmosphere attached to dust particles (Glotfelty & Schomburg, 1989). Volatilization occurs
continuously over a much longer time period than off-target drift and the resulting losses of
the application rate can be a significant source of pesticide input into the lower
atmosphere.
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1.1.2 Digtribution: Transport Processes

After volatilization, pesticides or related compounds enter the boundary layer. During
daytime, this boundary layer is usually unstably stratified, generally well mixed by
mechanical and thermal turbulence, and typically extending several kilometers above the
surface (Wyngaard, 1990). Any compound released into the atmosphere under these
conditions becomes well mixed and dispersed throughout the surface boundary layer. At
night, because of surface cooling, the boundary layer depth typically decreases to between
a few tens to several hundred meters and is usually only slightly turbulent, quiescent, or
very stable (Smith & Hunt, 1978). Chemicals released into a stably-stratified atmosphere
can be transported horizontally for long distances and generally undergo little mixing or
dilution. Local transport of pollutants (on the range of tens of kilometers) is confined to the
environmental surrounding of the application area if they remain in the surface boundary
layer (the lower troposphere).

If pesticides are rapidly transported to the mid- and upper troposphere (5-16 km), their
residence times increase with range. The transport time of an air parcel during large-scale
vertical perturbations from the surface to a height of 10 km is in the order of hours
(Dickerson et al., 1987). In the upper atmosphere, the global wind circulation pattern
controls long-range transport of airborne pollutants. The general global longitudinal
circulation is a form of thermal convection driven by the difference in solar heating
between the equatorial and polar regions. In the Northern Hemisphere, the most intense
atmospheric circulation occurs during the winter months when the temperature and
pressure gradients are the steepest over the western perimeter of the North Atlantic Ocean.
Airborne pollutants from mid-latitude Eurasia and North America also are transported
northward during the winter months (Barrie, 1986). This northward transport together with
the lower ambient temperatures combine to increase the deposition rates (cf. 1.1.3) of
airborne pesticides into the Arctic and produce a warm-to-cold distillation effect
(Cotham & Bidleman, 1991). Atmospheric transport of synthetic organic compounds might
be the major input pathway to most oceans (Kurtz & Atlas, 1990).

1.1.3 Removal: Deposition and Photochemical Reactions

The residence time of a pesticide in the atmosphere depends on how rapidly it is removed
by deposition or chemical transformation. Atmospheric depositional processes can be
classified into two categories, those involving precipitation, called wet deposition, and
those not involving precipitation, called dry deposition (Bidleman, 1988).

The effectiveness of the various removal processes depends on the physical and chemical
characteristics of the particular compound, along with meteorological factors, and the
underlying depositional surface characteristics. Model experiments showed that the contri-
bution of the emission from the field to the wet deposition is usually less important com-
pared to the contribution from dry deposition (Asman, 2001).

Dry deposition of pesticides associated with particles includes gravitational settling, and
turbulent transfer to a surface followed by interception, or diffusion onto surfaces such as
vegetation, soil, and water. Although larger particles usually tend to settle out faster, most
of the sorbed pesticide may be concentrated on smaller particles because of their higher
surface area-to-volume ratio (Bidleman & Christensen, 1979). Wet deposition includes the
deposition by rainout and washout. Rainout is a process where cloud droplets acquire
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contaminants within the cloud. Clouds form by condensation of water vapor around nuclei
such as particles or aerosols, both of which may contain organic contaminants. Washout is
a process by which atmospheric contaminants are removed by rain below the clouds by
scavenging of particles and by partitioning of organic vapors into the rain droplets or
snowflakes asthey fall to the ground.

Dry/wet deposition at distances 20 m less from the application site can be of the same
order as deposition caused by spray drift due to sedimentation, whereas dry/wet deposition
dominates at larger distances. Both dry and wet deposition of gaseous pesticides, increase
with pesticide solubility in water, so in general atmospheric lifetime is related to their
solubility (Asman, 2001).

Other factors, especially atmospheric chemical reactions, also influence the lifetime of
pesticides. Photochemical reactions are the most important reaction type for airborne
pesticides because these residues are totally exposed to sunlight. Airborne pesticides can
undergo photochemical degradation by directly adsorbing sunlight or by indirectly reacting
with photochemically generated oxidants such as ozone or hydroxyl radicals. The
atmospheric photoreaction half-lives of certain classes of pegticides, such as
organophosphates, range from a few minutes to several hours (Woodrow et a., 1977).
Most oxidative reaction products are more polar than the parent compound, suggesting
increased water solubility and more readily removal by wet-depositional processes or by
air-water exchange. Details on the photodegradation of pesticides, with particular reference
to the studies describing the mechanisms of processes involved, the nature of reactive
intermediates and final products, can be taken from a recently published review (Burrows
et a., 2002).

1.2 Key Process. Volatilization

For most pegticides, volatilization is just as important as chemical and microbiological
degradation in causing the dissipation of pesticides from soil and plants. Subsequent
deposition is even the major source of pesticide contamination in some environments
(Eisenreich et al., 1981). Volatilization decreases the amount of a pesticide available for
control of pests and the potential for ground water contamination but increases the
potential for contaminating the atmosphere and surface water. Since many pesticides are
considered to be toxic or carcinogenic (Doull, 1989), volatilization may increase the risk of
illness to persons living down-wind from treated fields (Y ates, 1993). Growing concerns
regarding the risks from exposure to airborne pesticides accelerated the development of
numerous laboratory and field methods to characterize the most important factors affecting
volatilization in recent years (Taylor & Spencer, 1990; Burkhard & Guth, 1981; Stork et
a., 1994). Laboratory experiments have confirmed that the environmental behavior of
pesticides after application is controlled by physical and chemical properties, but still more
information is needed on the behavior of volatile organics under typical atmospheric
conditions. Particularly, methods for accurate and efficient measurement of volatilization
rates from soil and plant surfaces are needed, as well as further improvements in model
approaches describing transport and fate of these compounds.
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1.2.1 Overview: Experimental Deter mination

Preliminary studies to elucidate the processes governing the volatilization of pesticides
were performed in small laboratory volatilization chambers whereby investigations were
limited to soil-surface applied compounds (Sanders & Seiber, 1983; Burkhard & Guth,
1981; Farmer et al., 1972). Volatility chambers are the most common test system to
perform studies on volatilization at the laboratory scale (Fig. 1.2). Preconditioned air is led
over a surface treated with the test compound. Volatilized compounds are adsorbed by
suitable sorbent material and these compounds may be quantitated by analytical standard
methods. Enhanced chamber systems allow for studies on volatilization from plants (e.g.
Orchard et al., 2000) and enable simultaneous determination of photodegradation from soil
and plant surfaces (Kromer et al., 1999; Kromer, 2001). Even with further development of
facilities inside the chamber (e.g. Cherif & Wortham, 1997), the volatilization chamber
method <till has a number of limitations. Substantial differences may occur between the
atmospheric conditions in the field and the simulated weather conditions in the
volatilization chamber. Air turbulence and wind profile in the chamber are likely to be
different from those in the field. Moreover, the transferability to outdoor conditions is
limited by low wind speed and air exchange rates. Further, the flow of air through the
chamber may result in a light vacuum in the volatilization chamber, which may cause an
advective transport component and result in measurement error (Van den Berg et al.,
1999).

Air inlet
(pressure pump to be used optionally)
v

Air conditioning / Preconditioning J

(adsorptive purification, thermostatting etc.)

(.

v

Volatilization chamber
(surrounding the pesticide-treated surface)

(. J

v

Air sampling / Accumulation process
(appropriate adsorbent)

v

Exhaust air
(suction pump and air measurement)

Figurel2 Basic princple of small-scae
volatility chambers for direct measurement of
volatilization rates.

Dynamic flux chambers have been extensively used in the field to measure emissions from
surfaces to the atmosphere (e.g. Reichman & Rolston, 2002). This method involves placing
an open-bottom chamber over a small area of soil surface and measuring the gaseous
emissions into the chamber. Various assumptions are applied to these chamber methods,
and models based on these assumptions were developed and used to calculate fluxes from
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the data obtained (e.g. Livingston & Hutchinson, 1995). The flux chamber method is
probably one of the simplest tools for measuring volatilization, yet it has several
disadvantages compared to micrometeorological-based measurements (Y ates et al., 1997).
First, when the chamber sampling area is a small fraction of total area for emission, the
measured flux could be highly variable due to soil spatial heterogeneity. Second, the
presence of the chamber will change the environmental properties (such as soil and air
temperature and wind profile near the soil surface) of the sampled area compared to the
rest of the surface area. Furthermore, chambers cannot measure small-scale spatial
variability of volatilization either associated with soil surface conditions or soil variability
(Allaire et al., 2002).

Alternatively, wind-tunnel systems have been developed to approximate field conditions as
closely as possible (Kubiak et al., 1993; Rudel & Wayman, 1992; Stork et al., 1994; Stork,
1995). The wind tunnel used within this thesis allows for direct measurement of
volatilization and biomineralization under field-like conditions, in combination with the
advantages of laboratory facilities, e.g. use of radioisotopes. Both, continuous air sampling,
which quantifies volatile organic compounds and **CO, separately, and the detection of
surface-located residues allow for a complete radioactivity and mass balance. In this
system, weather variables such as wind speed, air humidity, and solar radiation can be
controlled, thus field conditions can be approximated by simulating the weather conditions
as closely as possible.

Table 1.1 Benefits and disadvantages of semi-field (wind tunnel and volatilization chamber) and field
experiments for determining pesticide volatilization.

Semi-field studies Field studies
+ climatic conditions partially (wind tunnel) + variable and non-predictable climatic
and completely (chamber) under control conditions
— experimental conditions can deviate + most realistic conditions

significantly from realistic conditions

+ systematic studies on singlefactors are
possible (in the volatilization chamber)

unique, non-repeatable scenario

+ use of radio-labeled compounds allows for
compl ete mass balances

no mass balance possible

+ good reproducibility — error margin is comparatively high

— transferability of resultsto field situation
depends on accurate simulation

Direct determination of pesticide volatilization in the field can be achieved by using micro-
meteorological methods (Taylor & Spencer, 1990; Woodrow et al., 1990), such as the
aerodynamic-gradient and the Bowen-ratio methods (cf. 3.1.3.5). Beside various climatic
parameters, the concentration of active ingredients in the air must be measured at different
heights above the field. Substance flux in the atmosphere can be calculated using various
mathematical models (Majewski, 1999). Micrometeorological measurements in the field
are very sophisticated and therefore not suitable for routine investigations and, like any
field experiment, the error margin is comparatively high. Because the use of radio-labeled
compounds is prohibited in the field, a complete detection of metabolites or non-



INTRODUCTION 7

extractable residues is impossible for most non-labeled compounds. The complexities of
field measurements have made it virtually impossible to obtain a complete mass balance
and to determine quantitatively the amount transferred to the atmosphere under field
conditions (Plimmer, 1992). Basic benefits and disadvantages of field studies and semi-
field experiments are given in Table 1.1.

When simulating field application in a semi-field system, significant differences between
the conditions in this system and those prevailing in the field can occur which make the
evaluation of results very difficult. These differences can be due to differences in the initial
penetration of the pesticide, differences in the soil surface temperature (caused by
shielding of the soil surface from solar radiation in the semi-field system), and by soil
puddling and compaction due to higher intensity of the sprinkling events in the semi-field
system than that of rainfall in the field (Van den Berg et al., 1999). For example, Stork et
a. (1998) measured a difference between the volatilization rates in the field and those in
the wind tunnel of up to about factor 10.

1.2.2 Registration: German and European Guidelines

Registration of pesticides requires, among other things, details on risks to the balance of
nature that might be caused by the substance in question. The assessment of the
volatilization potential was adopted by the German authority for registration of pesticides
(Federal Biological Research Center for Agriculture and Forestry, BBA) in their
registration procedure (BBA, 1990). The guideline was intended to prevent pesticides from
being registered that would volatilize in considerable amounts and thus be widely
distributed. The guideline prescribes a graduated three-step plan for experiments assessing
the fate of pesticides in air (Fig. 1.3). If a trigger value for the hydrolysis or photolysis
half-life of the pesticide (4 days) is exceeded, then the cumulative volatilization of the
pesticide is to be determined for a 24-hour period after application. If a trigger value of
20% loss is exceeded, then further assessment, involving the subsequent stability of the
pesticide in air, has to be made. For the conditions mentioned in the guideline, the error in
measurements of cumulative volatilization was estimated to be + 5%.

Volatilization studies according to step 2 of the assessment scheme ought to fulfill a
number of requirements and preconditions (Table 1.2). Generally, experiments should be
performed under field-like conditions and the use of formulated compounds is prescribed.
The applicant is allowed to perform field studies or chamber studies optionally.
Concerning the chamber studies, details on the test system or special devices are not
prescribed. Limitations and applicability of the guideline are discussed in detail by Stork
(1995). With regard to the chamber experiments, some crucial points are listed as follows:
The guideline does not include a specification of the height above soil or plant surfaces
where the minimum air velocity should be achieved. In meteorological research
applications the indication of a wind velocity without specification of height is useless.
Considering the registration purpose of the guideline, the choice to determine the height of
measurement of air velocity enables the experimentalist to influence the results of the
volatilization measurement for his own benefit.
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Furthermore, the climatic scenario prescribed for the chamber experiments appears quite
unrealistically. It is characterized by an almost desert-like relative air humidity (35% at
20 °C) and the soil moisture shall be kept at 60% MWC during the experiment. Obviously,
these conditions were supposed to allow for maximum evaporation rates of soil water and
subsequently should cause maximum volatilization rates. Though, high evaporation rates
complicate the maintenance of the required soil moisture, even when using a water
replenishing system for moistening. Consequently, drying of the soil top layer may lead to
other experimental scenarios than originally intended and may finally cause a strong
decrease in volatilization (cf. 2.1.1).

In addition, the water loss is accompanied by evaporative cold and entails decreasing soil
temperature (approx. 4-5 °C under the corresponding air temperature; Waymann, 1994),
suggesting that the required air temperature (20 °C) is hard to maintain.

Some shortcomings of the guideline may be due to the fact that no standard method of
assessing volatilization was at hand when the guideline was developed. It was therefore
decided to design an instruction with only a few specific demands to be met by the method
applied (Walter, 1998). On the other hand, after several years of experience, an evaluation
of the methods in use should be possible and it should be decided whether a more detailed
guideline should be issued.
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Table1.2 Demanding list of requirement for experiments on the volatilization behavior of pesticides
according to step 2 of the BBA-Guideline Part IV, 6-1 (BBA, 1990).

Volatility chamber studies

» simulation of plant stand (standard crop: French bean)

» experimental soil: min. 70% sand and max. 1.5% organic carbon

 wind speed (index value): > 1 ms™ (measured immediately above the soil or vegetative stand)

« gas exchange in the chamber: min. 60 times h*

* soil moisture: 60% MWC

» soil temperature: approx. 20 °C

» reativeair humidity: approx. 35%

» field-like application and use of formulated compounds

« volatilization measurement: use of direct (**C-labeled compounds preferred) or indirect methods

Field studies

» field-like application and use of formulated compounds
 volatilization measurement: indirect method (determination of soil residues)

» dataonair temperature, humidity, wind speed, precipitation, irradiation (duration and intensity),
and on the general weather situation must be supplied

» amount of volatilization should be assessed 1, 3, 6, 12, and 24 hours after application
* no application under calm conditions

A concise overview of authorization procedures for pesticides within the European Union
was presented by Gilbert (1999). Within the European Union approval of pesticides carried
out under the terms of the Authorizations Directive (Council Directive 91/414/EEC, 1991)
calls on regulatory authorities of member states to consider the fate and behavior of
pesticides in air. The directive envisages, to implement uniform principles for assessing the
risk associated with the use of plant protections products, and thus to support a harmonized
registration at the EU level. Predicting the environmental concentrations of pesticides by
means of mathematical models is a core action in risk assessment. For improving the
effectiveness of risk assessment, modeling tools and methods need to be continuously
updated and evaluated. Quality assurance of mathematical modeling implies validation,
documentation and maintenance of the environmental fate modeling codes and scenarios.
The “Forum for the Coordination of pesticide fate models and their Use” (FOCUYS),
created in 1993 by the European Commission, is the current platform where common
modeling methodologies are designed and subjected for approval to the European
authorities. Yet, the FOCUS groundwater scenarios working group identified a range of
uncertainties related to the validity of the present state leaching models and scenarios. To
mitigate some of these problems, the EU R&D project APECOP (Effective Approaches for
Assessing the Predicted Environmental Concentrations of Pesticides) was designed. A
main focus of the APECOP project is to reduce the uncertainties in the predictions of the
actual models, by improving the description of preferential flow of plant protection
productsin soils and volatilization of these substancesto air (Vanclooster et al., 2003).
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1.3 Aimsand Scope

Currently the understanding of processes, factors and relationships that control pesticide
transport from soil, water, and plants into the atmosphere is limited. This information is
required to develop and refine mechanisms and process descriptions for use in model
approaches to predict environmental pesticide concentrations and to improve guidelines for
pesticide registration. Improved models will protect the atmosphere and sensitive non-
targeted ecosystems from pesticide contamination, benefiting the environment of urban
and agricultural aress.

The main objectives of this thesis were to perform experimental volatilization studies at
different scales, to provide physical-based descriptions of volatilization processes on plant
and soil surfaces on the basis of these experimental findings and to incorporate
volatilization modules in European registration models.

In a first part of the work, theoretical considerations on the processes affecting
volatilization were presented, including testing and validation of currently available model
approaches.

In the second part, a detailed experimental program based on this evaluation was
conducted to improve recent knowledge on basic processes.

Finally, the advanced knowledge was used to develop and optimize volatilization modules
to be included in PEC models.

As follows, the main goals are summarized in detail:

Quantification of the influence of crucial factors, e.g. soil moisture and temperature, on
pesticide volatilization from bare soil at the laboratory scale

Up-scaling of the laboratory findings and generating suitable data sets on volatilization
from soil for model purposes at the semi-field scale

Evaluation and improvement of recent soil volatilization modules included in PELMO
and PEARL

Generating data sets on volatilization from plant surfaces under semi-field and field
conditions

Application and optimization of a novel model approach based on a boundary-layer
concept for the consideration of volatilization from plants

Calculation of pesticide volatilization from soil and plants after implementation of the
novel boundary-layer approach in the PEC model PELMO

Determination of the temperature dependence of soil-water partitioning coefficients of
pesticides

Set-up and validation of a novel chamber system for measurements of soil-air and
water-air partitioning of low volatile pesticides
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2 THEORETICAL CONSIDERATIONSAND MODEL APPROACHES

Models are a key concept in science, and specifically so in environmental sciences, where
the applicability of experimental determination is limited by the open and non-replicable
character of environmental systems. They refer to a simplified representation of what is
thought to be an underlying more complex reality. However, the seemingly simple
technical term “model” covers a wide range of different conceptualizations and images of
the real world, ranging from drastic reductions and simplifications to maximum
complexity. A numerical model is a computer code, generally based on a set of dynamical
equations that are supposed to represent “the physics of the system”. Within the framework
of this thesis, main focus is on the use of numerical models for predicting the
environmental behavior of pesticides.

The precise simulation of volatilization behavior as an integral component of a complete
pesticide transport model is of utmost importance. Attention should be paid to the fact that
many models used for pesticide registration, including those used by USEPA, do not take
volatilization losses into account when evaluating surface water and groundwater
contamination risks (Vanclooster et a., 2000; USEPA, 2001).

2.1 Pesticide Volatilization from Bar e Sail

Pesticides in the soil will partition between the soil solids, the interstitial soil solution and
the gas filled soil pores (Cousins et al., 1999). For a sorbed chemical to volatilize from the
surface of the soil, it must first desorb from the soil solids into the soil interstitial solution,
from where it can partition into the soil air. Once in the soil air at the surface, there is the
potential for transportation across the boundary layer and into the bulk atmosphere
(Fig. 2.1).

bulk atmosphere - { n n n n

turbulent diffusion U U U
H diffusiveflux - determined

laminar boundary L by concentration gradient

layer - molecular and environmental
diffusion T l conditions

3-phase system o
soil - air - water
partitioning - determined
by partitioning coefficients

Figure 2.1 Schematic overview of the diffusion stepsinvolved in the exchange of pesticides between soil and
atmosphere.
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Transfer across this boundary layer is via diffusion. The magnitude of the diffusive flux
will be determined by the concentration gradient between the atmospheric and the soil air
compartments. It will also be affected by environmental variables such as temperature,
surface roughness and soil characteristics. The situation is made more complex in that
some of these variables are interlinked. For example, temperature will affect the effective
diffusion coefficient in soil by its influence on the free air diffusion coefficient and also the
soil moisture content which will affect the partitioning of the pesticides between the soil
solids and the air phase. In the following chapter, a summary of the most important factors
affecting volatilization from soil is given.

2.1.1 FactorsGoverning Volatilization from Soil

Volatilization from soil is a complex system, requiring the balancing of several processes.
The main factors controlling pesticide volatilization from soil, as summarized in Table 2.1,
include: the intrinsic properties of the pesticide (e.g. vapor pressure, water solubility),
followed by the method of application (soil surface versus incorporation), and soil physical
factors (e.g. moisture distribution, soil organic matter content, soil temperature, and
transport properties of the soil).

Table 2.1 Main parametersinvolved in the volatilization process from soil.

Influence field Supply parameter

e vapor pressure
» water solubility and liposolubility (hydrophobic properties)

Pesticide » phase partitioning coefficients. soil-water partitioning (Kr or Koc), soil-air
properties partitioning (Ksa), and Henry’s law constant (Kp)

» diffusion coefficients (gaseous and liquid phase)
» degradability (degradation ratety,) and reactivity
» application dose

Agricultural

oractice » application method (incorporation or surface application, droplet size etc.)

» formulation (suspension, emulsion etc.)

» soil water content and its distribution

» bulk density and pore volume, soil texture
Soil physical ~ * soil pH
properties « soil water evaporation rate

* organic matter and clay content

» soil temperature, surface roughness

e air temperature and air humidity
Meteorological * incident solar radiation
conditions « wind velocity and turbulent flow (eddy diffusion coefficient)

e precipitation
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The most significant physical property regarding pesticide losses to the air is its vapor
pressure. In experiments studying the environmental fate of several pesticides, a
correlation of the initial volatilization rate after surface application and the vapor pressure
was detected (Farmer et al., 1972; Glotfelty et al., 1984). Though, the vapor pressure solely
does not alow for a prediction of the volatilization rates because a large number of factors,
especially phase partitioning and adsorption effects, affect the long-term volatilization
tendency. In practical situations, the “effective’” vapor pressure is likely to be lower than
the “pure” vapor pressure because there may be interactions of the pesticide with the soil
surface. For instance, increasing soil adsorption under dry conditions may cause a
reduction of the wvapor pressure and may lead to lower volatilization rates
(Taylor & Spencer, 1990).

Organic matter content, soil texture or clay content, and soil pH exert their influence over
volatilization through adsorption effects on reducing the solution concentration and vapor
density in the soil. For weakly polar or nonionic chemicals, the amount of soil organic
matter is related to increasing adsorption and, consequently, to decreasing vapor density or
potential volatility. With more polar or ionic molecules, clay minerals play an increasingly
important role in adsorption and volatility. Bulk density or porosity is important because of
its influence on vapor and nonvapor phase movement of the chemical and also because of
its influence on water evaporation rates (Spencer et al., 1995).

In the field, the effect of soil moisture distribution upon pesticide volatilization outweighs
all other factors such as soil organic matter content and temperature (Glotfelty et al., 1984).
As mentioned above, pesticides vaporize much more rapidly from wet than from dry soils.
Measurements of vapor pressure in soil a various water contents conclusively
demonstrated that the greater volatilization from wet than from dry soils is due mainly to
an increased vapor pressure resulting from displacement of the pesticide from soil surfaces
by water (Spencer & Cliath, 1974). Under field-conditions, many soils rapidly form a dry
surface layer that greatly suppresses pesticide volatilization. The effect of soil drying is
largely reversible, however, and when the soil is remoistened, volatilization resumes. Thus,
any climatic condition or tillage practice that affects the soil moisture distribution will have
a profound effect on the amount of volatilization.

Temperature influences volatilization rates mainly through its effect on vapor pressure and
through its effect on the movement of the chemical to the surface by diffusion or mass flow
in evaporating water. For theses effects, increases in temperature are usually associated
with increases in volatilization rate. However, this may not always be the case, since an
increase in temperature is also associated with an increase in the drying rate of the soil
surface, thereby possibly decreasing vapor density and resulting in less volatilization than
at the lower temperature.

Air humidity is important because of its effect on the water evaporation rate and the water
content of the surface layer of soil. Wind speed and insolation also affect the water
evaporation rate, as well as the pesticide movement from the soil surface. All other things
being equal, volatilization rate will increase with increasing wind speed or increasing
insolation. Rainfall, of course, greatly affects the water status of the soil and usually moves
pesticides downward away from the soil surface.

Generally, the interdependence of factors governing soil volatilization as indicated above
renders predictions of the time course of volatilization more difficult. Of course, the
intrinsic properties of individual pesticides are important, but experimental data suggest
that the volatilization rate of a specific pesticide in soil is controlled mainly by soil
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conditions. Meteorological variables are important insofar as they control the soil condi-
tions, but soil conditions, and particularly soil moisture levels, are critical in controlling the
supply of available pesticide at the surface, which in turn controls the volatilization rate.
Correlation between physicochemical characteristics and the fluxes is also limited by the
fact that the pesticides applied are commercial formulations, whereas vapor pressure,
agueous solubility and adsorption coefficient are properties of the active ingredient (Bedos
et a., 2002). The major effects of formulations are probably most evident during
application due to drift and volatilization from droplets, but the formulation can also
influence the penetration of the applied pesticide into the soil.

Pesticides can diffuse through the soil in both the vapor and nonvapor phases (Spencer,
1970). Gas-phase diffusion is approximately 10* times greater than liquid-phase diffusion.
Though, vapor-phase diffusion is of comparable magnitude to nonvapor diffusion because
only a small fraction of the pesticide exists in the gas phase. As an additional transport
process, water evaporation from the surface induces an upward flow of soil solution, which
carries with it salt, organic matter, pesticide, and other solutes. The mass flux of pesticides
depends upon the evaporation rate and the concentration in the soil solution. Obviously,
convective flow will be more important when the soil is wet than when it is dry. The
balance between convective flow and diffusion also depends upon the intrinsic properties
of the pesticide. Low solubility and high vapor pressure favors diffusive flux of a
compound like trifluralin (Harper et al., 1976). On the other hand, loss of the more soluble
lindane was shown to be five-times greater with water evaporation than by diffusion alone
(Spencer & Cliath, 1973). In addition, volatilization rapidly becomes dependent upon rela
tively slow diffusion and convective flow processes, when the pesticide is incorporated.
Shallow soil incorporation at the time of application is, therefore, an effective management
technique in preventing pesticide volatilization.

2.1.2 Model Approaches. Volatilization from Soil

Existing approaches and estimations for the consideration of soil volatilization reflect
crucial soil processes, e.g. transformation, diffusion and convection, with a varying degree
of accuracy, covering a broad range from empirical and screening models to amospheric
dispersion models (Fig. 2.2).

‘Estimation Models] ‘ Screening Models] Sophisticated Models

empiri%rrelation physi@based atmosph@\pproach

* Smit et a. (1997) * BAM * Baker et a. (1996)
* Woodrow & Seiber (Jury et al., 1983) * CHAIN_2D
(1997) * PELMO (Wang et al., 1997)
(Klein, 1995)

l—— PEARL (Leistraet al., 2001) —|

Figure 2.2 Approaches for the description of volatilization from soil: Man groups and examples of the
different types currently in use.
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2.1.2.1 Empirical Approaches. Volatilization from Soil

Generally, empirical approaches allow for prediction of the volatilization behavior of
pesticides by correlating physicochemical properties of the compounds to experimental
findings. The uncertainty in the calculated pesticide flux and that in the cumulative loss
depends on the quality of the underlying data used in the respective correlation. These
correlations were intended as a simpler and less costly and time-consuming alternative to
measuring emissions.

2.1.2.1.1 Estimation Method: Smit et al. (1997)

For surface applied pesticides, the estimation method of Smit et al. (1997) correlates
cumulative volatilization reported in the literature to the calculated fraction of the pesticide
in the gas phase.

After spraying, the pesticide is distributed over the gas, liquid, and solid phases of the
topsoil layer. This method requires values for vapor pressure, water solubility, and sorption
coefficient as input parameters for the calculation of the fractions of the pesticide in the
different phases (cf. 2.1.2.3.1: PEARL). Corrections were made for the effect of tempe-
rature on the vapor pressure and water solubility using the Clausius-Clapeyron equation
(Klotz & Rosenberg, 1974).

By correlating the calculated fraction of the pesticide in the gas phase to the cumulative
volatilization, regression equations were derived for various field and greenhouse
conditions. The empirical relation for normal to moist field conditions at 21 days after
application is:

CV =71.9+11.6[og(100(FP,,) [1]

where CV = cumulative volatilization [% of dosage active ingredient], and FPgas = fraction
of pesticide in the gas phase.

2.1.2.1.2 Estimation Method: Woodrow & Seiber (1997)

Another empirical approach for estimating the volatilization behavior was developed by
relating the physicochemical properties of pesticides and other organics to their published
volatilization fluxes determined immediately after soil treatment (within 12 - 24 h)
(Woodrow & Seiber, 1997). The volatilization flux (Flux) is plotted against the ratio (Rsurr)

VP
Rar = K Em
oC |:SN

where VP = vapor pressure [Pa], Koc = organic carbon partition coefficient [mL g*], and
Sw = soil water solubility [mg L™], on a double-logarithmic diagram for each compound,
resulting in asmall scatter about the regression line

In(Flux) = 28.355+1.6158(In(R,, ) [3]

[2]
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Assuming that the volatilization flux should be directly related to the application rate (AR),
afurther term was added to the above ratio to give

_ VPIAR
KOC [SN ’
resulting in the following correlation:
In(Flux) =19.35+1.0533N(R). [9]

R

[4]

2.1.2.2 Screening Approach: Behavior Assessment M odel

For amore accurate calculation of the volatilization flux, a model is used which describes a
pesticide's fate in the soil and the exchange with the lower part of the atmospheric
boundary layer. A description of volatilization from soil in terms of properties of the
compound, soil, and evaporation of water was developed by Jury et al. (1983, 1984A,B,C).
The model considers pesticide transport in the soil by diffusion in the liquid and vapor
phases and convective transport by water movement. It assumes linear, equilibrium
partitioning between vapor, liquid and adsorbed chemical phases, net first-order
degradation, and chemical movement to the atmosphere by volatilization loss through a
stagnant boundary layer at the soil surface (Fig. 2.3). The compound is considered to be
placed at uniform initial concentration in a soil layer of athickness L at t = 0. Water flow
Jv is steady and either upward, downward, or zero. The pesticide vapor obeys Fick’s law
[eg. 6] and the dissolved chemical obeys convection-dispersion flux equation [eg. 7]. From
this description and the assumption of steady-state upward or downward flow, an
analytical solution can be derived for the volatilization flux.

— air an — soil an
‘]g ——fg(a)Eng Ga—z—_Dg Ga—z [6]
3 :—Deaaa&ml 3, 7]
Z

where Jy = gaseous diffusion mass flux [g cm? d], &y(a) = gas phase tortuosity factor, C,,
Cy = phase concentrations (liquid, gaseous) [ug cm®], Dy, D' = gaseous diffusion
coefficients in air and soil [cm?d?], J = flux of dissolved solute [pgcm?d?], De =
effective diffusion and dispersion coefficient [cm? d™}], and z = soil depth [cm].

This model, which was intended to screen organic compounds for their relative
susceptibility to different loss pathways (volatilization, leaching, degradation) in soil and
air, requires knowledge of the environmental conditions and physicochemical properties of
the compounds. According to Jury et al. (1983), the duration, intensity and time course of
the volatilization process from moist soil depends mostly on the Henry’s law constant
(Kn). On this basis, pesticides were divided into three classes, depending on whether their
soil-to-air transfer was dominated by resistance in the soil layer (category 1), the air layer
(category 111) or both (category 11). Category | comprises highly volatile pesticides with a
non-dimensional Ky >> 2.65[10°; category || moderately volatile pesticides with inter-
mediate values of Ky and category 111 slightly volatile pesticides with Ky << 2.65010°. For
category | compounds, e.g. methyl bromide and some organophosphates, the volatilization
rate is highest immediately after application, and then decreases at a rate dependent on
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whether soil water is evaporating or not. Pesticides belonging to category 111, e.g. atrazine,
tend to accumulate on the soil surface as water evaporates from soil, so that volatilization
increases with time, or owly declines if water evaporation does not occur.

well-mixed atmosphere

stagnant boundary layer
soil surface Figure 2.3 Standard scenario used for

d
% BAM (Behavior Assessment Model)
i

simulations.

chemical incorporation zone

subsurface soil zone

It is important to point out that this description is not a simulation model because the
implied conditions are far too idealized to represent a field simulation, e.g. pesticide
properties may not remain constant over time or with different soil conditions. The model
assumes a constant soil moisture content and constant soil moisture advection. The lack of
soil moisture movement in the model implies that chemical movement through the soil
occurs solely via molecular diffusion. Additionally, there are influences on volatilization
that are not taken into account in the model: When the soil surface layer dries out
sufficiently, adsorption of chemicals to the mineral or organic surfaces increases
significantly and volatilization rates decrease. A detailed discussion of the limitations is
given by Jury (1993).

The applicability of BAM is limited to situations where the above-ground concentration of
the volatile compound is zero above a boundary layer because the surface boundary
condition in BAM is homogeneous. Important situations of the accumulation of the volatile
compound below buildings, in vegetation or below material stored on the ground are
thereby excluded from consideration. An extension of BAM has been proposed by
Anderssen et al. (1997). An analytic solution for the non-homogeneous surface boundary
condition extension of BAM was derived which allows its exploratory potential to be
extended to the more realistic scenarios mentioned above. This analytical solution contains
the BAM solution as a special case.

2.1.2.3 Sophigticated Approaches. Improvement of PEC M odels

As an dternative to the screening models presented above, Baker et al. (1996) proposed
that volatilization occurs as a process of unsteady diffusion; that is, diffusion from the soil
to the atmosphere interrupted at random intervals by dispersive events that represent eddies
of the smallest scale. Thus, small parcels of air brought into contact with the soil surface
remain there for a period before being ejected or swept away by local-scale turbulence.
This approach has been used to describe mathematically evaporation of water from rough
and smooth surfaces (Brutsaert, 1975). Baker et al. (1996) applied this concept to sur-
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face/atmosphere exchange of pesticides, linking it with a convective/dispersive model of
soil chemical transport and algorithms for heat and water flow driven by solution of the
surface energy balance.

This model matches measurements well during the first day following chemical
application, but subsequently tends to overpredict volatile losses. Water flow, heat flow,
and surface/atmosphere exchange processes are obviously important, but the uncertainties
attendant to their simulation are probably less important than those associated with
adsorption/desorption, and gas/liquid partitioning. Examination of these questions will
require the development of new methodologies for characterizing chemical behavior under
dynamic conditions in unsaturated soil.

An example for “sophisticated models’ which combines several elements of different
volatilization models has been given by Wang et al. (1997). He used CHAIN 2D
(Simunek & Van Genuchten, 1994) for characterizing the volatilization of methyl bromide.
CHAIN_2D isamodel for simulating two-dimensional variably saturated water flow, heat
transport, and the movement of solutes involved in sequential first-order decay reactions.
The program numerically solves the Richards equation for saturated-unsaturated water
flow and the convection-dispersion equation for solute and heat transport. A volatilization
boundary condition according to Jury et al. (1983) is implemented. A resistance analogue
similar to Baker et al. (1996) was used to determine the transfer coefficient between
surface and atmosphere. Wang et al. (1997) emphasized that his model may be improved
by including atmospheric barometric pressure variations, early time pressure-driven
advective flow and density-driving flow.

The main focus of this thesis was to evaluate and improve the volatilization approaches
used in the currently available PEC models for registration purposes in the European
Union, especially the Dutch model PEARL (cf. 2.1.2) and the German model PELMO
(cf. 2.1.2). As follows, the basic assumptions of these sophisticated approaches, which
were used for the calculations (cf. 4.1.3), are summarized.

2.1.2.3.1 PEARL: Description of Volatilization from Sail

Modifications and further development of the Behavior Assessment Model (cf. 2.1.2.2)
have become part of other approaches such as the Pesticide Leaching and Accumulation
Model (PESTLA; Van den Berg et a., 1999) and the subsequent model PEARL (Leistra et
al., 2001; Tiktak et al., 2000).

The PEC model PEARL (Pesticide Emission Assessment at Regional and Local Scales)
was developed to evaluate the leaching of pesticides to the groundwater in support of the
European and Dutch pesticide registration procedures (Leistra et al., 2001; Tiktak et a.,
2000; Van Dam et al., 1997). It is a one-dimensional, dynamic, multi-layer model
describing the fate of a pesticide and relevant transformation products in the soil-plant
system and includes a module for estimation of pesticide volatilization from soil.

In the current version of the PEARL model, the volatilization of the pesticide from soil is
described assuming a boundary air layer through which the pesticide has to diffuse before
it can escape into the atmosphere (Leistra et a., 2001). The volatilization flux depends on
the concentration gradient of the pesticide across the boundary air layer and is also
dependent on the concentration gradient of the pesticide in the top compartment of the soil
profile.



THEORETICAL CONSIDERATIONS AND MODEL APPROACHES 19

The following equation is used for determining the volatilization flux:
J=-—8l [8]
r, +r,
where J = volatilization flux through the boundary air layer [kg m?d™], Cgq) = concentra-
tion in the gas phase at the center of the upper computation layer in soil [kg m?], ra = re-
sistance for transport through the boundary air layer [d m™], and rs = resistance for diffu-
sion through the top boundary soil layer [d m™].

Resistances can be described as:

o

r =—2 9

=D, [9]

re = 0.5tz [10]
Ddif,g

where d, = thickness of boundary air layer [m], D, = pesticide diffusion coefficient in air
[m? d], z = thickness of upper computation layer in soil [m], and Duit,g = coefficient for
pesticide diffusion in the gas phase [m? d™].

The concentration of the pesticide in the gas phase is calculated using the equations
describing the partitioning of pesticides between the soil phases. The partitioning between
the solid and the liquid phases is described with a Freundlich-type equation. Partitioning
between the gas and liquid phases is expressed as:

K, =% [11]
CL

where Ky = non-dimensional Henry’'s law constant, Cg = pesticide concentration in the
gas phase [kg m®], and C_ = pesticide concentration in the liquid phase [kg m™].

The potential evapotranspiration was calculated by the Penman-Monteith method
(Monteith, 1965). PEARL needs input from a model simulating water flow and heat
transport in soil. For this purpose, PEARL is coupled to the hydrological model SWAP
(Soil Water Atmosphere Plant Model; Van Dam et al., 1997). The upper boundary
condition for the soil heat conduction model is the daily-average temperature, at the lower
boundary of the soil system, the temperature is set at the long-term average temperature of
283 K. Soil horizons were distinguished and a common input file was designed for SWAP
and PEARL containing soil properties per horizon of the lysimeter. In addition, initial
pressure heads were calculated from the measured volumetric water content a the
beginning of the experiment. PEARL does not allow for direct input of measured soil
moisture over the course of the experiment and uses the pressure heads for calculating the
time-dependent volumetric water content. For details on the combined computation of
SWAP and PEARL refer to Leistra et al. (2001).

2.1.2.3.2 PELMO: Description of Volatilization from Sail

The PEC model PELMO (Pesticide Leaching Model) was developed to estimate the
leaching potential of pesticides through distinct soil horizons. It is a bucket model based on
the PRZM-1 code of the USEPA (Carsel et al., 1984), but was improved with regard to the
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requirements of the German authorities responsible for the registration of pesticides (Klein,
1995). Processes include estimation of soil temperatures, pesticide degradation, sorption,
volatilization, and actual evapotranspiration.

The official version of PELMO used for registration purposes (FOCUS PELMO 1.1.1)
estimates volatilization from soil using a simple volatilization module based on Fick’s and
Henry's law (Klein, 1995). It is assumed that the concentration of the pesticide in the air
above the soil is neglectibly low. PELMO considers volatilization from soil water and does
not include a description of soil-air partitioning. Volatilization rates are calculated
according to the following equation:

H'cg,
d

where J = volatilization rate [g cm™ d*], D = diffusion coefficient in air [cm? d}], H' isthe
non-dimensional Henry's law constant, d is the air boundary layer [cm], and cy is the
pesticide concentration in the soil water [g cm™].

The standard scenario for PELMO simulations implies default values for soil layer
thickness (5cm) and volatilization depth (1 mm; thickness of the soil layer actively
involved in the volatilization process). PELMO allows input of the volumetric water
content of the soil layers measured at several depths at the beginning of the experiment.
Within the framework of the APECOP project, the official PELMO version was enhanced
and the following improvements of the volatilization module were implemented:

Based on Henry's law constants measured or estimated at two temperatures,
exponential approaches were included for calculating the temperature-dependence of
water-air partitioning over the relevant temperature range, enabling PELMO to assess
Henry’s law constants over the course of the study for actual soil temperatures.

The compartment size of the top soil layer was reduced from 5 cmto 1 mm for a more
realistic simulation of the pesticide volatilization immediately after soil surface appli-
cation.

J=-D

[12]

The moisture dependence of the soil adsorption coefficients at low water content was
taken into consideration. For moistures ranging from above air dry conditions to below
wilting point, an increase of the soil sorption coefficient was assumed to occur in the
top millimeter of the soil. The sorption coefficient at air dry soil, whose water content
was estimated to be 10% of the water content at the wilting point, was increased by a
factor of 100. In the range between air-dry soil and wilting point, an exponential
approach was used for calculating the moisture-dependent adsorption coefficient.
Above the wilting point, the sorption coefficient remained unchanged.

Optionally, the improved version enabled volatilization fluxes to be calculated in an
hourly resolution, subject to the condition that environmental data were also provided
on hourly basis.

2.2 Pesticide Volatilization from Plant Surfaces

Although volatilization from plant surfaces is one of the main pathways of pesticide
emission to the environment and mostly exceeds soil volatilization, the knowledge of the
rate-determining processes is not yet sufficient for model purposes. The physical principles
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of the processes and the main factors affecting plant volatilization, as summarized below,
lead to the currently available approaches for modeling and indicate how experimental
procedures should be conducted to enhance their usefulness for model development.

2.2.1 FactorsGoverning Volatilization from Plants

The dominant factors that influence the volatilization of pesticides from crops are the
physicochemical properties (Table2.1), the persistence on the plant surface and the
environmental conditions (atmospheric stability, wind, temperature, and air humidity).

In accordance with soil volatilization, vapor pressure is also expected to be a key
parameter governing plant volatilization. In several studies, the relationship between
volatilization flux during the first hours after application and vapor pressure was found to
have the highest correlation coefficient (Woodrow et al., 1997; Smit et al., 1998). Though,
emission into the air is counteracted by molecular interaction forces in the deposit, which
may vary from weak (volatile liquids) to very strong (low-volatile crystalline solids). The
sink process of adsorption by plant foliage, e.g. the cuticle on leaf surface, is described by
octanol-water partitioning coefficients (Kow). The adsorption of the pesticide to the leaf
surface is expected to increase with time, mostly under moist conditions. This process is
influenced by water solubility and Henry’s law constant, which also govern plant
volatilization under moist conditions. Thus, the competing processes affected by chemical
properties indicate the difficulties to predict volatilization behavior.

The persistence on the leaf surface depends on the various dissipation processes, such as
photodegradation, wash-off by rainfall or irrigation, and uptake of the pesticide by the
plant leaves. As mentioned above, the extent of penetration into the leaves is highly
dependent on the physicochemical properties of the compound. For non-charged
compounds, especially molecular size and polarity are important characteristics (Bentson,
1990). Various weak acid and weak basic pesticides show good penetration into plants,
followed by transport to the action sites. The fate processes on the leaf surface that affect
the pesticide are not well understood. Some important factors include the nature of the
plant, the stage of development of the plant, e.g. seedling versus fully mature, the
characteristics of the leaf surface, e.g. waxy cuticle type, and the density and the height of
the canopy. Under rainy conditions, parts of the pesticide deposit may be washed-off from
the leaves, resulting in a drastic reduction in its volatilization rate. The extent of this
process depends on pesticide properties, properties of the formulation, e.g. sticking agents,
and the time elapsed after application. Pesticides deposited on leaf surfaces may be subject
to transformation, especially to photochemical transformation. For effective plant-applied
pesticides, photodegradation is not very fast as this would impede their usefulness.
However, several pesticides exhibit some extent of phototransformation on leaf surfaces.
Photodegradation may lead to products that also show volatilization, e.g. the photo-
oxidation of parathion to paraoxon.

Furthermore, little is known on the effect of the formulation type on the waxy layer. Some
spray formulations can disrupt the epicuticular wax layer, e.g. the penetration of atrazine
into weed leaves was enhanced by adding crop oil concentrate to the spray liquid (McCall
et a., 1986).

The influence of environmental conditions on plant volatilization is similar to the effects
concerning soil volatilization (cf. 2.1.1). Obviously, a higher temperature tends to favor
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volatilization from plants, because the vapor pressure of the compound is exponentially
temperature-dependent and additionally the adsorption to the leaf surface decreases with
increasing temperature. Due to its effect on air temperature and leaf-surface temperature,
solar irradiance also enhances volatilization.

One of the most important differences between soil and plant processes deals with the
aerodynamic scenario. Recent simulations showed that under <ill and convective
conditions the vapors emitted by a source point rapidly form stationary envelopes around
the leaves. Vapor concentrations within these unstirred layers depend on the vapor pressure
of the compound in question and on its affinity to the lipoid surface layers on the leaf
(Riederer et a., 2002).

The resistance in air to the volatilization of substances is often described in terms of an
equivalent thickness of the air boundary layer (Majewski et al., 1990). The pesticide has to
pass this layer, which provides laminar air flow, by diffusion from the deposit surface to
the turbulent air where fast removal of substances occurs. The thickness of the air
boundary layer is influenced by parameters like wind speed, atmospheric turbulence and
surface roughness. Generally, increasing wind speed and more turbulent climatic
conditions are expected to decrease the air boundary layer. Compared to bare soil the air
flow through a plant canopy is rather complex, e.g. complicated by moving leaves, so there
may be no single equivalent value of the thickness of the air boundary layer for all heights
in the canopy, suggesting that model descriptions are rendered more difficult.

2.2.2 Mode Approaches. Volatilization from Plants

Currently, no models are available for reliable, physical based estimation of volatilization
fluxes of pesticides from plant surfaces. A screening-level estimate of the initial
volatilization rate after spraying of the crop was performed using the vapor pressure of the
pesticide (Woodrow & Seiber, 1997). A good correlation between the logarithm of the
volatilization rate and the logarithm of the vapor pressure was observed. For the
cumulative loss from plant surfaces an estimation method was developed by Smit et al.
(1998).

In the present version of the PEARL model (Leistraet al., 2001), the pesticide processes in
the plant canopy are characterized in asimplified way. Volatilization is described as a first-
order process, for which arate coefficient can be introduced. To describe volatilization in a
more mechanistic way, accounting for the factors influencing the process, a simplified
model on the basis of a series of well-defined experiments using the fungicide
fenpropimorph was developed (Leistra, unpublished) and applied to the data generated
within the wind-tunnel experiment on winter wheat (cf. 4.2.3).

2.2.2.1 Empirical Approach: SMIT et al. (1998)

Smit et al. (1998) found the following statistical relation for the accumulated emission of
pesticides during 7 days after application to crops that fully cover the soil in the field and
in climate chambers:
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log(CV) =1.528+ 0.466log(VP) for VP < 10.3 mPa [13]

where CV = accumulated emission during 7 days after application [% of dosage], and
VP = vapor pressure [mPa].

This method is expected to overestimate the cumulative volatilization for compounds
subject to fast transformation, e.g. due to hydrolysis or phototransformation, or for
compounds which act systemically in the plant leaves. Data available on these pesticide
properties are limited and often show wide ranges, which impedes their inclusion in the
approach.

2.2.2.2 Model Approach on the Basis of a Boundary-layer Concept

Within the framework of the APECOP project, a basic approach for predicting plant
volatilization was developed (Leistra, unpublished). The model simulates the
environmental fate of pesticides after application on plant surfaces on an hourly basis,
including volatilization from the leaves, penetration into the leaves, wash-off and
phototransformation. The well-known processes, e.g. the calculation of volatilization
fluxes by determining vapor diffusion through the laminar air boundary layer, were
described in a mechanistic way. Other processes and factors, especially photochemical
transformation and penetration into the leaves, did not allow for a quantitative description
yet, so an empirical description was chosen to take these processes into consideration. This
empirical estimation includes the thickness of the air boundary layer and the rate
coefficients for penetration, phototransformation and wash-off to be calibrated on the basis
of measurements.

The net applied amount of the pesticide and the fraction of the dosage intercepted by the
crops were introduced in the model. Within simulations referring to sudies where standard
field sprayers were used, the factor for the effect of spray distribution in the crop canopy
on volatilization (f4s) is considered to be 1.0 (standard distribution). The factor for the
effect of the formulation on volatilization (fz) is assumed to be 1.0 for spraying standard
formulations, e.g. emulsifiable concentrates and wettable powders.

The vapor pressure of the pesticide at the prevailing temperature is calculated by the
following form of the Clausius-Clapeyron equation (Tinsley, 1979; Grain, 1982).

Pt = P eXpl:( - lF;lv j(% - TLJ:| [14]

where Pyt = actual vapor pressure of the pesticide [Pal, P« = saturated vapor pressure of
the pesticide at reference temperature [Pa], H, = molar enthalpy of vaporization [J mole],
R = molar gas constant [8.314 Jmole™ K], T = temperature [K], T¢ = reference tempera-
ture [K]. The reference temperature for al temperature-dependent quantities is taken to be
20 °C.
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The concentration of the pesticide in the air at the deposit surface on the leaves is
calculated by using the general gas law:

C,. = ( M Pactj [15]

RT

where C,s = concentration of the pesticide in the air at the surface [kg m®], M = molar
mass [kg mole™].

The coefficient D, for pesticide diffusion in air at the prevailing temperature is calculated
according to Tucker & Nelken (1982):

175
Da = Da,ref (TLJ [16]

ref

where D, = diffusion coefficient of pesticide in air [m?d?], and Da« = diffusion
coefficient in air at reference temperature [m? d™].

Volatilization of pesticide from the deposit surface on the leaves is determined by vapor
diffusion through the laminar air boundary layer. The potential rate of volatilization of
pesticide from the deposit/leaf surface is calculated as follows:

‘] a
d

vol , pot
lam

where Juolpot = potential flux of volatilization from the surface [kg m?d'], Ca;=con-
centration in the turbulent air just outside the laminar air layer [kg m*], diam = equivalent
thickness of the laminar air boundary layer [m]. The pesticide concentration in the
turbulent air layer outside the laminar boundary layer (C,;) istaken to be zero.

The actual rate of pesticide volatilization is described by taking the mass of pesticide
deposited on the plants, the distribution in the canopy and the formulation of the pesticide
into account:

‘] = f ffor ‘]vol,pot [18]

vol,act mas fdis

where Jyoact = actual rate of pesticide volatilization [kg m? d™], fyes = factor for the effect
of pesticide mass on the plants [-], fqis = factor for the effect of pesticide distribution in the
canopy [-], fror = factor for the effect of formulation [-].

The pesticide is assumed to be deposited on the leaves in spots with variable thickness. The
thinner the deposit at a certain place is, the earlier that place will be depleted by
volatilization. The concept bases on the assumption that the volatilizing surface decreases
in proportion to the decrease in mass of pesticide in the deposit. So, the factor fias IS
calculated from the ratio Ay/Aprer, Where A, = areic mass of pesticide on plants [kg m?],
A et = reference areic mass of pesticide on plants [10™ kg m?] (= 1 kg ha'").

The rate of pesticide penetration into the leaves is calculated by:
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Roen = Kpen Ay [19]

where Ryen = rate of pesticide penetration into the leaves [kg m?d?, Kpen = rate coefficient
of penetration [d™].

The rate of pesticide wash-off from the leaves by rainfall is set dependent on rainfall inten-
sity and wash-off coefficient:

R, =k, W, A, [20]

where R, = rate of pesticide wash-off from the leaves [kg m? d?], k. = coefficient for
pesticide wash-off [mm™], W, = rainfall intensity [mm d™].

The rate of pesticide transformation by solar irradiation is described by first-order kinetics:

Rph = kph Ap [21]

where Ry, = rate of phototransformation on the leaves [kg m?dY, Kon = rate coefficient of
phototransformation [d™].

The rate coefficient kpn is set dependent on sunlight irradiation intensity:

I
kph = (LCIJ kph,ref [22]

Iref

where |« = actua solar irradiation intensity [W m?], l,& = reference solar irradiation
intensity [500 W m?], Konrer = rate coefficient of phototransformation at reference irradia-
tion intensity [d™].

The equation for the conservation of mass of pesticide on the plants reads as follows:

dA,
T = _‘]vol,act - Rpen - Rw - Rph [23]

In various volatilization experiments, an initial period with fast volatilization of the
pesticide was observed, followed by an extended period with comparatively low
volatilization rates. It may be impossible to describe the course of volatilization with time
by assuming a single deposit class. The model provides the option to distinguish two
deposit classes: a well-exposed and a poorly-exposed class. The deposit in the latter class
may be enclosed by plant parts (e.g. in leaf axils), it might be located on the lee side of the
air flow, or it is assumed to be located deeper in the canopy. To trace the effect of two
deposit classes on the course of volatilization, the fraction of poorly-exposed deposit was
set at 20% of the applied dose. Furthermore, the rate of the decrease processes for the
poorly-exposed deposit was set at 20% of the rates of the corresponding process for the
well-exposed deposit. The definition of two deposit classes requires the use of two mass
conservation equations, one for the well-exposed and one for the poorly-exposed deposit.
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A summary of the input parameters and the coefficients to be calibrated is given in

Table2.2.

Table 2.2 Datarequired in the boundary-layer approach for predicting volatilization from plant surfaces.

Pesticide properties

Environmental data

Par ametersto be calibrated

M = molar mass [g mole™]

P.« = saturated vapor pressure at
reference temperature [hPa]

T = air temperature [°C]

|t = irradiation [W m?

Dae = diffusion coefficient inair ¢~ W, = irrigation [mm dl

reference temperature [m? d]

H, = heat of vaporization [kJ mole™]

diam = thickness of laminar air
boundary layer [m]

Koen = rate coefficient of penetra-
tion [d7]

Konrer = rate coefficient of
phototransformation at reference
irradiation intensity [d™]

k., = wash-off coefficient [mm]
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3 EXPERIMENTAL METHODSAND INSTRUMENTATION

3.1 Volatilization M easurements at Different Scales

Experiments on the volatilization behavior of pesticides were performed at different spatial
scales, ranging from laboratory studies, via semi-field experiments to field studies
(Fig. 3.1). The experimental volatilization studies were particularly dependent on com-
prehensive, high-resolution measuring systems and data acquisition systems. Thus, the
existing instrumentation, e.g. the measuring device of the photovolatility chamber and the
wind tunnel, was optimized to fulfill the requirements of volatilization studies in support of
model purposes.

a laboratory scale e semi-field scale N
photovolatility chamber wind tunnel

/ field scale \

micrometeorological methods

Figure 3.1 Experimental devices for volatilization
measurement at different spatiad scales (laboratory
scale: 0.01 m% semi-fidd scale: 0.5 m?; field scale:
> 10° m).

3.1.1 Laboratory Studies: Photovolatility Chamber

The laboratory photovolatility chamber alows for simultaneous measurement of
volatilization and photodegradation of **C-labeled pesticides under controlled constant, but
variable climatic conditions (Kromer et al., 2003; Kromer, 2001). The apparatus had been
previously established for detailed studies of direct and indirect photodegradation
processes of pesticides on surfaces but had to be modified to suit the particular needs of
process studies on volatilization. The set-up of the chamber was improved to characterize
the influence of soil moisture, soil temperature, and evaporation on volatilization behavior
from soil. Experimental features of the chamber (e.g. instruments, data logging system, air
conditioning, and water replenishing system) and the application process were optimized to
allow the adjustment of scenarios to field-like conditions.
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3.1.1.1 Main Features of the Photovolatility Chamber

The photovolatility chamber and the air conditioning unit are installed in an environmental
chamber to obtain constant preconditioned climatic parameters (Fig. 3.2).

APPARATUS1

RH —>
T — NV
R —>

Ozone ——>

data acquisition

| Al

Figure 3.2 Schematic of the photovolatility chamber (air conditioning unit and sun test apparatus are
installed in a climate chamber). AF = activated charcoal filter, Al = air inlet, AO = air outlet, CIW = cooled
intensive wash bottle, CP = ceramic plate, D1 = first drying stage (silica gel), D2 = second drying stage
(phosphorus pentoxide), DF = dust filter, FM = flow meter, DQ = double-walled quartz vessel with water
jacket, GD = glass dome, GM = gas meter, IR = infrared sensor, KR = cryostat, ML = mercury lamp for
ozone generation, MLU = ozone analyzer, P = metal bellows pump, AP = moisture tension, PUF =
polyurethane foam plugs, RH/T = contral of relative humidity and air temperature, S/P = soil/plant container,
V = control valve, WB = wash hottle, WR = water reservaoir.

The air passing through the chamber is purified via a filter system consisting of activated
charcoal and dust filters to ensure defined and reproducible conditions while reducing
photochemical effects caused by trace gases and particulate contamination in the sample
air. To achieve water-saturated air and to prevent drying of the soil surface, the air stream
passes through two wash bottles (cf.4.1.1.3). In order to sudy the influence on
photodegradation of environmental chemicals at the interface to the atmosphere, ozone can
be selectively added using a by-pass system containing a low-pressure mercury lamp
(Penray; Schultz et al., 1995). During the experiments, a metal bellows pump (Ansyco
GmbH, Karlsruhe, Germany) provides constant air flow rates up to 12 L min™ passing
through the chamber. Significant climatic parameters, including ozone concentration, air
humidity, air temperature, and soil temperature, are monitored continuously using various
sensors (Fig. 3.2).

The center of the chamber consists of two major modules to be used optionally (Fig. 3.3):
Apparatus 1 consists of a water-cooled, UV-permeable quartz dome mounted inside an
irradiation device (Sun Test apparatus CPS’, Atlas Material Testing Solutions, Hanau,
Germany) on a specialy integrated base plate. The set-up guarantees adjustable air
temperatures in the chamber (Kromer et al., 1999; Misra et al., 1997). The irradiation
device is composed of an adjustable xenon burner and a 290 nm cut-off filter in order to
simulate natural sunlight as closely as possible. Natural variations of the spectra photon
intensity due to daytime, latitude and variation with season can be simulated by a stepwise
programming of the irradiation device.
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Apparatus 2 was developed for process studies on volatilization in the dark without using
an irradiation device. An additional infrared sensor for measuring the temperature of the
soil surface was installed at the center of the glass dome. Analogous to apparatus 1 the
glass dome is mounted on a base plate to alow the use of containers with different
aurfaces, e.g. glass, teflon, soil dust, soil layers and soil/plant systems. Containers of
adjustable height can be used for soil bodies of different thickness and provide a surface
area of approx. 0.01 m? (18.0 cm x 5.6 cm). Together with the semi-cylinder of the domes
(maximum height 31 mm, width 62 mm) the surface area creates a chamber volume of
approx. 0.34 L. Air temperature as well as relative humidity of the air fed into the
photovolatility chamber can be adjusted to the required conditions. The volatilization
studies on the influence of soil moisture and temperature were solely performed using
apparatus 2 (cf. 3.1.1.6).

(
QD
(e]e] N\
\
31 mm
soil surface
180 mm
IR
N
soil surface ~_
i BP
180 mm )i

Figure 3.3 Center of the photovolatility chamber. A: quartz dome (apparatus 1). B: glass dome (apparatus 2).
Al = air inlet, AO = air outlet, BP = base plate, Cl = cooling inlet, CO = cooling outlet, GD = glass dome,
IR = infrared sensor, QD = double-walled water cooled quartz dome, S/P = soil/plant container, X = xenon
burner.

An air analysis system (cf. 3.1.1.3) was connected to record gaseous losses. This system is
based on the set-up originally designed for wind-tunnel experiments (Stork, 1995; Stork et
al., 1994). **C-labeled organic compounds in the sample air are collected in the total-
volume sampler (Fig. 3.5) consisting of a glass cartridge filled with three precleaned
polyurethane foam plugs (PUF, 30 mm o.d., 3 x 50 mm). In addition, **CO, arising from
the complete mineralization of the test compound is measured by a medium-volume
sampler (cf. 3.1.2.3) to gain complete radioactivity and mass balances (Stork et a., 1997).
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3.1.1.2 Characterization of the Aerodynamic Conditions and Water Content

Measurement of flow profile and pressure differential

For measurements of the air velocity at the soil surface, the infrared sensor installed at the
center of the glass dome (Fig. 3.3B) was replaced with a thermal anemometer (Airflow
Developments Ltd., High Wycombe, UK). The velocity-sensitive thermistor was fixed at
several heights (intervals of 3-5 mm). A number of readings of each height were used to
calculate the average velocity. The pressure within the chamber was measured using a
pressure transducer (Leybold Vakuum GmbH, Cologne, Germany).

Determination of soil moisture: TDR equipment and gravimetric analysis

A water replenishing system shown in Fig. 3.4 allowed for adjustment of a defined water
tension, correlating with the volumetric water content measured by time domain reflecto-
metry (TDR) equipment at a depth of 2.5 cm, during the process studies on volatilization.
After finishing the experiments, the soil was removed in layers (thickness: 5 mm) and the
soil moisture of the layers was measured by gravimetric analysis: The water mass was
determined by drying a weighed soil sample of 5-10 g at 105 °C to constant weight and
calculating the moisture content in dry weight basis as the ratio of the mass of water
present to the dry weight of the soil sample.

Air Inlet

SP

Woulff bottle
VG‘_@ :\ ;\/\AirOutIet
|
TDR

cp it e ] WS

Soil container

e 125cm

WR

Figure 3.4 Schematic of the water replenishing system. CP = ceramic plate, SP = suction pump, TDR = time
domain reflectometry, V = needle valve, VG = vacuum gauge, WR = water reservoir, WS = water surface.

3.1.1.3 Air sampling: Adsorption Capacity of the PUF plugs

Prior to experimental use of the photovolatility chamber in studies on the influence of soil
moisture and temperature on volatilization (cf. 3.1.1.6), preliminary tests were carried out
to verify the adsorption capacity of the PUF plugs in the total-volume sampler (TVS,
Fig. 3.5) and to prevent pesticide losses because of increased air exchange rates up to
12 L min? after extension of the chamber. Validation studies were performed using a
special vaporization apparatus (Stork, 1995). Defined amounts of [phenyl-UL-**C]-
parathion-methyl (approx. 100 mg) were heated, completely vaporized and passed through
the air sampling system at exchange rates up to 16 L min™. VVaporization temperatures of
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up to 65 °C were used. After 24 h the plugs were manually squeezed (four times in 35-
45 mL methanol, respectively) and all contaminated components were washed with
acetone. Radioactivity of extracts was determined by LSC (cf. 3.3.2).

B e R, -8e

Ll [Hm
|

PUF 1-3 Al
v F TV —
T = GC
S -cEediEDNE 1 Ey=cccE
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Figure 3.5 Totd-volume sampler (TVS) for sampling organic air constituents. Al = air inlet, AO = air outlet
going to **CO, detection (MVS), F = flange, GC = glass cartridges (26 mm i.d.), PUF 1-3 = polyurethane
foam plugs (30 mm o.d. x 50 mm), TV = 3-way valves (PTFE).

3.1.1.4 Performance of Studieson Volatilization: Application Process

For the experiments, the A, horizon (plow layer) of gleyic cambisol (cf. 3.5.1) was air-
dried and sieved with mesh size 2 mm. Subsequently, the soil was mixed with water, the
dlurry was transferred into the soil container and the water content was adjusted according
to the procedure mentioned above (cf. 3.1.1.2). EC-formulated **C-parathion-methyl was
applied using an airbrush (spray pressure: 0.8 bar) with a mean droplet diameter (MVD) of
200 ym and an application volume of 400-500 pL 0.01 m?, corresponding to 400-
500 L ha™. During the spray application, a contamination shield lined with aluminum foil
was attached to the soil container. Afterwards, the soil container (depth 5 cm) was mounted
onto the base plate of apparatus 2 of the photovolatility chamber (Fig. 3.2). Fittings and
connections used in the test system were sealed, subsequently the metal bellows pump was
switched on and air sampling started (cf. 3.1.1.5). Decontamination of the air brush and the
application shield with acetone allowed for the quantification of application losses.
Preliminary experiments were performed for studying the uniformity of the longitudinal
and transversal distribution pattern of the applied compounds on the target surface. Thus,
TLC plates were applied with *C-labeled parathion-methyl according to the above
mentioned procedure and evaluated using a Bio-lmaging Analyzer (cf. 3.3.3.1).

3.1.1.5 Performance of Studieson Volatilization: Analysis

Air samples were taken at intervals of up to 24 h. PUF plugs were manually squeezed (four
times in 35-45 mL methanol). At the end of the experiments, all contaminated parts of the
set-up were rinsed with acetone to obtain a complete radioactivity balance. Radioactivity
of extracts was determined by LSC (cf. 3.3.2). Aliquots of the upper soil layers were
extracted with methanol in a Soxhlet apparatus for 16 h (cf. 3.3.1). Non-extractable
radioactivity in soil material was measured by combustion (cf. 3.3.2). The active ingredient
of air and soil samples was characterized for parathion-methyl and its metabolites by radio-
TLC (cf. 3.3.3.1) and radio-HPL C (cf. 3.3.3.3).
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3.1.1.6 Process Studieson the Influence of Soil Moisture and Temperature

Volatilization rates of **C-parathion-methyl applied to gleyic cambisol were determined in
photovolatility chamber experiments of 3-6 days each. Details on the experimental
procedure, including rates of application and environmental scenarios, are compiled in
Table 3.1. To characterize the influence of soil moisture on volatilization, three process
studies were performed under various moisture conditions at the soil top layer, ranging
from 1.18 to 8.67%uwegn: (Cf. 3.1.1.2). The ambient conditions, especially soil surface
temperature (19.0-19.7 °C) and air exchange rate (10-12 L min™), were maintained nearly
constant to ensure comparability of the experiments.

An additional study was performed after elevating the soil surface temperature to 30 °C
(Table 3.1). With the exception of air temperature and soil temperature, the environmental
conditions during this experiment were similar to those during the 1% soil moisture study,
especially the water content of the soil top layer. Thus, the comparison of these
experiments enables the quantification of the temperature dependence of volatilization of
parathion-methyl.

Table 3.1 Application parameters and experimenta conditions of photovolatility chamber studies with **C-
parathion-methyl on gleyic cambisol.

1% soil 2" soil 3 soil soil surface
Processstudy moisturestudy moisturestudy moisturestudy — temperature
(dry) (medium) (moist) (30°C)
Formulation  ------------------- Emulsion concentrate T (40% a.i.) -------------------
Duration [d] 4 3 6 3
Applied radioactivity [KB(] 167.1 166.5 140.8 182.4
Applied ai. [ug 0.01 m?] 86.1 85.8 72.6 94.0

Climatic parameters

Air humidity [%] + 431+51  91.9+18§ 896+108 844+7.08§

Air temperature[°C] 194+0.2 192+0.1 193+0.1 30.2+0.2
Soil surface temperat. [°C] 19.7+0.2 19.0+£0.2 194+0.1 30.0+0.6
Air exchangerate[L min']  12.1+0.1 9.9+0.3 10.9+0.7 11.2+0.7
Evaporation[mmd?’  1.1+0.3 -1.8+0.7 1.0+0.1 1.0+0.9
Soil moisture
(top layer, 0-7 mm) [Yowegn] 1.18 3.41 8.67 1.61
Soll moisture 457,05 141406 203:02 137009

(TDR, depth 2.5 cm) [%,0]

1 specific radioactivity: 1.94 MBq mg™ a.., radiochemical purity: > 99.0%

¥ before passing through the glass dome

8§ use of wash bottles for water saturation of air

9 calculated from differences between relative humidity of air stream before and after passing through the
glass dome
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3.1.2 Semi-field Scalee Wind Tunnd

Wind-tunnel experiments allow for direct measurement of pesticide volatilization and
biomineralization under field-like conditions, combining the advantages of laboratory
facilities, e.g. use of radioisotopes, and field studies. In the following, the experimental set-
up and the adjustment with regard to the semi-field studies on volatilization within this
thesis is presented.

3.1.21 Characteristics of the Wind Tunnel and M easuring Technique

As an extension of the lysimeter concept (Fuhr et al., 1998), a glass wind tunnel was set up
above a lysimeter with a soil surface area of 0.5 m* to measure the gaseous emissions of
the applied pesticide mixture (Fig. 3.6). A detailed description of the system was given by
Stork (1995) and Linnemann (2002).

GL/muAyﬂ/A|R,ANAExT|CS\ \ GLASSWIND TUNNEL \ ‘BLOWER/AIRCONDITIONINGUNIT

air humidity  solar radiation air temperature atmospheric pressure
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Figure 3.6 Schematic of the wind tunnel for measuring volatilization of pesticides from the soil surface
under field-like conditions. A1-2 = anemometer, AF = activated charcoal filter, B = brine tank, C = cooler,
CV1-3 = converter, FF = fine filter, H1-3 = hygrometer, |1-3 = gas volume (sensors), IS = isokinetic sensor,
P = pump/blower, P1-3 = pressure (sensors), PF = prefilter, PY 1-2 = pyranometer, R = refrigeration, PUF =
polyurethane foam, T1-9 = thermo sensors, TDR = time domain reflectometry, TDT = thermal desorption
tubes, XAD = adsorbing resin (Amberlite XAD-7).

The glass wind tunnel is 1.1 m high, 0.7 m wide and 2.7 m long. Its design (Fig. 3.1)
ensures that the glass structure can withstand weather influences (wind pressure,
temperature changes, rain etc.) A single blower presses air into the wind tunnel after
intensive cleaning in various filter stages (max. 1500 m® h™). Air filters and subsequent
sieves ensure a uniform air stream through the glass tunnel. The top of the wind tunnel can
be adjusted in height and thus be adapted to the level of growing plants. Therefore,
constant wind velocities from 0.3 to 3.5 m s™ can be achieved with a minimum air volume.
Redligtic conditions are simulated inside this wind tunnel by a continuous, automatic
adjustment of the air temperature to the outdoor situation. Due to the glass design,
aufficient light intensity is ensured so that experiments with plants can be performed. The
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use of UV-transparent glass (side walls) and UV-transparent acrylic glass (lid) as
construction materials guarantees for sufficient irradiation and light quality. During the
experiments significant climatic parameters were monitored using various Sensors,
including the determination of volumetric water content in the soil by TDR measurement
in several depths (Fig. 3.6). Precipitation events can be simulated by irrigation nozzles in
the lid of the wind tunnel.

3.1.2.2 Application Device: Semi-automatic Sprayer

Application of radioactive spray mixtures is performed using a semiautomatic sprayer
driven by a single-axle linear unit (Fig. 3.7). The pressure tank of the spray mixture is
flow-optimized to guarantee bubble-free and homogeneous spraying of the fluid. The
sprayer permits an application volume of 100-800 L ha, according to good agricultural
practice a a velocity of 6 km h™’. For application, the sprayer is placed above the wind
tunnel. A contamination shield lined with aluminum foil is provided inside. All application
losses are detected by decontamination to determine the net applied radioactivity.

Figure 3.7 Semi-automatic application unit for
pesticides. AS = application solution, AT = appli-
cation tank, C = persona computer, ER = eectronic
gtirrer, LC = lifting cylinder, LU = linear unit, M =
motor, MV = magnetic valve, N = nozzle, PF =
pressure flask, ST = steering, V = valve.

Immediately after application, the wind tunnel is closed by replacing the glass lid, using a
special suction lifting device (Stork, 1995). At the same time, all units of the wind tunnel
are started. The time interval between end of application and beginning of experiment is
about 15 minutes.

3.1.2.3 Air Sampling Unit: High-volume Sampler and M edium-volume Sampler

The organic **C-labeled air constituents were sampled using a high-volume sampler (HV'S;
Fig. 3.8) equipped with an adhesive-free glass fiber filter (185 mm o0.d.) to trap particulate
matter followed by three polyurethane foam plugs (100 mm o.d. x 150 mm) held within a
glass sleeve. Aliquots were taken isokinetically based on industrial guidelines for the
sampling of stack air (VDI, 1981). The maximum sampling rate was 50 m*h,
corresponding to 3-10% of the total airflow through the wind tunnel. Sampling period of
the high-volume sampler (HV'S) was between 1 h to max. 24 h.



EXPERIMENTAL METHODS AND INSTRUMENTATION 35

Foam plugs were extracted separately with methanol (approx. 200-300 mL) using a special
squeezing apparatus (Niehaus et al., 1990). Extracts were reduced to 5-10 mL using a
rotary evaporator and further concentrated using a nitrogen gas blowdown. Glass fiber
filters were extracted with methanol (70 mL) in a Soxhlet apparatus for 16 h. Radioactivity
of extracts was determined using LSC (cf. 3.3.2). Active ingredients were characterized by
radio-TLC (cf. 3.3.3.1) and radio-HPLC (cf. 3.3.3.3). Non-labeled compounds were quan-
tified using a gas chromatograph equipped with a mass-selective detector (cf. 3.3.3.2).

Exhaust Outside

Figure3.8 High-volume sampler:
adsorption unit for sampling *‘C-
labeled organic air congtituents. GF =
adhesive-free glass fiber filter, IS =
isokinetic sensor (consisting of two
Pt-100-sensors), P = isokinetic probe
(stainless sted), PUF 1-3 = poly-
urethane foam plugs, S = suction by
vacuum pump.

A medium-volume sampler (MV'S, Fig 3.9) was used for measuring **CO, arising as the
end product of biomineralization of **C-labeled compounds in wind tunnel and photo-
volatility chamber experiments (Stork et al., 1997).

Figure 3.9 Schematic diagram
of the medium-volume sampler
(MVS) for measurement of
“Co,. A = activated charcoal
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filter, Al = air inlet, AO = air
outlet, B = bypass with control
valve, CIW = cooled intensive
wash bottle with 2-methoxy-
propylamine, D = dug filter,
D1 = drying stage 1 (silicagel),
D2 = drying stage 2 (phos
phorus pentoxide), F = flow
meter, G = gas meter, P = metal
bellows pump, X1/2 = XAD
cartridges.

Air samples of max.3.5L min' were taken from the wind-tunnel exhaust air,
corresponding to a sampling rate of 10 m® in 48 h. The absorption capacity was limited to
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about 10 m® by the natural CO, content of the intake air (approx. 370 ppmv). In order to
ensure a sampling of *CO, only, volatile organic compounds were trapped with two
cartridges (25 mm i.d., 168 mm high) filled with about 55 mL XAD-7. The adsorption of
organic constituents was considered to be quantitative as long as no significant
radioactivity was analyzed in the second cartridge. Prior to CO, absorption, the air sample
was dried intensively using silica gel and phosphorus pentoxide. Both CO, and **CO, were
quantitatively absorbed in a special cooled intensive wash bottle in 60 mL of 2-methoxy-
propylamine (Carbosorb E*, Canberra Packard, Frankfurt, Germany). Losses of highly
volatile 2-methoxy-propylamine were minimized by intensive reflux cooling (-40 °C).

For determination of **CO,, 10 mL aliquots of the absorption fluid were measured using
LSC (cf. 3.3.2).

3.1.2.4 Study on Volatilization from Soil Surfaces

Volatilization rates of four pesticides (**C-labeled parathion-methyl, fenpropimorph,
terbuthylazine and non-labeled chlorpyrifos; cf. 3.4) were determined in a wind-tunnel
experiment of 13 days after simultaneous soil surface application to gleyic cambisol
(cf. 3.5.1). In accordance with agricultural practice, realistic application conditions,
including application rate, volume of water and droplet spectrum of the spray emulsion,
were obtained by using the semiautomatic sprayer (cf. 3.1.2.2). Application details are
shown in Table 3.2.

Table 3.2 Wind-tunnd study on volatilization from bare soil: Application details.

Pesticide Par athion-methyl Fenpropimor ph Terbuthylazine  Chlorpyrifos
“C-labeling phenyl-UL-**C ~ morpholine-2(6)-*C triazine-U-*'C none
Specific 1.94MBgqmg*ai., 6.89MBgmg'ai., 3.17MBgmg'ai.,
radicactivit radiochemical radiochemical radiochemical -
y purity: > 99.0% purity: > 99.0% purity: 98.9%
emulsified emulsified suspension emulsified
Formulation concentrate, concentrate, concentrate, concentrate,
40% a.i. 80% a.i. 50% a.i. 480 gai. L™
Net applied i
radioactivity 12.06 MBq 7.91 MBq 102.55 MBq
Net applled 1 651.80 g ha_l, (14C' 1 1
ai 124.30g ha™ t labeled: 3.66%) 647.00g ha™ t 696.53 g ha
Applied Water  ------mmmmemm e 720 L hat ~-mmmmm e e

1 applied compound was quantitatively **C-labeled

The lid of the wind tunnel was adjusted to a height of 30 cm and the wind velocity was
kept constant at 1 ms™ in a height of 20 cm. Irrigation (8 mm) was given on Day 8 after
application. At the end of the experiment, soil layers up to 10 cm were completely
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removed and soil cores of deeper layers were taken, leachate was also pumped off.
Subsequently, sample preparation (cf. 3.3.1) and analysis of water samples and soil
samples (cf. 3.3.3) were performed. Soil moisture of the top layers was determined by
gravimetric analysis (cf. 3.1.1.2).

3.1.25 Study on Volatilization from Plant Surfaces

Volatilization rates of three pesticides (*C-labeled parathion-methyl, non-labeled
fenpropimorph and quinoxyfen; cf. 3.4) were determined in a wind-tunnel experiment of
10 days after simultaneous spray application to winter wheat sowed on orthic luvisol
(cf. 3.5.2). Application conditions, including application rate and volume of water using
the semiautomatic sprayer (cf. 3.1.2.2), and data on plant development are summarized in
Table 3.3. The top of the wind tunnel was adjusted to a height of 70 cm (approx. 20 cm
above the level of the plants). Wind velocity was kept constant a& 1 ms® in a height of
10 cm above the plants. Irrigation was given on Day 7 (8 mm) and Day 8 (8 mm). At the
end of the experiment, plants on lysimeter and control plot were completely harvested and
pesticide residues were determined (cf. 3.3.1). Soil sampling was performed according to
the above described method (cf. 3.1.2.4). Sample preparation, analytical procedure and
gravimetric determination of soil moisture are summarized in 3.3.1, 3.3.3and 3.1.1.2.

Table 3.3 Wind-tunnd study on volatilization from winter wheat: Application details.

Pesticide Par athion-methyl Fenpropimorph Quinoxyfen
“C-labeling  phenyl-UL-*C none none
. 1.94 MBqmg™ ai.,
r%fd?cc;;givit radiochemical ] )
y purity: > 99.0%
Formulation emulsified suspension concentrate t
concentrate, 40% a.i. 250gai. L™ 66.7gai. L™
Net applied i i
radioactivity 1556 MBq
Net applied  480.27 g ha*, (*C- 4 4
ai. labeled: 33.40%) 247.87gha 65.38 g ha
Plantage @  --—--—----- mid-tillering stage of crop growth (BBCH 31 1) ----------
Soil coverage  ------------------ 80 % at application time (estimate) ------------------
Applied Water  ---------mmmmmmmm oo 720 L hat ---eeeeeem e

T commercia product FORTRESS TOP (Dow AgroSciences)
¥ according to Zadoks et al. (1974)
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3.1.3 Field Study: Micrometeorological M ethods

A field study of 7 days was performed in cooperation with Alterra Green World Research
(Wageningen, NL) to determine the environmental behavior of parathion-methyl,
fenpropimorph, and quinoxyfen after application to winter wheat. The Dutch partners were
responsible for air sampling, meteorological measurements and for the calculation of
volatilization fluxes (cf. 3.1.3.5).

3.1.3.1 Field Siteand Application

The experiment was performed on a rectangular field of about 6 ha near Jilich-
Merzenhausen (Fig. 3.10). The landscape around the field was rather open, with only a few
obstacles in the north (“Haus Bruhl”, with trees). These were supposed to disturb the
dispersion pattern of the pesticide vapor above and around the treated field when the wind
comes from north to north-east. Due to the fact that the main wind direction observed in
this area was between west and south-west, the field fulfilled the requirements set by the
aerodynamic methods used for measurement of the flux densities.

(o]

100 m
> Sample

\ drawing

[] Field plot (6 ha)
L] Lysimeter station with meteor ological data acquisition

):> Main wind direction

Figure 3.10 Location of thefield site and the treated area.

The average height of the winter wheat was measured around the air sampling location
(Fig. 3.10) through a hole in the center of a polystyrene disc (diameter: 0.8 m) which was
placed on the plants. At the first day after application, the height ranged between 0.52 and
0.55 m and increased to an average height of 0.68 m by the end of the study.

A computer-assisted Dubex field sprayer was used for the pesticide application. The boom
(width: 27 m in total; divided in 9 sections of 3 m) was equipped with 54 nozzles (Turbo
drop TD 025, Dubex). In previous studies, the rate of water release by the nozzles of the
field sprayer at the relevant pressure to achieve the volume rate at a normal driving speed
was checked. During pesticide application the driving speed was measured and appeared to
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be 8.1 km h™ at a spray pressure of about 6 bar, corresponding to an areic spray volume of
198 L ha. The concentration of each pesticide in the spraying solution was measured by
taking samples from the tank and from the liquid released by the outermost nozzle during
spraying. Subsamples of 2.5 mL were taken and added immediately to glass flasks filled
with 50 mL methanol. The flasks were shaken manually for a few minutes and further
shaken on a mechanical shaker for 30 min and stored cool until analysis.

Application conditions, including the composition of the applied pesticide mixture, are
summarized in Table 3.4.

Table 3.4 Field study on volatilization from winter wheat: Application details.

Pesticide Par athion-methyl Fenpropimorph  Quinoxyfen
Formution et mogan s e7garLt
Nominal appliedai.§ 164 gha’ 343 gha’ 91 g ha'

Net applied ai. 1 114 g ha 241 g ha' 61 g ha®

Plantage @ - mid-tillering stage of crop growth (BBCH 31 #) --------------
Soil coverage - 70-80% at application time (estimate)

Leaf areaindex 3.3’ m? 3.3’ m? 3.3n7" m?
Applied water - 198 L ha* (total volume: 1188 L applied on field plot) ----------

T commercial product ME 605 (Bayer AG)

¥ commercia product FORTRESS TOP (Dow AgroSciences)

§ calculated values related to the applied amount (2.7 kg ME 605 and 9L FORTRESS TOP mixed with
1300 L water)

1 determined after taking samples from the spray mixture (before, half-way and at the end of the application)
# according to Zadoks et d. (1974)

3.1.3.2 Meteorological M easurements

A tripod with cup anemometers (Vector Instruments, type A100R) and a wind vane were
placed in the center of the treated area (Fig. 3.10). The wind speed was measured at four
heights: 0.7, 1.0, 1.5 and 2.2 m above the soil surface. The wind direction was determined
at a height of 2.5 m. The dew point of the air was measured at 1.0 and 1.5 m above the
ground with a chilled mirror hygrometer. The air temperature was measured at the same
heights with thermocouples. The soil temperature was measured at depths of 0.02 and
0.06 m with integrated sensors (PT type). The soil heat flux was determined at 0.08 m
depth with two heat flux plates. Net radiation and albedo were measured at a height of 1.5
and 2.0 m, respectively. A sensor for measuring the wetness of the leaf surface was placed
10 cm below the maximum crop height. The course with time of all these meteorological
variables was registered with a battery-powered Campbell Scientific 21X micrologger.
Wind speed and wind direction were measured in 10s intervals and used for the
calculation of 10 min averages. For the BR measurements (cf. 3.1.3.5), 20 min averages
were calculated.

Rainfall was measured with an electronic tipping-bucket rain gauge (resolution: 0.25 mm)
within the test field. The data were recorded with a Tattle datalogger. The collected water
was also periodically transferred into a measuring flask, which enabled the calibration of
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the layer of rain water corresponding to one pulse recorded with the datalogger. This
method made it possible to record also rainfall of lessthan 0.25 mm.

3.1.3.3 Plant and Soil Sampling

The rate of decline of the pesticides on the crops was measured by taking leaf samples at
several times after application. The treated area was divided into four sections of identical
size. In each section, four samples were collected at each sampling time. Each leaf sample
consisted of 50 randomly collected leaves, which were put into glass bottles with airtight
screw caps. Details on the analytical procedure, including the determination of the
rinsability of the pesticide residues, are summarized in 3.3.1.

Tota efficiency by the storage and extraction method was determined by extracting leaves
which were placed horizontally on four polystyrene plates (1.0 m x 0.1 m) at crop height in
each quadrant of the field during spraying. Within 10 min after application, the sprayed
leaves were pooled per plate and extracted as described above. The results were compared
with the calculated dosage to estimate the efficiency of the sampling procedure for the
pesticide formulations sprayed on the field.

The recovery of the extraction procedure and analysis of the pesticides of leaf samples was
checked in a preliminary experiment with young winter wheat leaves. Defined amounts of
the applied compounds were added to 40 punches of the leaves. After extraction,
quantification was performed as described in 3.3.3 and recoveries were determined.

Soil cores were drawn simultaneously with plant sampling using short core samplers
(surface: 78.5 cm?; volume: 100 cm®; thickness: up to 5cm). On each quadrant, up to
16 soil cores were taken per sampling date, subsequently combined and homogenized for
analysis. Additional soil samples were taken for determining bulk density and soil moisture
by gravimetry.

3.1.3.4 Pesticide Concentrationsin Air

The pesticide vapors were trapped on polystyrene XAD-4 adsorbent, held in sampling
probes. The sampling probes were constructed from glass tubes (inner diameter: 35 mm)
with screw thread on both sides. Inside the glass tube, a stainless steel gauze (mesh width:
0.1 mm) was placed. This tube was provided with 10 g XAD-4 adsorbent. The tube with
adsorbent was fixed vertically on a coupling unit which was connected to a gas meter.
Another glass tube with the same diameter was screwed on top of the tube to prevent the
adsorbent being blown out by the wind. The glass tubes were linked together with SVL 42
coupling units provided with PTFE-wrapped rubber rings to ensure gas-tight connections
between the glass tubes.

Downwind sampling heights were 1.0, 1.2 and 1.5 m above the soil surface. The sampling
rates were around 3 m*> h™. Upwind samples were taken at 1.5 m height at a flow rate of
about 4 m*h™ in a distance of 15-26 m upwind from the treated area. On the day of
application, two series of one-hour air samples were taken, starting about 90 minutes after
spraying the last track. Extraction procedure and sample preparation are summarized in
3.3.1L

The recovery and retention of the applied pesticide mixture by XAD-4 granules were
checked in preliminary experiments. A special apparatus (Stork, 1995), as described in
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3.1.1.3, was used for heating and vaporization of defined pesticide amounts (280 pL
methanolic stock solution containing parathion-methyl, fenpropimorph and quinoxyfen,
each at a concentration of 33.3 pg mL™). The vaporized pesticides were drawn through a
sampling head filled with 10 g XAD-4 adsorbent for 2 h a an air temperature of 55 °C (air
exchange rate: 3.2 m* h%). A second sampling head filled with 10 g XAD-4 was placed in
series with the first head for checking breakthrough. Subsequently, XAD-4 granules of
each sampling head were shaken separately with 130 mL hexane/ethylacetate (1:1) for
90 min (cf. 3.3.1); extracted pesticides were quantitated by GC-MSD (cf. 3.3.3.2) and
recovery was calculated.

In parallel, 10g XAD-4 adsorbent were filled in a flask and spiked with 300 pL
methanolic stock solution. After 2 h, the XAD-4 granules were extracted according to the
above described procedure and the average recovery from the XAD-4 was determined for
each pesticide.

3.1.35 Micrometeorological M ethodsfor Deter mining Volatilization Fluxes

Two sampling systems were used, one for air sampling upwind of the treated field and the
other for measuring the concentration gradient in the air downwind the treated area. Both
systems consisted of a vacuum pump with a buffer vessel and a pressure regulator valve.
Two micrometeorological methods (aerodynamic and Bowen ratio methods) were used to
determine the volatilization rates of the applied pesticides after application. The aero-
dynamic (AD) method is based on the Thornthwaite-Holzmann equation. Volatilization
fluxes are proportional to the difference in the concentration of pesticides in air over a
certain height interval and the difference in wind speed over the same interval. Further, the
calculated rate is corrected for the stability of the surface air layer. For the calculation of
the correction factor, empirical relations have been derived (Majewski et al., 1990). Using
the AD method, an upwind fetch, e.g. the length of treated area upwind, is required of at
least 100 times the greatest height above the soil surface at which an air sample is taken to
measure the concentration of pesticide in the air. More detailed information on the AD
method is given by Majewski et al. (1989, 1990). In this study, the concentration of each
pesticide in air was measured at three heights (1.0, 1.2 and 1.5 m above the soil surface;
cf. 3.1.3.4). Two heights were the same as used for measuring the wind speed gradient.

The Bowen ratio (BR) method is based on the assumption that the coefficient for the
dispersion of sensible heat is the same as that of the pesticide. The flux density of sensible
heat is calculated from measurements on the energy balance at the earth’s surface. The
Bowen ratio coefficient, e.g. the ratio between the latent and sensible heat flux densities, is
calculated by dividing the temperature gradient by the water vapor pressure gradient and
multiplying it by the psychrometer constant. From the Bowen ratio coefficient and the
measured soil heat and net radiation flux densities, the sensible heat flux density is
calculated. The coefficient for the dispersion of sensible heat is calculated by multiplying
the sensible heat flux density with the vertical air temperature gradient measured. The rate
of volatilization of pesticide is calculated from this coefficient and the measured vertical
pesticide concentration gradient in air. More detailed information on the BR method can be
taken from Majewski et al. (1990). In the present study, net and global radiation was
measured at a height of 1.2 m above the top of the plants. As the soil heat flux density is
measured at a depth of 0.08 m, a correction needs to be made to take into account the heat
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stored or released in the top 0.08 m layer, thus enabling the calculation of the soil heat flux
density at the soil surface. In this calculation procedure, the data given in Annex 1
including soil bulk densities, average soil moisture contents and aerodynamic conditions
were used.

3.2 Phase Partitioning Studies

Studies on phase partitioning of pesticides included the development and application of a
new set-up for measurement of soil-air and water-air partitioning (cf. 3.2.1) and
experiments on the temperature-dependence of soil-water partitioning performed in
accordance with a standard protocol for “batch” studies (cf. 3.2.2).

3.2.1 Measurement of Soil-Air Partitioning Coefficients

The experimental device developed within this thesis allows for direct measurement of the
partitioning of pesticides between soil and air. The main objective in the first sage of the
study was the optimization and adjustment of the features to ensure the reliability of the
measurement procedures and to obtain reproducible results. In the second stage,
experiments on the temperature dependence of the soil-air partitioning of fenpropimorph
were performed.

3.2.1.1 A Novel Chamber for Partitioning Studies. Main Features

Set-up and operation of a novel chamber system for measurement of soil-air partitioning
coefficientsisillustrated in Fig. 3.11. The basic element of the phase partitioning chamber
is a double-walled glass tube (1.00 min length, internal diameter of 0.15 m) equipped with
several sampling ports sSituated at regular intervals along the chamber body and glass
threads used for connecting the chamber with a cooling system and for fixing measuring
instruments (Annex 2A). To minimize sorption artifacts the whole chamber was
constructed out of glass. The use of sealing rings and quick-release caps (Annex 2B) on
both sides of the glass tube enables gas-tight sealing. The glass axis is provided with
propellers for mixing air and adjusted in the chamber by ball-and-socket joints installed in
both caps (Annex 2C). On one side of the apparatus the axis is connected to a stirrer. The
air sampling unit (cf. 3.2.1.2) is attached to the chamber by an additional sampling port in
the cap.

The chamber can be run using the cooling-heating system between 5 and 35°C. The
chamber body and end caps were insulated using Armaflex insulating tape. To minimize
photodegradation of susceptible compounds the chamber is provided with a reflecting foil
layer under the insulating material to block out light.

For experiments, a metal tray filled with a very thin soil layer (layer thickness:
approx. 5mm), which was adjusted to a defined water content and a defined pesticide
concentration, was put into the glass tube (Annex 2D). Purified air was led into the glass
chamber. The problem of gastight fittings at each end seizing up with running the chamber
over prolonged periods was resolved by the application of silicone grease to the fittings.
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Figure 3.11 Construction and operation of the soil-water-air-partitioning chamber. 9 sealable sampling ports
are available for air sampling, temperature and humidity sensors (not shown, 3 in each cap and 3 aong the
length of the chamber). For air sampling, air is drawn using a programmable pump through thermal desorp-
tion tubes filled with a solid adsorbent (tenax). Andysis is performed by thermal desorption GC-MSD
(cf. 3.3.3.9).

3.2.1.2 Air Supply and Air Sampling Unit

A schematic of the chamber including the air conditioning unit and the air sampling device
is given in Fig. 3.12. A suction pump (GS 301, Desaga GmbH, Wiesloch, Germany)
allowed for the adjustment of defined air exchange rates ranging from 0.1 to 1.5 L min™.
The incoming air was purified by activated charcoal and passed through two wash bottles
filled with water to bring the air humidity of the incoming air up to near saturation. The
temperature gradient along the entire chamber body was less than 1 °C.

After leaving the chamber, the pesticides contained in the exhaust air were trapped on
tenax tubes and quantified by subsequent thermal desorption (cf. 3.3.3.4).

Sampling
tubes

. pressure . Pum
Absorbent T1(air) I /TZ (air) p

trap 1 X ! 7 AHP=
=} % Absorbent
\7 I 4 trap 2
Air ! Air
humidity 1 T3(soil)  humidity 2

Wash Wash
bottle 1 bottle 2

Figure 3.12 Air supply and air sampling unit used in the phase partitioning chamber. T1-3 = thermo sensors.
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3.2.1.3 Studieson Soil-Air Partitioning

For each experiment, 500 g air dried and 2 mm sieved gleyic cambisol were used. A 50 g
sub-sample was taken and added to a mortar. 1 mL of a methanolic spike solution of
fenpropimorph at a concentration of 1 pg mL™ was added to the surface of the soil taking
care not to contaminate the sides of the mortar. The soil was allowed to become air dry and
subsequently homogenized. The soil inoculum was added to the remaining 450 g of soil to
a solvent rinsed jar, resulting in a soil concentration of 2 pug kg™. The jar was sealed and
well mixed on arotary shaker for at least 2 hours. As a final stage the spiked soil wasto be
adjusted to the required soil moisture (40% MWC) by adding the corresponding volume of
distilled water. Half of the water volume was added to the metal tray (Fig. 3.11), the soil
was transferred to the tray and finally the remaining water was sprayed on the soil surface.
The tray was introduced into the chamber and the system was sealed. Air was drawn
continuously at a flow rate of 0.2 L min™ through the chamber and the downstream tenax
tubes. A sampling duration of 5 h per tenax tube was chosen and about 10 tenax tubes were
sampled per experiment.

For the determination of soil concentrations, a cleanup method for the spiked soil used in
the chamber was developed. 20 g of soil were weighed into cellulose thimbles and Soxhlet-
extracted for 12 h using 100 mL acetone. The Soxhlet-extract was filled in a separating
funnel and 400 mL water, 50 mL saturated sodium chloride solution and 50 mL
dichloromethane (DCM) were added. The mixture was shaken for 2 min, allowed to
separate and the bottom DCM layer was collected in a solvent cleaned round bottomed
flask. Another 50 mL DCM were added and the mixture was shaken for a further 2 min.
The DCM layer was collected with the above fraction, rotary evaporated to dryness and
taken up in 500 pL hexane. The sample was added on a silica column and eluted with
hexane, hexane-DCM (1:1) and DCM. An injection standard (20 pg 1-methylnaphtahlene)
was added to the various fractions which were than all rotary evaporated down to about
500 uL final volume and quantitated by GC-MSD (cf. 3.3.3.2).

In preliminary studies, the losses during the cleanup procedure of soil were quantified by
comparing the levels in spiked and unspiked soil samples. 3 replicates each of 20 g orthic
luvisol were spiked with the following levels of pesticides: terbuthylazine, parathion-
methyl and chlorpyrifos (10 ug) and fenpropimorph (2 pg). In addition, 3 soil samples
remained unspiked. The replicates were Soxhlet-extracted and cleaned up as described
above. Recoveries were calculated by subtracting the blank levels from the levels found in
the spiked samples.

3.2.2 Measurement of Soil-Water Partitioning Coefficients

For the determination of the temperature-dependence of the soil-water partition
coefficients, “batch” studies were performed according to the OECD Guideline on
adsorption/desorption, first adopted in 1981 and revised since (OECD, 2000).

3.2.21 Studieson Soil-Water Partitioning: Experimental Set-up

The two soil types studied were the A, horizons of gleyic cambisol and orthic luvisol
(cf. 3.5). The soilswere air dried and passed through a2 mm sieve.
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14C-terbuthylazine (suspension concentrate, 50% a.i.) and **C-parathion-methyl (emulsi-
fied concentrate, 40% a.i.) were studied separately to avoid any possible competition.
Terbuthylazine studies were performed with *C-labeled compound of a purity higher than
99%. Parathion-methyl studies were carried out with a mixture of non-labeled and **C-
labeled compound (approx. 1% *C-labeled). Solutions were prepared in agueous
0.01 M CaCl,. Due to the different water solubility of the applied compounds (Table 3.8),
concentrations ranging from 1 to 1000 pg L™ (terbuthylazine) and from 0.1 to 122 mg L™
(parathion-methyl) were used to determine adsorption isotherms.

Studies were performed in 100-mL glass centrifuge tubes in a thermostatted shaker. 10 g of
soil were pre-equilibrated for 24 h in 50 mL of 0.01 M CaCl, in order to minimize soil
mineral balance disruption. After centrifugation, the supernatant was rejected and pesticide
solutions were added to the slurry to give initial concentrations within the above mentioned
range (up to 5 different concentrations tested). All solids were studied in triplicate and
blanks were run for each experimental condition. The test tubes were then shaken for the
same duration as the equilibration time (24 hours), centrifuged, and the pesticide concen-
tration in solution was measured by LSC (cf. 3.3.2). In preliminary studies, the soil phase
was analyzed by Soxhlet extraction and combustion (cf. 3.3.1) to confirm mass balance.

3.2.2.2 Calculation of Sorption Coefficientsfor Pesticides

The amount of pesticide sorbed was calculated from the difference between the initial
solution concentration and the equilibrium concentration. The sorption isotherm was
obtained by fitting the measured values with the Freundlich adsorption equation:

Cs =K, [C."" [24]
or inthe linear form:

l0g(Cs) =log(K.) +nilog(cE) [25]

where Cs= concentration of pesticide sorbed to the soil [ugg?], Kr=Freundlich
adsorption coefficient [ug**" g mLY™, 1/n = constant [-], and Ce = equilibrium solution
pesticide concentration [pug mL™.

3.3 Analytics

The general analytical techniques, including sample preparation and procedures for
quantification, are summarized as follows. Mention of brand names is for information only
and does not imply endorsement or exclusion of other products that might also be suitable.
All solvents used were analytical grade.

3.3.1 SamplePreparation

Air
During the wind-tunnel studies and the photovolatility chamber experiments, sampling of
the air for pesticide residues was accomplished by drawing known volumes of air through
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preconditioned (separate squeezing with hexane, toluene and methanol) polyurethane foam
(PUF) plugs. Details on the sampling technique and the extraction procedure can be taken
from 3.1.1.5 and 3.1.2.3. The applied compounds were determined without further clean-
up.

During the field study, the pesticides were trapped on XAD-4, as described in 3.1.3.4. Prior
to use, XAD-4 adsorbent was precleaned by Soxhlet extraction with hexane and
ethylacetate for 16 hours, respectively. After sampling, XAD-4 was transferred into glass
flasks and shaken with 100 mL hexane-ethylacetate for 90 min. The total volume of the
extract was recorded, subsequently the extracts were reduced by rotovap and stored at
—20 °C in tight glass flasks until GC-MSD analysis. For HPLC analysis, subsamples of the
extract were resolved in methanol. The extract volumes were reduced by rotovap and
solvent exchanged to hexane. TDS tubes were spiked with 10 pL of the internal standard,
methylpyrene, prior to analysis.

Soil

Soil samples were stored at —20 °C until extraction. Pegticides were recovered from the soil
in triplicate by using a Soxhlet extractor (Pyrex No. 3910). 20 g of soil were extracted for
16 h with 100 mL methanol. For **C-labeled compounds, radioactivity of extracts was
determined by LSC. After air-drying of the Soxhlet-extracted samples and combustion of
subsamples (3x 0.5g), non-extractable radioactivity in the soil was quantified after
combustion by LSC (cf. 3.3.2).

In previous extractions of gleyic cambisol, which was spiked with defined amounts of **C-
labeled parathion-methyl and fenpropimorph, the Soxhlet extraction was shown to recover
an overall average fraction > 90%. In general, the variance within a pesticide and between
pesticides was low.

Extract volumes were reduced by rotovap before analysis by GC-MSD, HPLC and TLC.

Water

Radioactivity of water samples was determined by LSC (cf. 3.3.2). Solid-phase extraction
(SPE) was used for the purification and extraction of non-labeled pesticides from water
samples. To pre-condition the monomerically bonded C18 silica sorbent (Discovery DSC-
18Lt, Supelco), the SPE tube packing was successively rinsed with 6 mL methanol and
6 mL water. The water sample was transferred to the tube using a vacuum manifold, which
increases the solvent flow rate through the cartridge. After washing the packing with
10 mL water, the cartridge was vacuum dried for approx. 5 minutes to remove any excess
water from the sorbent. Subsequently, the packing was rinsed with acetonitrile (3 x 2 mL,
dropwise flow rates) to elute the pesticides. The eluate was collected and further prepared,
e.g. solvent exchanged to hexane, for quantification using GC-MSD or HPLC.

Plants

After finishing the wind-tunnel study on winter wheat, the plants were completely
harvested and rinsed with solvents of decreasing polarity (2-3 L of water, methanol and
chloroform, respectively). Subsamples of organic solvents were analyzed by GC-MSD,
aqueous solutions were solid-phase extracted. Subsequently, the leaves were lyophilized
and homogenized by grinding. After combustion of subsamples (3x 0.5g), the non-
washable radioactivity was quantitated by LSC (cf. 3.3.2).
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During the field study, the rinsability of the pesticide residues was determined in the same
way, except combustion was omitted due to the application of non-labeled compounds.
Additionally, leaf samples were taken to determine the rate of decline of the pesticides
over the course of the study (cf. 3.1.3.3). About 50 leaf punches were collected in glass
flasks with screw caps, methanol (100 mL) was added and the flasks were shaken for one
hour. The supernatant was transferred into a glass flask with screw-cap and stored at about
—20 °C until analysis.

3.3.2 Radioactivity M easurements

Liquid samples

Radioactivity of liquid samples was measured directly by liquid scintillation counting
(LSC; TRI-CARB 2500, Canberra Packard, Frankfurt, Germany), using a multi-purpose
scintillation counter. Depending on sample size and expected activity, 5-10 mL of the
samples were mixed with corresponding volumes of scintillation cocktail. Samples were
counted for 15 min or until a 2-sigma-value of 2 was reached. All measurements were
carried out in triplicate.

Solid samples
Solid samples were combusted in an Oxidizer (TRI-CARB Sample Oxidizer 306, Canberra

Packard, Frankfurt, Germany). Combustion times depended on sample material and size.
CO; formed during the combustion process was trapped in scintillation vials filled with
scintillation cocktail.

3.3.3 Quantification of Pesticides and M etabolites

3.3.3.1 Thin-layer Chromatography (TLC)

Radio-thin-layer chromatography (radio-TLC) was used for quantification of **C-labeled
parathion-methyl, terbuthylazine, fenpropimorph, and their metabolites.

A sedlable developing chamber was filled to a depth of approx. 3 mm with the solvent
system used as mobile phase (Table 3.5). A piece of filter paper cut to appropriate size was
placed inside the chamber. The chamber was closed to ensure saturation of the atmosphere
in the chamber. A solution of the sample was prepared in a volatile solvent such as
methanol or chloroform. The solution was placed onto a TLC plate with an automatic
applicator (Linomat 1V, Camag, Berlin, Germany), approx. 1.0 cm from the bottom.
Standard solutions of active ingredients and some of their degradation products were
applied to the same plates. Standard solutions were not radio-labeled. The solvent was
allowed to evaporate and the plate was transferred into the developing chamber. The
mobile phase was allowed to climb to about 1 cm from the top of the plate. Subsequently,
the plate was removed and the solvent front was marked. The positions of the separated
spots of the non-labeled standards on the fluorescent plates were detected under ultraviolet
light. Details on the chromatographic conditions are given in Table 3.5. Analytes were
quantitated using a Bio-Imaging analyzer (Fujix BAS 100, Fuji, Tokyo, Japan).
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Table 3.5 Chromatographic conditions for TLC quantification of “*C-labeled parathion-methyl, terbuthyl-
azine and fenpropimorph.

Activeingredient Par athion-methyl Fenpropimor ph Terbuthylazine

silicagel 60, F254, 0.25 mm, 20 cm x 20 cm glass plates

stationary phase (Merck, Darmstadt, Germany)

mobilephase - toluene:methanal (9:1) ----------------=-=----m-o----
4-nitrophenal

paraoxon-methyl fenpropimorph acid -
RIB 12023, 12025, 12080

Degradation products
analyzed

3.3.3.2 GasChromatography / Mass Selective Detector (GC-M SD)

Sample analysis was conducted with a Hewlett-Packard 6890-5973 GC-MSD (Hewlett-
Packard, Ratingen, Germany) equipped with a 30-m fused silica DB-1 capillary column
with a 0.25-mm i.d. and a 0.25-pum film thickness. The MSD source (held at 230 °C) was
operated in positive electron ionization mode, while the mass filter quadrupole (held at
150 °C) was operated in selective ion monitoring (SIM) mode. Selected ions for each
pesticide are summarized in Table3.6. The injector and GC-MSD transfer line were
operated a 240 and 270 °C, respectively. An HP 6890 series autoinjector was used to
inject 1 uL of sample in splitless mode. The oven temperature started at 90 °C (3-min hold)
and was then programmed at 8 °C/min to 270 °C and held for 1 min, which made the tota
run time 26.50 min. Throughout the run the carrier gas (helium) was maintained at
1.0 mL min™. Pesticide concentrations were calculated by comparing the ratio of peak area
response of the analyte over the internal standard (1-methylpyrene) in samples to those of
calibration standards.

Table 3.6 Selected ion monitoring (SIM) and retention times for pesticides.

Pesticide MS fragments (m/z)

parathion-methyl 263 (M*, 100%), 109 (112%), 125 (98.2%)
fenpropimorph 128 (100%), 173 (3.2%), 303 (M*, 4.3%)
terbuthylazine 173 (34%), 214 (100%), 229 (M", 28%)
quinoxyfen 237 (100%), 272 (36.4%), 307 (M*, 27.6%)

chlorpyrifos 197 (67.2%), 199 (80.4%), 314 (67.2%)
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3.3.3.3 High Pressure Liquid Chromatography (HPLC)

(Radio-)high pressure liquid chromatography was used for separation and quantification of
14C-labeled parathion-methyl and non-labeled pesticides (parathion-methyl, fenpropimorph
and quinoxyfen) in organic and agueous solutions (Table 3.7).

Table 3.7 Chromatographic conditions for HPLC quantification.

column CS, LiChrospher 60 RP-select B (5 pum), 250-3.

guard column Merck, LiChrospher 60 RP-sdect B (5 um), 4-4.
UV detection (Typ UVD 160, Gynkotek):

detection 274 nm (parathion-methyl), 200 nm (fenpropimorph),
239 nm (quinoxyfen)

flow / temperature 0.7mL min*/25°C

ragioactivity detector Berthold HPL C Radioactivity Monitor LB506C equipped

with an yttrium silica flow cell (type YG-150 $4)

non-labeled compounds
(simultaneous detection)

YC-parathion-methyl

mobile phase components  A: acetonitrile A: acetonitrile
B: water (+ 2 mL HzPO, B: water (+ 250 uL NH; per
(85%) per liter) liter)

0—10min: 10% A, 90% B 0—10min: 30% A, 70% B
10-15min: 32% A, 68% B 10-15min: 32% A, 68% B
15-17min: 36% A, 64% B 15-17min: 36% A, 64% B
17-21min: 43% A, 57% B 17-21min: 43% A, 57% B
gradient shape 21-23min: 48% A, 52% B 21 -23min: 48% A, 52% B
23 -29min: 75% A, 25% B 23 -29min: 75% A, 25% B
29 —-40min: 90% A, 10% B 29-35min: 90% A, 10% B
40 —-50 min: 10% A, 90% B 35—40min: 70% A, 30% B
40 —50 min: 30% A, 70% B
injection volume 3x10-150 puL 3x10-150 L

3.3.34 Thermodesorption System (TDS)

A combination of adsorption and subsequent thermal desorption was used, wherein the
components trapped on a preferably selective adsorbent (tenax tubes) were thermally
desorbed after achievement of the required enrichment, and subsequently transferred onto a
GC column. The system consists of a thermodesorption system (TDS-2, Gerstel GmbH,
Mulheim a.d. Ruhr, Germany), a temperature programmable cooled injection system (CIS-
4), a gaschromatograph (cf. 3.3.3.2) equipped with a 25-m fused silica DB-5 capillary
column with a0.25-mm i.d. and a 0.32-um film thickness, and a mass-selective detector.

TDS tubes were spiked with 10 pL of the internal standard, 1-methylpyrene, prior to
analysis. The adsorbed compounds were thermally desorbed (TDS-2), cryofocussed in the
ClIS4 (solvent vent mode; initial temperature: -50 °C, programmed at 12 °C/min to
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260 °C, 1-min hold) and transferred onto the column. The oven temperature started at
90 °C, 3-min hold, then programmed at 8 °C/min to 220°C, held for 3 min, then
programmed at 20 °C/min to 280 °C, and held for 1 min. The GC-MSD transfer line was
operated a 290 °C. Helium was used as carrier gas at a constant flow rate of 1.0 mL min™.

Pesticides were quantitated according to 3.3.3.2.

3.4 Test Compounds

The physicochemical properties of the pesticides used for the investigations within this
thesis are summarized in Table 3.8. Details on the use of radiolabeled compounds,
application doses, and formulation of the pesticides are given in the corresponding
chapters. As follows, the main features, including applicability in agricultural practice of

the pesticides, are presented.

Table 3.8 Physicochemical active ingredient data of the investigated compounds (Tomlin, 2000).

Common Parathion- : , : :
name methyl Fenpropimorph Terbuthylazine  Chlorpyrifos Quinoxyfen
Type Insecticide Fungicide Herbicide Insecticide Fungicide
Chemical organo- morpholine . organo- phenoxy-
L triazine o
class phosphorus derivative phosphorus quinoline
“?8:?’3": CoHNOPS  CxHuNO  CoHiCINs  CoHuCL:NOPS  CisHeClLFNO

CIY N Y
Structural (cmo)jLoQNoz Wm Q N‘\ﬁ N
CHs

formula
Molecular
. 263.2 let
weight gmoe
Water 60.0mg L™
solubility (25°C)t
Henry's law 5.2-107
constant (25°C)
Kom 141 L kg*
Vapor 0.2-10°hPa
pressure (20°C) &
. 68 d
DT I
© () 50 pH )

303.5 g mole*
43mgL*
(20 °C)

7.0-10°
(20 °C)

2075 L kgt
2.3-10° hPa
(20 °C)

67d

NHC(CH3)3

NHCH,CH3

229.7gmole’  350.6 gmole
85mgL™ 1.4mgL™
(20 °C) (25°C)
1.2-10° 1.6-10*
(25°C) (20 °C)
180 L kg™ 3469 L kgt
0.15-10°hPa 2.7 -10°hPa
(25°C) (25°C)
86 d
94 d
(20 °C, pH 5)

<
1
CII’\‘IOP(OCHZCH3)Z
|
>

308.1 g mole*

116 ug L™
(20 °C)

2.1-10°
(25 °C)

12460 L kg™

1.2-10" hPa
(20 °C)

75d
(pH 4)

T Hornsby et al. (1996)
¥ dimensionless val ues (cal cul ated)
§ Tomlin (1994)
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3.4.1 Parathion-methyl

Parathion-methyl [O,0O-dimethyl O-(4-nitrophenyl) phosphorothioate] is a non-systemic
insecticide belonging to a class of insecticides referred to as organophosphates. Parathion-
methyl is available in dust, emulsion concentrate, microencapsules and wettable powder
formulations. For experiments, *C-labeled parathion-methyl was used as emulsion
concentrate (40% a.i.; specific radioactivity: 1.94 MBgqmg™; radiochemical purity
> 99.0%) obtained from Sigma Aldrich GmbH, Deisenhofen, Germany. Non-labeled
parathion-methyl was used as the commercial product ME 605 (wettable powder; 40% a.i.)
obtained from Bayer CropScience AG, Monheim, Germany.

3.4.2 Fenpropimorph

Fenpropimorph [cis-4-[ 3-[4-(1,1-dimethylethyl) phenyl]-2-methylpropyl] -2,6-dimethylmor-
pholing] is a systemic fungicide which is formulated in 49 fungicidal products, mostly in
mixtures with other fungicides, although the emulsion concentrate (EC) is the most
commonly used. **C-fenpropimorph (80% a.i.; specific radioactivity: 6.89 MBgmg™;
radiochemical purity > 99.0%) and the non-labeled EC formulation Corbel were supplied
by BASF AG, Limburgerhof, Germany. The suspension concentrate FORTRESS TOP,
containing both fenpropimorph (250 gai.L™) and quinoxyfen (66.7 gai.L™), was
obtained from Dow AgroSciences GmbH, Munich, Germany.

Oxidation is the first stage of metabolism in plants, followed by degradation of the
morpholine ring. Over 60% of the residue on the day of application was on the leaf surface
and was mainly unchanged fenpropimorph. After three weeks about 30% of the applied
radioactivity was absorbed into the leaf and only about 7% of that was unchanged
fenpropimorph. Under neutral conditions fenpropimorph is stable in water. Under field
conditions degradation in soil proceeds by oxidation and opening of the morpholine ring to
give fenpropimorph acid.

3.4.3 Terbuthylazine

Terbuthylazine [6-chloro-N-(1,1-dimethylethyl)-N’-ethyl-1,3,5-triazine-2,4-diamine], the
replacement product for arazine, which was banned in Germany in 1992, is a broad-
spectrum pre- or post-emergence herbicide. Terbuthylazine is mostly used as an aqueous
suspension concentrate. **C-labeled terbuthylazine was used as suspension concentrate
(50% a.i.; specific radioactivity: 3.17 MBg mg™; radiochemical purity: 98.9%) obtained
from Syngenta AG, Basel, Switzerland.

In soil, metabolism studies using **C-labeled terbuthylazine showed mineralization with
formation of nitrogen-containing derivatives and carbon dioxide. Decomposition by means
of photolysis was also observed on the surface of the soil. Degradation of terbuthylazine
occurs under a variety of environmental conditions. The rate of decomposition is strongly
influenced by temperature, moisture levels, microbial activity, pH, and aeration. Soil
mobility studies showed an adsorption of terbuthylazine onto soil particles within 2 hours,
adsorption increased with humus content of the soil. The mobility of terbuthylazine is
lower than that of atrazine but highly dependent upon soil type (WHO, 1998).



52 EXPERIMENTAL METHODS AND INSTRUMENTATION

3.4.4 Chlorpyrifos

Chlorpyrifos [O,0O-diethyl O-(3,5,6-trichloro-2-pyridinyl) phosphorothioate] is a broad-
spectrum organophosphorous pesticide. Chlorpyrifosis formulated in a number of different
commercial products. The most commonly available formulations include emulsifiable
concentrates, granulars, and wettable powders. For experiments, non-labeled chlorpyrifos
was used as commercial product Dursban 4E (emulsion concentrate; 480 ga.i.L™)
obtained from Dow AgroSciences, |ndianapolis, USA.

Chlorpyrifos is a degradable compound, and both abiotic and biotic transformations
processes effect its degradation within environmental compartments. In all cases, the major
pathway of transformation involves cleavage of the phosphate ester bond to form 3,5,6-
trichloro-2-pyridinol. Chlorpyrifos is susceptible to photolytic transformation, with the
greatest photolysis observed for thin films present on exposed, inert surfaces, for which
half-lives up to 13.7 days have been demonstrated. Photolysis in agueous systems proceeds
at aslower rate (Racke, 1993).

3.4.5 Quinoxyfen

Quinoxyfen [5,7-dichloro-4-quinolyl 4-fluorophenyl ether] is a surface-mobile fungicide
from the chemical class of phenoxyquinolines which is used for the control of wheat
powdery mildew (Longhurts et al., 1996). Quinoxyfen is used in sequence in alternation or
in tank-mix with fungicides of different modes of action. Non-labeled quinoxyfen was
applied as suspension concentrate in combination with fenpropimorph (FORTRESS TOP,
cf. 3.4.2).

Quinoxyfen is only slightly metabolized in wheat, with low residues found in the crop. The
main metabolite in the soil was formed by hydroxylation at the 3-position of the quinoline
ring, aminor metabolite formed by cleavage of the ether bridge was observed, especially in
acidic soil (Tomlin, 2000).

3.5 Experimental Sail

The experimental soil for studies at the laboratory scale was prepared as mentioned before
(cf. 3.1.1.4 & 3.2.2.1). For the lysimeter studies, undisturbed soil monoliths with a profile
depth of 1.10 m were removed from the field plots with the aid of stainless steel cylinders
and inserted in stainless steel containers firmly embedded in the soil (Fuhr et al., 1998).
Fertilization and complementary plant protection measures of the field plot and the
lysimeters were closely coordinated with agricultural practice. The main properties of the
used soil types are summarized as follows.

3.5.1 Gleyic Cambisol

According to the Food and Agriculture Organization of the United Nations (FAO, 1990)
the experimental soil used for the laboratory studies and for the wind-tunnel experiment on
bare soil was classified as a gleyic cambisol. Soil properties, including physical properties
required for PEARL calculations (cf. 2.2.2.3.1), are listed in Table 3.9.
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Table 3.9 Soil properties and sail profile of gleyic cambisol.

Basic soil properties

Horizon[m]  Sand [%] Silt [%] Clay [%] Corg [%0] pH
0.00-0.05 733 231 3.6 0.99 5.35
0.05-030 733 231 3.6 0.99 5.35
0.30-0.62 813 15.7 3.0 0.29 5.49
0.62-080 76.9 20.6 25 0.17 5.76
080-115 925 6.1 14 0.06 5.96
Soil physical properties

\?E:It lljgeegracti on Scigf fraction \F/)Zrnar(g;iij:tm Empirica . Saturatgd
Horizon [m] oflwater inthe oflwater inthe hydrgul i c S/Z\rnargiwiélz]tm (r:]c))/gcrjiuclt:(\:n ty

[Sr';']'s Sr%’_%‘]em &% [Sr';']'s Sr%’_%‘]em bres {Sﬁ'l]o”g“'p O equationn[] Ks[mdy
0.00-0.05 0.452 0.045 0.0162 1.957 1.000
0.05-0.30 0.452 0.045 0.0162 1.957 0.200
0.30-0.62 0.392 0.038 0.0254 1.643 0.001
0.62-0.80 0.459 0.032 0.0405 1.636 0.001
0.80-115 0433 0.021 0.0496 1.813 0.001

3.5.2 Orthic Luvisol

The soil at the field plot in Jilich-Merzenhausen was classified as an orthic luvisol (FAO,

1990). Basic soil properties are summarized in Table 3.10.

Table 3.10 Soil properties of orthic luvisol.

Horizon[m]  Sand [%] Silt [%] Clay [%] Corg [%0] pH
0.00-039 64 78.2 154 11 7.2
0.39-055 1.0 77.1 219 04 6.9
055-0.77 01 734 26.5 0.3 6.8
0.77-098 0.8 74.1 251 0.3 6.7
098-119 0.7 72.7 26.6 0.3 6.5
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4 RESULTSAND DISCUSSION

4.1 Volatilization from Bar e Sail
Result and discussion on volatilization from soil are organized along four key areas:

» Development and optimization of an accurate set-up for process studies on volatilization
at the laboratory scale under field-like conditions (cf. 4.1.1)

o Gathering of new experimental data sets by performing semi-field experiments (wind
tunnel) with the aim of up-scaling the results of the laboratory studies (cf. 4.1.2)

» Evaluation of screening models and estimation tools for volatilization from soil to
define precisely several limitations and shortcomings of the currently available model
approaches (cf. 4.1.3.1)

 Integration of modified or new modules for the consideration of volatilization into the
existing PEC models (PEARL, PELMO) and revaluation (cf. 4.1.3.2 & 4.1.3.3)

4.1.1 Laboratory Studieson Volatilization of Parathion-methyl

Due to increased flow rates passing through the chamber the air sampling system had to be
validated to ensure quantitative adsorption of pesticides. Measurements included the
compilation of soil moisture profiles of the upper soil layer and the determination of the
aerodynamic conditions in the glass dome of the chamber. After validation of the new
device, studies on the environmental fate of *C-parathion-methyl after soil surface
application to gleyic cambisol were performed and the influence of soil moisture and soil
temperature on volatilization was characterized.

4.1.1.1 Measurementsof Air Velocity and Pressure Differential

Exchange rates in the photovolatility chamber were increased using a powerful suction
pump generating a flow profile as shown in Fig 4.1A. The flow rate of 10 L min™ changed
the atmosphere in the glass dome of the chamber 30timesmin™® and minimized the
potential build-up of volatilized contaminants, as evidenced by low contaminant
concentrations on the surface of the glass dome and the air sampler (approx. 0.2% of net
applied radioactivity) after experiments with parathion-methyl (Table4.2). The wind
velocity rose with increasing distance from the soil surface reaching a maximum at 3.3 cm
(0.3ms™) and decreased higher up due to frictional resistance caused by the glass dome.
For registration purposes, the German guideline on assessing pesticide volatilization
implies a wind velocity above the surface of 1 ms* (BBA, 1990). Assuming logarithmic
flow profiles according to Prandtl’s law (Prandtl, 1990), wind-tunnel experiments
performed with a defined wind velocity of 1 ms™ at 20 cm height (cf. 3.1.2.4) required a
wind velocity of 0.15-0.20 ms™ at 1-2 cm above the soil surface. Using the photovolatility
chamber, this corresponded to an air exchange rate of 10-12 L min™. Experimental results,
including diminished air velocity near to soil surface, are in good accordance with the
above deviated values and confirm that suitable aerodynamic conditions to perform
process studies on volatilization and to meet the requirements for studies for registration
purposes are obtained in the extended photovolatility chamber.
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Additional measurements of the pressure differential as a function of flow rates within the
chamber revealed that the system is under slight negative pressure when the flow rate
exceeds 9 L min™ (Fig 4.1B), e.g. a flow rate of 9.5 L min™ corresponds to an air pressure
of 987 mbar (atmospheric pressure: 1018 mbar, air temperature: 20 °C). This value is not
very far from a meteorological low-pressure area. The pressure inside the chamber reached
atmospheric conditions at a flow rate of 8.6 L min™ (Fig. 4.1B). The use of an additional
pump at the air inlet pressing air into the photovolatility chamber in support of the suction
pump enabled studies under slight excessive pressure. Slowing down the suction pump
while maintaining the pumping power at the air inlet caused an increase in pressure
exceeding the atmospheric pressure outside the chamber underneath an air exchange rate of
8.6 L min™,

In comparison with other laboratory systems currently in use for determining the fate of
volatile organic compounds (Orchard et a., 2000), the pressure differential appears accep-
table.
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Figure 4.1 Aerodynamic conditions in the glass dome of the photovalatility chamber. A: Measurement of the
air velocity using a thermal anemometer at an air exchangerate of 10 L min™ and an air temperature of 20 °C
above the center of the soil surface. Data are presented as means + standard deviation, each after 10 min
recording of air velocity. B: Measurement of the pressure differentia in the glass dome as a function of air
exchange rates using a pressure transducer at an air temperature of 20 °C.

4.1.1.2 Validation of the Total-volume Sampler (TVYS)

In earlier vaporization studies it was shown that the air sampling system of the
photovolatility chamber (TVS) ensured quantitative adsorption of **C-parathion-methyl
and its metabolites on the PUF plugs using flow rates of about 3 L min™ (Kromer, 2001).
The results of preliminary experiments to verify the effectiveness of the TVS using
increased air exchange rates are summarized in Table4.1. It could be shown that the
vaporized compound had been completely adsorbed onto the first plug, the following plugs
remaining pesticide-free. Dimensions of sampling efficiency and recovery rate agree with
validation studies regarding wind-tunnel experiments with parathion-methyl (Stork et al.,
1994). Taking into account that the applied concentrations and flow rates in the validation
experiments were much higher than used in photovolatility chamber experiments, the
sampling unit is suitable even for high flow rates.
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Table 4.1 **C-recovery in the total-volume sampler after vaporization of “*C-parathion-methyl.

duration [h] 24 > PUF t plugs [kBq] 11.54 + 0.08

vaporization temperature [°C] 65 PUF 1 sampling efficiency [%] 101.5+ 0.7
averageair flow rate[L min] 13.4+0.8 | systemlosses (contamin.) [%] 1.8+0.3
applied radioactivity [kBq] 11.37 average “C-recovery [%)] 103.3+ 04

applied substance [mg] 103.3

T PUF: polyurethane foam

4.1.1.3 Water Content in the Soil Container

A basic requirement for process studies under defined environmental conditions is to
ensure constant soil moisture at the soil surface. The water replenishing system (Fig. 3.4)
allows the adjustment of a defined water tension, which correlates with the volumetric
water content measured by TDR equipment. Although the soil moisture remains constant
at a defined depth a gradient is built up within the soil container, e.g. the airflow causes a
fast drying of the surface layer. This gradient is essential for adsorption and volatilization,
especially in the top layer (Boesten, 2000). To measure soil moisture profiles after
finishing the experiments soil layers were removed and water content was determined by
gravimetric analysis. Without remoistening of the soil surface (Table 3.1: 1¥ soil moisture
study, air humidity: 40-50%) an almost complete drying of the top layer was observed and
the moisture profile reached a maximum near to the ceramic plate (Fig. 4.2). When the
surface layer (a few millimeters) dries out totally, adsorption of chemicals to the soil
surface increases significantly and volatilization rates decrease (Spencer et al., 1973). To
characterize the influence of soil moisture on volatilization it is therefore essential to
prevent drying and to ensure defined soil moisture in the top layer.

The use of wash bottles to achieve water-saturated air (Table 3.1; 2™ soil moisture study,
air humidity about 90%) under constant environmental conditions increased soil moisture
at the surface and soil moisture values remained nearly constant down to a depth of 4 cm
(Fig. 4.2). This effect of relative humidity on surface moisture is in good accordance with
previous studies (Spencer et al., 1973). Experiments on volatilization of parathion-methyl
from glass surfaces showed that increased air humidity did not affect volatilization rates
(Spencer et al., 1979). Water-saturated air influences volatilization mainly through its
effect on soil moisture and does not directly influence volatilization of pesticides. Thus,
water saturation by wash bottles is appropriate for use in experiments on the influence of
soil moisture on volatilization.



RESULTS AND DISCUSSION 57

12 12 —
'_é '_é _+
5 10- 210+
Og ] \Dg T _I_—:[——_I_
S — = 8 =17
g g
7 6 7 6-
£ 4 g 4-
8 2 3 2
0 I T T T T T | 0 T T T T T
0 1 2 3 4 5 0 1 2 3 4 5
Depth of soil [cm] ; Depth of soil [cm]
A ‘B

Figure4.2 Soil moisture profiles of gleyic cambisol in the soil container after photovolatility chamber
experiments of 4 to 6 days. A: Dry conditions (Table 3.1: air humidity: 43.1 + 5.1%, soil moisture & 2.5 cm
depth: 15.7 + 0.2%,,). B: Moist conditions (use of wash bottles; air humidity: 89.6 + 1.0%, soil moisture at
2.5 cm depth: 20.3 £ 0.2%,4). With the exception of soil moisture, both experiments were performed under
constant environmental conditions (Table 3.1: air temperature: 19.4 + 0.2 °C, evaporation: 1.1+ 0.3 mm d™).
Water content of soil layers was determined as percentage of dry weight gravimetricaly at the end of the
experiments. Data are presented as mean values of threereplicates + standard deviation.

4.1.1.4 Validation of Uniform Spray Distribution Pattern

A uniform digtribution is the main goal for most pesticide applications. To ensure a
homogenous distribution of the application solution, the spray distribution pattern and the
application losses were recorded after application of **C-labeled parathion-methyl on TLC
plates. Previous studies revealed a spray pressure of 0.8 bar and a mean droplet diameter
(MVD) of 200 um being suitable to achieve field-like conditions. Application losses
amounted to an approximately constant value of 50% of the application volume and
enabled the calculation and use of field-like spray volumes within the process studies on
volatilization. Determination of an averaged pattern after three manual air brush
applications revealed an almost uniform distribution of **C-labeled parathion-methyl
(Fig. 4.3). Accidental intensity differences, mainly occurring at the periphery of the TLC
plate, were caused by irregularity of the manual application. Considering spray application
under field conditions also showing slight variation in pesticide concentration, e.g. caused
by the roughness of the soil surface (Kromer, 2001), the distribution after manual
application corresponds quite well with the field applications.

Regarding plant volatilization, droplet size governs the competition between absorption by
plant surfaces and volatilization; small droplets tend to evaporate more quickly than larger
ones, and larger ones tend to be absorbed faster (Breeze et al., 1992). For that reason,
droplet size, spray volume and distribution pattern of the applied pesticide mixture should
be related as closely as possible to the agricultural practice to meet the requirements of
field-like studies.
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Figure4.3 Spray distribution pattern
of C-labeled parathion-methyl after
manual application (air brush, MVD:
200 um) on a TLC plate. Results were
evaluated using the Bio-Imaging
Analyzer (cf. 3.3.3.1); mean values of
three separate applications are shown.
PSL: photostimulated luminescence.

% (PSL-Bka)

B37-41 Bkg: background. A-l, 1-3: system of

@3337 co-ordinates used for the computer-

02933 assisted evaluation of intensity
differences.
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4.1.1.5 Influence of Soil Moisture on Cumulative Volatilization and Kinetics

The main goal of the process studies using the photovolatility chamber was to quantify the
influence of soil moisture on volatilization of *C-parathion-methyl while maintaining
constant environmental conditions.

4.1.1.5.1 Radioactivity and M ass Balance

The functionality of the photovolatility chamber and the air sampling unit is documented
by total **C-recoveries ranging from 94.8 to 99.9% of the applied radioactivity (Table 4.2).

Table 4.2 “C-recoveries determined in experiments on soil moisture dependence of the volatilization of **C-
parathion-methyl (datain % of net applied radioactivity).

1% soil moisturestudy 2™ soil moisture study 3 soil moisture study

Process study (dry conditions) t+  (medium conditions) +  (moist conditions) t
Contamination § 0.2 0.5 0.3
Sail (0-0.7 cm) 91.7 83.5 61.3
Sail (0.7-1.2 cm) 0.4 0.4 0.1
Soil (1.2-5.2 cm) 0.1 ND { 0.1
Leachate ND 1 ND 1 ND 1
Volatilization 24 12.8 329
Mineralization to **CO, ND | 0.2 5.2
s ¥C 94.8 97.4 99.9
tFig. 4.2

fTable3.1

§ contamination of the glass dome and the air sampler by vol atilization
9 ND = not detectable
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System contamination was very low (< 0.5% of net applied radioactivity), which can be
attributed to the use of glass and polytetrafluoroethylene as the main construction materials
and high air exchange rates (Ophoff et al., 1996). The percentage distribution of the
detected radioactivity in soil, water and air (including volatilization and mineralization)
within the three studies on the influence of soil moisture is given in Table4.2 and is
discussed in the following sections.

4.1.1.5.2 Metabolization and Mineralization

Gleyic cambisol was identified as a major sink for the applied compound, 61.5 to 92.2% of
the applied radioactivity was recovered (Table4.2). In accordance with the strong
adsorption of parathion-methyl (cf. 4.1.1.5.3), the compound predominately remained in
the top layer of the soil (0-7 mm), only traces were detected in the underlying layers.

The moderately acid experimental soil (pH 5.35; Table 3.9) is known to favor a stepwise
degradation of parathion-methyl leading to the end product 4-nitrophenol (Roberts &
Hutson, 1999). Thus, enhanced amounts of **C-4-nitrophenol and unidentified less polar
compounds were detected in the soil samples, especially under moist conditions
(Table 4.3). As parathion-methyl is classified as moderately degradable in soil and water
(Domsch, 1992; Adamson & Inch, 1973), *CO, as the final degradation product of
mineralization was detected within the 2™ experiment (0.2%) and to a higher degree in the
3 experiment (5.2%), suggesting an increasing mineralization of parathion-methyl with
increasing soil moisture.

Experiments were performed in the dark and ozone-free air was used to reduce the
influence of photodegradation. Thus, only minor amounts of metabolites were found in the
air samples and up to 97.1% AR of the extracted radioactivity was characterized as
unchanged *C-parathion-methy! (Table 4.3).

Table 4.3 Characterization of **C-labeed compounds in the methanol extracts of soil and PUF plugs (datain
% of extracted radioactivity). Values of the soil moisture adjusted in the studies are given in Fig. 4.2 and
Table3.1.

Sample Soil layer (0—7 mm) PUF plugst

1% study 2Mstudy 3 study EE study 2Wstudy 3 study
Process study (dry)  (medium) (moist) | (dry)  (medium)  (moist)
Parathion-methyl 822 76.9 727 911 9.7 9.9
4-nitrophenol 5.6 6.4 120 | 11 0.7 0.8
Paraoxon-methyl ND ND ND 1 0.1 ND 1 ND

Unknown polar

oroducts 12.2 16.7 153 | 18 2.6 2.4

T ND = not detectable
1 PUF: polyurethane foam; val ues averaged within the experimental duration
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4.1.1.5.3 Cumulative Volatilization and Kinetics

An unambiguous dependence of volatilization on the water content in the top layer of the
soil was established within the three soil moisture studies (Fig. 4.4), exemplified by a
cumulative volatilization of 12.8% under medium conditions (2™ study) and 32.9% under
moist conditions after 6 days in the 3™ experiment (Table 4.2). Only a slight volatilization
of 2.4% AR in the 1% experiment performed under dry conditions was detected after
4 days. The pronounced enhancement of volatilization, e.g. changing from dry to moist
conditions led to an increase by a factor of approx. 14, allowed for a pure quantification of
the influence of soil moisture, without being affected by varying environmental conditions.
Thus, the constant environmental scenario during the laboratory studies (Table 3.1),
especially soil moisture and soil temperature, enabled the definite correlation between
volatilization and water content.

In contrast to the 1% and 3 experiment, which were characterized by evaporation rates of
approx. 1.0 mmd?, an infiltration of water was measured (Table3.1; -1.8 + 0.7 mmd?)
during the 2" soil moisture study. Obviously, the adjustment of a higher water tension in
the 2™ study caused a lower water content in the soil container and entailed a stronger
moistening of the soil by the water-saturated air, finally resulting in an infiltration of water
(cf. 3.1.1.2). Considering the clear correlation between soil moisture and cumulative
volatilization measured in the process studies (Fig. 4.4), evaporation of water does not
have a significant influence on the volatilization behavior. Even though water transfer
contributes to pesticide transport inside the soil matrix, its influence on the volatilization of
surface applied compound seems to be negligible. Observations of volatilization rates
apparently following the diurnal pattern of soil water evaporation as described by Stork et
al. (1998), can be attributed to the influence of soil temperature which follows the same
diurnal course in most cases.
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Highest volatilization rates were measured directly after application (Fig. 4.5). During the
following days, volatilization rates decreased and finally reached extremely low constant
daily rates. The strong decrease of volatilization rates after the first hours of the experiment
corresponds to the kinetics as observed in an interlaboratory comparison of volatilization
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assessment methods (Walter et al., 1996) and reveals a “phasing out” of volatilization
between the second and third day after application.
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These volatilization rates illustrate a major problem concerning experimental procedures.
Because of the crucial importance of the first 24 hours for volatilization, seemingly minor
differences in application or micro-climatic conditions during these hours may therefore
have substantial influence on the results observed. This effect is even more essential in
field experiments, where climatic conditions are outside the experimenter’s control.

Even though the soil moisture content effectively controls the adsorption of pesticide
residues, the factors controlling changes in moisture content in surface layers of soil are
not well understood (Spencer et a., 1995). The ability to understand and predict drying and
rewetting in surface soils of various textures under a range of management practices will
be an essential step in improving the prediction of pesticide volatilization rates.

4.1.1.6 Influence of Soil Temperature on Volatilization

The environmental conditions in the study on the influence of soil temperature were
chosen comparable to those in the 2" soil moisture study (Table 3.1), with the exception
of the soil surface temperature, which was increased from 20 to 30 °C. Although the
adjustment of the same water tension inside the water replenishing system resulted in an
amost identical volumetric water content measured by TDR at a depth of 2.5cm, the
gravimetric soil moisture at the top layer (1.61%ueght) Was considerably lower than after
the 2" soil moisture study performed at 20 °C (3.41%eignt). Obviously, the air humidity of
approx. 84% could not compensate for the water loss (evaporation: 1.0 £ 0.9) caused by
temperature raising. Experimental conditions, especially the water content at the top layer
were rather comparable to the 1% soil moisture study under dry conditions (1.18%weign). TO
take into account the temperature effect on the soil moisture of the top layer, future sudies
on temperature dependence of volatilization ought to be performed under moister
conditions, e.g. the adjustment of lower water tension in the soil container or the use of
additional wash-bottles might be considered.
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Just as the studies on soil moisture dependence (cf. 4.1.1.5.1), 1*C-recoveries of parathion-
methyl and merely slight contamination losses illustrate the functionality of the set-up
(Table 4.4). In comparison with the studies on the influence of soil moisture, which were
performed at a soil temperature of 20 °C, enhanced amounts of metabolites, especially 4-
nitrophenol, were detected after temperature raising to 30 °C. In addition, the increase of
mineralization to **CO, compared to the 1% soil moisture study illustrates the tendency
towards enhanced degradation rates in soil after increasing the temperature (Domsch,
1992). Remarkably, the formation of *CO, (5.2%) was much lower than measured in the
39 s0il moisture study, which was performed at 20 °C but under moister conditions
(Table 4.2). With regard to mineralization, the effect of increasing soil moisture leading to
an enhancement of microbial degradation (Hurle, 1982) seems to exceed the effect of
decreasing temperature.

Table 4.4 Results of a 3-day photovolatility chamber experiment after soil surface application to gleyic
cambisol (soil surface temperature: 30°C). A: “C-recoveries (data in % of net applied radioactivity).
B: Characterization of **C-labeled compounds in the methanol extracts of soil and PUF plugs (data in % of
extracted radioactivity).

A: C-recoveries B: Metabolization
Contamination 0.8 Sample (OSS' Iolglygn) PUF plugst
Soil (0-0.7 cm) 56.2 | Parathion-methyl 65.0 95.9
Soil (0.7 -1.2cm) 0.1 4-nitrophenol 194 13
Soil (1.2-5.2cm) 0.1 Paraoxon-methyl ND § ND §
Leachate ND § Unknown polar products 155 2.8
Volatilization 32.7
Mineralization to **CO, 0.9
s ¥C 90.8

T PUF: polyurethane foam plugs; values averaged within the experimenta duration
¥ contamination of the glass dome and the air sampler by vol atilization
8 ND = not detectable

In accordance with the studies on soil moisture influence, highest volatilization rates were
measured directly after application (Fig. 4.6B). Subsequently, the volatilization rates
decreased and finally resulted in a cumulative volatilization of 32.7% AR after 3 days
(Fig. 4.6A). A comparison with the cumulative volatilization measured in the 1% soil
moisture study after 3 days (2.0% AR, Fig. 4.4) under almost identical moisture conditions
reveals that an increase of 10°C in soil temperature enhanced the volatilization of
parathion-methyl from gleyic cambisol by a factor of approx. 16. This enhancement clearly
illustrates that temperature effects on volatilization may exceed the influence on vapor
pressure which was shown to cause a three- to four-fold increase in vapor pressure for
most pesticides after a 10 °C increase (Spencer & Cliath, 1990). Obviously, the measured
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temperature dependence of volatilization is not simply paralel to the temperature
dependence of vapor pressure. This suggests that the determination of the temperature
dependence of vapor pressure does not allow a prediction of the volatilization behavior of
pesticides. Instead, to get a redistic impression of actual processes influencing
volatilization behavior the effect of soil-drying on volatilization should be taken into
consideration. As mentioned above, temperature raising under field conditions is mostly
accompanied by soil drying, which tends to promote the adsorption of pesticides on the
soil matrix (cf. 4.1.1.5). The availability of surface-applied compounds and thus the
volatilization tendency is limited by soil dryness and causes comparatively low
enhancement of volatilization rates after temperature raising under field conditions, e.g. it
was reported that an increase of 10 °C in soil temperature increased the volatilization of
halogenated pesticides applied to moist soil by a factor of 1.8 (Nash & Gish, 1989).
Therefore, the use of wash-bottles to prevent soil drying (cf. 4.1.1.3) allows for an
undisturbed quantification of the temperature effect on volatilization unaffected by varying
soil moisture.
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Figure 4.6 Volatilization of **C-parathion-methyl after increasing the soil surface temperature from 20 to
30°C. A: Cumulative volatilized radioactivity. B: Volatilization rates. Net applied radioactivity (AR) =
100%.

4.1.2 Wind-tunnel Study: Pesticide Application to Bare Soil

Measurements of the volatilization behavior of four pesticides include the quantification of
14C-organic compounds and *CO, separately and the detection of soil residues of the **C-
labeled pesticides (parathion-methyl, fenpropimorph, terbuthylazine), just as determination
of volatile losses of non-labeled chlorpyrifos (cf. 3.1.2.4). Well-defined conditions over the
course of the experiment were illustrated by continuous recording of the most important
environmental parameters.

4.1.2.1 Wind-tunnel Study on Soil: Environmental Conditions

The measuring device installed in the wind tunnel (Fig. 3.6) allowed for continuous
monitoring of soil moisture, soil temperature, air temperature, air humidity, and radiation
over the course of the experiment (Fig. 4.7).
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Figure 4.7 Climatic conditions over the course of the wind-tunnel study after soil surface application to
gleyic cambisol. A: Volumetric water content measured by TDR equipment in several depths. B: Air
temperature and air humidity. C: Irradiation and soil surface temperature.
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The uniform airflow passing over the lysimeter surface (cf. 3.1.2.4) caused drying of the
top soil, illustrated by decreasing volumetric water content of the top layers (depth 5cm
and 10 cm) during the first week of the experiment (Fig. 4.7A), whereas water content of
deeper soil layers (depth = 30 cm) remained almost constant in time. Irrigation given on
Day 8 resulted in a significant increase of soil moisture in the top centimeters of the soil
(depth 5 cm) and did not affect the underneath layers.

Monitoring of air temperature (Fig.4.7B) revealed, besides the expected diurnal
fluctuations, a marked increase of the average temperature between Day 9 and Day 11.
Generally, the time course of the soil surface temperature was similar to the course of the
air temperature (Fig. 4.7C). Obviously, the raising of air temperature and soil surface
temperature at the end of the study was due to an increase in solar radiation within the
same period.

4.1.2.2 Overview: Application and M ass Balances

Recoveries of the *C-labeled compounds ranging from 94.4 to 103.5% allowed for almost
complete radioactivity and mass balances (Table 4.5).

Table4.5 Wind-tunnel study on bare soil: Recoveries of **C-labeled compounds (data in % of net
applied radioactivity).

Pesticide Par:gﬂ;cl)n' Fenpropimor ph Terbuthylazine
Contamination t 0.2 0.2 0.2
 Edratable 678 804 u1r
Sail:
oo 8.6 8.2 75
""""""""""""""" Lechate ~ ND¥  ND¥  NDf
Volatilization: Com';gher:g 260 3 o8
Metabolites ND £ 218 071
. Minedizationto¥co,  09# 09#  09#
"""""""""" Glassfiberfite 04 54 16
(particulate matter)
""""""""""""""""" $¥C 189 1015 944

T contamination of the wind tunnd and the high-volume sampler

1 ND = not detectable

§ fenpropimorph acid

91 desethyl-terbuthylazine

# mean value: distinction between contribution of the three **C-labeled test compounds isnot possible
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System contaminations were very low (0.2% AR), which can be attributed to the use of
glass as the main construction material and high air exchange rates (cf. 4.1.1.5.1; Ophoff et
al., 1996). After finishing the experiment, no radioactivity was detected in the leachate. In
previous studies it was shown that parathion-methyl (Gerstl & Helling, 1984), fenpropi-
morph (Ebing et al., 1995) and terbuthylazine (Gerstl et al., 1997) exhibited only slight
tendencies towards soil leaching. Thus, the comparatively short experimental period of the
wind-tunnel study (13 days) did not alow for the displacement of the applied compounds
in soil.

The percentage distribution of the recovered radioactivity, as summarized in Table 4.5, is
discussed in the following sections.

4.1.2.3 Soil Residuesand Mineralization of **C-labeled Compounds

Soil analysis (cf. 3.3.1) at the end of the experiment revealed that in total 81.6% of the net
applied radioactivity was located in the top layer of the lysimeter soil (0-5cm), less than
0.2% of the applied radioactivity was found in deeper layers. Approximately 7% of the
extractable soil residues was characterized as desethyl-terbuthylazine, illustrating a slight
metabolization of terbuthylazine over the course of the experiment, whereas no metabolites
of fenpropimorph and parathion-methyl were detected. Considerable amounts of
unidentified highly polar compounds were detected in the soil samples (11% of the
extractable residues) suggesting that metabolic processes, possibly due to photolysis on the
soil surface, strongly influence the dissipation of pesticides.

Approximately 10% of the soil-located radioactivity was not extractable and only
determinable by combustion, thus a distinction between contributions of the compounds
was not possible. For short-cut calculation, the amount of the non-extractable fraction of
each pesticide was estimated from the measurements of the proportionate radioactivity in
the extractable fraction (Table 4.5), assuming uniform compositions of extractable and
non-extractable fractions. Due to the short duration of the experiment the different
tendencies of the compounds to form bound residues were neglected.

The formation of *CO, was determined as a sum parameter including the mineralization of
the '“C-labeled compounds during the experiment. After 13days a cumulative
mineralization of 0.9% of the applied radioactivity was observed (Table 4.5). Due to the
simultaneous application of three **C-labeled compounds it was not possible to relate the
formation of **CO, to asingle pesticide.

Previous studies revealed that mineralization of **C-terbuthylazine is very small through-
out most experiments (Gerstl et al., 1997), e.g. Langenbach et al. (2001) reported **CO,
production from *C-labeled terbuthylazine ranging between 0.08 and 0.10% over a 2-
month period. In contrast, mineralization of fenpropimorph and parathion-methyl may
occur, especially in moist soils. 3.3 and 1.1% of initially applied fenpropimorph were
mineralized within 4 days after soil surface application on sandy loam and loamy clay,
respectively (Mdiller et al., 1998). Within the photovolatility chamber experiments
(cf. 4.1.1.5.1), mineralization of parathion-methyl up to 5.2% after 6 days was detected.
The different tendencies of the applied compounds towards mineralization suggest that
mineralization of terbuthylazine probably did not occur during the wind-tunnel experiment
and that the main amount of **CO, arises from the degradation of parathion-methyl and
fenpropimorph.
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4.1.2.4 Cumulative Volatilization and Kinetics

Cumulative volatilization of 4.3% AR (fenpropimorph) and 2.1% AR (fenpropimorph
acid) within 13 days was observed during the wind-tunnel study (Fig. 4.8). Volatilization
rates reached a maximum at 24 hours after application under moist conditions. During this
time the loss kinetics were primarily dictated by volatilization of the pesticide from the
liquid phase. The constant airflow caused drying out of the soil surface between 2™ and
7" day and volatilization rates decreased markedly. Investigations on the volatility of
fenpropimorph from the surface of a loamy sand by Mdiller et al. (1998) revealed a
volatilization of 11.4% AR after 4 days, probably caused by the adjustment of soil
moisture to 50% of the maximum water-holding capacity by using an irrigation system
integrated in the topsoil of a laboratory chamber. The general tendency of pesticides
towards enhanced volatilization under moist conditions (Spencer et al., 1973) may account
for the reported volatilization rates in the chamber. The observed volatilization kinetics of
fenpropimorph in the wind-tunnel experiment (Fig. 4.10C) confirmed a clear correlation
between volatilization rates and soil moisture content in the top layer. Under dry
conditions, the high Ko, value of fenpropimorph (Table 3.8) results basically in a strong
adsorption by soil, lowering the vapor pressure and leading to a decrease of volatilization
rates. Consequently, irrigation at Day 8 caused a slight increase of volatilization followed
by an almost uniform decrease during the last days of the experiment. Finally volatilization
rates reached extremely low daily rates, revealing a*“phasing out” after 12 days.
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Similar to the behavior of fenpropimorph, the highest volatilization fluxes of chlorpyrifos
were measured directly after application under moist conditions (Fig. 4.9), during the
following days the fluxes declined. A dlight increase of fluxes was observed when
irrigation was given (Day 8). Summing up the amounts of chlorpyrifos collected in the
polyurethane foam traps led to a cumulative volatilization of 44.4% after 13 days. In the
present study, only the parent molecule, chlorpyrifos, was analyzed. The oxon form of
chlorpyrifos is known to be formed rapidly and may have contributed significantly to tota
residue levels, if it had been included in the analysis (Seiber et al., 1993; Rawn & Muir,
1999).
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The environmental fate and effects of chlorpyrifos have been extensively investigated
(Racke, 1993). Volatilization of chlorpyrifos, when applied to a no-till agricultural setting
for 4 days, was estimated at 23% (Whang et al., 1993). Despite its organic matter
partitioning coefficient of 3469 dm® kg which would seem to favor adsorption to soil, the
high volatilization may be attributed to its air water partition coefficient (Henry's law
constant = 1.6 - 10* McConnell et al., 1997). Majewski et a. (1989) measured the
volatilization of chlorpyrifos from fallow soil under field conditions and observed the
highest fluxes in the early morning hours when heavy dew was present on the field surface.
These results suggest that Henry's law constant is the driving factor in volatilization of
chlorpyrifos from moist soils.

Within the course of the experiment 26.0% of the applied parathion-methyl volatilized
whereas no metabolites were detected in the air samples (Table4.5). The highest
volatilization rates of parathion-methyl were measured directly after application
(Fig. 4.10A). During the following days volatilization rates decreased and finally reached
extremely low constant daily rates. These results correspond to the volatilization kinetics
observed in an interlaboratory comparison of volatilization assessment methods (Walter,
1998) and were also measured in the photovolatility chamber experiments under moist
conditions (cf. 4.1.1.5.3). However, the environmental conditions fail to explain the
observed volatilization kinetics, e.g. aclear correlation between volatilization rates and soil
moisture was not measured (Fig. 4.10A). Although volatilization rates followed the pattern
of soil moisture from Day 2 up to Day 7 volatilization did not increase with remoistening
of soil after irrigation was given. Within a previous study it was shown that terbuthylazine
was influenced by increasing soil moisture in nearly the same way (Stork et a., 1998). As
an explanation it was discussed that both pesticides have Henry's law constants < 10°
(Table3.8) and are thus category Il chemicals (non-volatile) according to the
classification by Jury et al. (1983).
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Figure 4.10 Wind-tunnel study: measured volatilization rates of **C-labeled compounds after soil surface
application to gleyic cambisol. Irrigation (8 mm) was given on Day 8 after application. Net applied
radioactivity (AR) = 100%. A: Parathion-methyl. B: Terbuthylazine. C: Fenpropimorph.
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Volatilization kinetics of terbuthylazine exhibited an initial increase of volatilization rates
during the first 3 days followed by a slight decrease and an increase shortly after irrigation
was given (Fig. 4.10B). At the end of the study, in total, 8.8% of the applied terbuthylazine
had volatilized (Table 4.5). Volatilization rates of terbuthylazine cover a broad range of
measurement and are strongly dependent on evaporation of soil water. Water movement
downwards caused by high irrigation resulted in a rapid displacement of the pesticide from
the evaporating surface to deeper layers (Schroll et al., 1999; Lembrich et a., 1999;
Langenbach et al., 2001). In accordance with previous studies using test microcosms
(Gerstl et al., 1997), cumulative volatilization of terbuthylazine and its main metabolite
desethyl-terbuthylazine shown in Fig. 4.8 revealed that over 90% of the volatilized
material was parent compound.

The reasons for the differing behavior of parathion-methyl and terbuthylazine remain
speculative and reveal a general problem concerning volatilization studies. Data on
pesticide volatilization are extremely heterogeneous and sometimes even contradictory,
e.g. discrepancies in results even from partially standardized laboratory volatilization
experiments were reported (Walter, 1998). The comparison of experiments on
volatilization is generally associated with uncertainty due to the strong influence of micro-
climatic conditions and soil conditions.

4.1.25 Comparison between Studies at Different Scales. Parathion-methyl

The cumulative volatilization of parathion-methyl after application to gleyic cambisol
measured in the wind tunnel (26.0% AR within 13 days; Table4.5) and in the photo-
volatility chamber (ranging from 12.8 to 32.9% AR under comparable soil moisture
conditions; Table 4.2) reveals that the different methods used yielded results of the same
order of magnitude, indicating that both methods can be used successfully at their own
specific scale. Due to the complete radioactivity balances, it can be assumed that both test
systems measured correct volatilization rates within the respective system.

The comparison of the wind-tunnel results with the laboratory studies, which were
performed under defined constant conditions, is limited by the variability of the
environmental conditions during the wind-tunnel study (Fig. 4.7). The recommended
method to scale up is not the averaging of fluxes measured at different sites, but to
establish the relation between the volatilization fluxes and the processes controlling them,
and the environmental conditions. This knowledge can then be combined with information
on the spatial and temporal variations in the controlling factors, alowing to estimate the
flux at a larger scale (Asman et al., 1999; Matson et al., 1989). The use of the photo-
volatility chamber had focused on the question which soil parameters and physicochemical
pesticide properties regulate volatilization fluxes. The experimental design therefore
captured the range of physical and chemical variability which may enable incorporation in
subsequent models. In general, a main goal of such small-scale studies is to use a set of
readily obtained environmental variables to simulate long-term volatilization fluxes from
soil to provide the basis for extrapolation to field scale emission estimates, and to validate
these findings against direct measurements (Fowler, 1999).

It was shown that the photovolatility chamber (cf. 4.1.1) and the wind tunnel (Stork, 1995)
reflect field-like conditions as closely as possible. However, the aerodynamic conditions
inside the chamber and the wind tunnel are still different from field conditions, e.g. thereis
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no turbulence inside the chamber (or a different turbulence, if fans are used). This is
usually not critical for soils where the flux is controlled by soil processes and diffusion in
the soil and not by air turbulence. The conditions are more critical when there is a canopy
(grass, agricultural crops) for which the exchange is a function of turbulence (Asman et al.,
1999).

4.1.3 Mode Approaches. Volatilization from Soil

Within this thesis, main focus was laid on the evaluation and improvement of the
volatilization modules included in the European registration models PEARL and PELMO.
An overview of the variety of model approaches for the prediction of volatilization from
soil isgivenin2.1.2.

To alow for identification of limitations and shortcomings, simple empirical approaches
and screening tools were used for rough estimation of volatilization in the beginning of the
project (Fig. 2.2), especially due to the fact that PEC models have been developed starting
from BAM (Behavior Assessment Model; cf. 2.1.2.2) as the basis model. The main
findings of these preliminary model approaches are summarized below.

4.1.3.1 Empirical Approachesand Screening M odel for Volatilization from Soil

The volatilization rates of **C-fluoranthene and **C-diflufenican as determined in previous
wind-tunnel studies (Ophoff et al., 1996; Stork, 1995), were compared with the output of
BAM (Jury et al., 1983) and estimation models by Smit et al. (1997) and Woodrow &
Seiber (1997).

The estimation method by Smit et al. (1997) was used to calculate the cumulative
volatilization during a period of 21 days, applying concentrations in the gas phase as input
variables (cf. 2.1.2.1.1). In this approach environmental conditions and properties of the
applied compound are assumed to remain constant during the experimental period. A
similar correlation (cf. 2.1.2.1.2; eg. 2 & 3) was derived by Woodrow & Seiber (1997).
The findings of both screening-level estimations were rather similar, reflecting the related
assumptions and equations. Simulations of fluoranthene volatilization were in reasonably
good accordance with the experimental results, but volatilization rates for diflufenican
were overestimated.

Essentially, application of BAM revealed differences between measured and calculated
values during the initial phase after application, suggesting that this model is not able to
reflect non-equilibrium conditions at the initial stage of the experiment. Moreover, the
applied input parameters entail other problems. It was not considered in the calculations
that the physicochemical properties of pesticides may change during the experiment, e.g.
due to different soil conditions. Average values for infiltration rate and soil moisture used
for calculating the cumulative volatilization hardly reflected experimental conditions
characterized by irrigation during the experiment.

A main limitation of these approaches is that environmental conditions just as properties of
compounds are assumed to remain constant during experiments. A detailed description of
the calculations, including parameterization and scenarios, can be taken from Wolters et al.
(2002).
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4.1.3.2 PELMO: Evaluation and Improvement of the Volatilization Description

For evaluation of the volatilization description included in PELMO, volatilization fluxes
determined in a wind-tunnel study after simultaneous application of parathion-methyl,
fenpropimorph, terbuthylazine, and chlorpyrifos to gleyic cambisol (cf.4.1.2) were
compared to predictions of the previous and improved versions of PELMO (Fig. 4.11).
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Figure 4.11 Measured (wind-tunnel study) and predicted (PELMO) volatilization fluxes after soil surface
application to gleyic cambisol (semi-logarithmic plots). Differences between previous and improved PELMO
versions used for calculations are summarized in 2.1.2.3.2. Details on the experimental findings can be taken
from 4.1.2. A: Parathion-methyl. B: Fenpropimorph. C: Terbuthylazine. D: Chlorpyrifos.

The “previous version” is based on the official FOCUS PELMO 1.1.1 version used for
registration proposes in Germany. An exponential approach was already included for
calculating the temperature-dependence of Henry’s law congtants (cf. 2.1.2.3.2).

Immediately after application, the previous version of PELMO underestimated
volatilization rates of the applied compounds markedly (Fig. 4.11), e.g. measured fluxes of
chlorpyrifos exceeded the PELMO predictions by approximately 2 orders of magnitude.
During the following days a subsequent rapid decline in volatilization rates was not
reflected by PELMO estimating an almost linear increase of volatilization over the course
of the study. This discrepancy to experimental findings was due to the quite simple volati-
lization module included in the previous PELMO version according to 2.1.2.3.2 (eg. 12).
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Due to the reasonably-well agreement between calculations and experimental volatilization
rates of chlorpyrifos after Day 5 (Fig. 4.11D), one might conclude that the previous
PELMO version generally allows for proper predictions in advanced stages of the studies.
Taking into consideration the large differences between the sharp decline of measured
volatilization rates and the almost linear increase of predicted values of fenpropimorph and
terbuthylazine from Day 5 until the end of the experiment, this conclusion appears not
appropriate. The agreement between predictions and actual volatilization rates of
chlorpyrifos after Day 5 is obviously accidental and may not be attributed to PELMO’s
apparent ability to predict volatilization rates correctly.

A similar disagreement between calculations and measurements was determined in
simulations using the Behavior Assessment Model (Jury et al., 1983), which did not reflect
correctly the volatilization rates immediately after application (cf. 4.1.3.1). Obviously, the
description of pesticide volatilization is subject to considerable uncertainty, particularly for
surface-applied pesticides whose initial volatilization rates are hardly limited by the soil
boundary layer. Considering the main route for pesticide volatilization from the soil
surface, relevant processes occurring immediately after spray application, e.g. phase
distribution of the pesticide and drying-out of the top soil, have to be taken into account. A
thin water layer moistens only a fraction of the top millimeters of the soil surface and
evaporates rapidly, resulting in an elevated pesticide concentration at the soil surface
(Boesten, 2000). In contrast, PELMO assumed the applied pesticides being
homogeneously incorporated in atop soil compartment size of 5 cm, an assumption which
required revision.

To study the impact of intermediate soil moisture variation, irrigation was given on Day 8
resulting in increased volatilization rates on the subsequent day, especially for chlorpyrifos
(Fig. 4.11D). This observation is in accordance with studies on soil moisture dependence
of volatilization (Spencer et a., 1973). The previous PELMO version did not allow for
correct estimation of soil moisture dependence on volatilization, illustrating a general
limitation of currently available volatilization approaches: the previous PELMO version
implicitly assumes partition coefficients being independent of water content and
consequently calculates lower pesticide vapor pressures at the surface after irrigation
(Baker et a., 1996).

As a result of the comparison between predictions of the previous PELMO version and
experimental findings, the “improved version” of PELMO uses a more realistic
compartment size of the top soil layer (1 mm instead of 5 cm; cf. 2.1.2.3.2) and reflects the
moisture dependence of soil adsorption coefficients. For water contents ranging from
above air dry conditionsto below wilting point (gleyic camibsol: 4.5%,), the soil sorption
coefficients of the pesticides are increased by the correction factors shown in Fig. 4.12B.
Volatilization rates predicted by the improved PELMO model are markedly higher than
those calculated by the previous version; for fenpropimorph and terbuthylazine the
computed values even exceeded the measured values at the initial stage of the study by a
factor of 20. Chlorpyrifos revealed the best agreement between measured and calculated
values on the first day (Fig. 4.11). Calculated fluxes of all compounds decreased by Day 8
and increased enormously when irrigation was given, indicating that PELMO obviously
mirrors the tendency of pesticides towards enhanced volatilization under moist conditions.
However, the increase of volatilization predicted by PELMO was much higher than
experimentally determined and during the following days predictions exceeded
measurements by up to an order of magnitude.
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Figure 4.12 Modifications included in the improved PELMO version. A: Calculated soil moisture profiles
over the course of the wind-tunnel study on gleyic cambisol (cf. 4.1.2) using the official PELMO version
(FOCUSPELMO 1.1.1, top compartment thickness: 5cm) and the modified version (top compartment
thickness: 1 mm). B: Correction factor for soil adsorption coefficients. For moistures in the top millimeter of
the soil ranging from above air dry conditions to bel ow wilting point, the sorption coefficients were increased
by the given correction factors.

The strong increase of volatilization fluxes in comparison to the calculations of the
previous PELMO version is attributed to the reduction of the top compartment size from
5cm to 1 mm leading to the calculation of higher pesticide concentrations at the soil
surface and subsequently causing higher volatilization predictions, as can be taken from
eg. 12 (cf. 2.1.2.3.2). As an additional effect, the lower top compartment size results in
changing soil moisture of the top millimeter over the course of the study (Fig. 4.12A).
Drying out and remoistening of the top soil layer were calculated to occur much faster after
reducing the compartment size, e.g. leading to a large rise in calculated soil moisture from
0.5 to 34%,q Within 24 hours after irrigation was given. In combination with the correction
factor included for describing the increase of soil moisture at low water contents
(Fig. 4.12B), this effect enhances the impact on predicted volatilization rates, consequently
resulting in an overestimation of volatilization increase caused by irrigation. To prevent
overestimation of the soil moisture effect, the correction factor for soil sorption may be
reduced.

For a reliable estimation of the correction factor contributing to the development of new
model concepts, further progress might be achieved considering experimentally determined
soil-water partitioning coefficients under low-water-content conditions. Instead of using an
exponential approach resulting in a uniform correction factor for all applied compounds to
estimate the effect of decreasing water content (Fig. 4.12B), experimental values would
allow for a more detailed reflection of different sorption tendencies of pesticides. For this
purpose, a completely new experimental set-up to determine soil-air-water-partitioning and
its dependence on temperature and soil moisture was constructed (cf. 4.3.1).

The ability of the improved PELMO version to reflect correctly the tendency of the soil
moisture effect on pesticides is a huge advantage in comparison to the previous model. As
a future improvement, calibration of the model predictions by using experimental results is
required for adjusting predictions to experimental findings as closely as possible.
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In addition to the requirement of an improved physical-based description, the reliability of
model predictions generally depends on the quality of the underlying data. Due to the
volatilization rates being calculated on the basis of Henry's law (eq. 12), the soil-water
partitioning coefficient (Henry’s law constant Ky) is the most important pesticide property
affecting PELMO’s predictions. The significant effect of Ky including the variation of
default values within the range of literature values on calculated volatilization rates of
parathion-methyl (K between 5.2:10” and 3.4-10°) and chlorpyrifos (K between 1.6-10"
and 2.7:10% is shown in Fig.4.13. For both compounds, a marked increase in
volatilization was calculated and a disproportionate effect of irrigation on volatilization
rates was predicted after Ky was enhanced. With regard to chlorpyrifos, an apparently
slight increase of Ky from 1.6-10™ to 2.7-10™ resulted in an enormous increase of predicted
volatilization, especially under moist conditions at the early stage of the simulation and
after irrigation was given (Day 8). Taking into consideration that surface-applied
compounds generally show the highest volatilization rates during the first hours after
application (cf. 4.1.2), this increase obviously affects significantly the predicted cumulative
volatilization, which is usually the basis value for risk assessment. Thus, uncertainty in
experimental determination of Ky is a crucial factor influencing predicted volatilization
rates, indicating that reliable experimental procedures for measurement of key factors, e.g.
Ky, are as important as accurate model approaches for certain calculations.
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Figure 4.13 Cdculations usng the improved PELMO version (cf. 2.1.2.3.2), including variation of Henry's
law congtants (dimensionless values, calculated at 25 °C). A: Parathion-methyl. B: Chlorpyrifos.
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4.1.3.3 PEARL: Evaluation of the Volatilization Description and Outlook

The ability of the PEARL model (FOCUS PEARL 1.1.1) to predict volatilization rates of
pesticides applied under defined environmental conditions was investigated by comparing
experimental findings determined in a wind-tunnel study after soil surface application
(cf 4.1.3.2) to model calculations.

In accordance with the evaluation of the volatilization module implemented in PELMO
(cf 4.1.3.2), the soil compartment thickness of the top layer was also found to be the most
important parameter governing the extent of predicted volatilization losses after surface
application calculated by the PEARL model. The sensitivity of volatilization to the
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thickness of the top compartment is exemplified by a strong increase of volatilization
fluxes of chlorpyrifos and fenpropimorph after reducing the top compartment thickness
from 1 cmto 1 mm, e.g. the calculated volatilization fluxes of fenpropimorph ranged from
2.5t0 5.0 pgm? h* for a compartment thickness of 1 cm and from 40.9 to 96.0 ug m? h'*
for a compartment thickness of 1 mm (Fig. 4.14B). Corresponding values of chlorpyrifos
revealed the same tendency towards enhanced volatilization with decreasing compartment
thickness, illustrated by fluxes ranging from 4.0 to 82pgm?h™ and from 51.5 to
148.4 pg m? h* for compartment thickness of 1 mm and 1 cm, respectively (Fig. 4.14A).
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Figure 4.14 Measured (wind-tunnel study) and predicted (PEARL) volatilization fluxes after soil surface
application to gleyic cambisol (semi-logarithmic plot). Details on experimental findings can be taken from
4.1.2. A: Chlorpyrifos B: Fenpropimorph. For each compound, calculaions were performed using top
compartment sizes of 1 mm and 10 mm, respectively.

Equation 10 (cf. 2.1.2.3.1) illustrates that decreasing top compartments lead to smaller soil
resistances, i.e. thickness of the top compartment of 1cm results in a soil resistance
rs= 0.071 d m* and decreasing thickness leads to a linear rise in volatilization fluxes. The
thickness of the boundary air layer used in the parameterization is rather high (1 cm), thus
resulting in transport resistance r, = 0.023 d m* according to equation 9. Decreasing the
boundary air layer by a factor of 10 does not increase volatilization fluxes to the same
degree, because the increasing soil resistance dominates the rise in transport resistance.
Because the size of the time step is controlled within the PEARL software (Leistra et al.,
2001), the user is left with the responsibility for choosing an appropriate compartment
thickness to obtain a realistic scenario. Depending on soil and pesticide properties,
restrictions of compartment thickness and time steps arising from a numerical solution
procedure may cause miscalculations and keep PEARL from finishing the simulation
correctly (Leistra et a., 2001). Therefore, the set of conditions used for calculation of the
behavior of parathion-methyl and terbuthylazine goes wrong for a system with 1 mm
compartments and requires default values for compartment thickness of at least 5 mm.
Applicability of the model is severely limited by this restriction, especially with regard to
spray applications where the assumption of top compartments exceeding a few millimeters
appears quite unrealistic. A new version of PEARL will include an improved procedure to
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calculate the time steps and will probably be able to handle 1 mm compartments in the
parathion-methyl and terbuthylazine runs (Van den Berg, personal communication, 2003).
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Due to the noticeable increase in calculated volatilization fluxes after irrigation, PEARL
gives the impression to have the ability to reflect correctly the influence of soil moisture on
volatilization. However, a direct correlation of calculated volatilization fluxes with
calculated water content in the top layer (Fig. 4.15) revealed a suppression of volatilization
due to irrigation on Day 8. During the following days PEARL calculates increasing fluxes
for all pesticides observed, even though the soil dries out. The reason for this calculated
increase in volatilization after Day 8 is a strong rise in average soil surface temperature
(Fig. 4.10B) resulting in higher concentrations of pesticides in the gas phase of the soil and
therefore in higher volatilization fluxes. Neither PEARL nor the previous PELMO version
(cf. 4.1.3.2) allow for correct estimation of soil moisture dependence on volatilization,
illustrating a general limitation of the used volatilization approaches. Similar to the
previous PELMO version, PEARL assumes partition coefficients being independent of soil
moisture, resulting in awrong estimation of increasing volatilization with decreasing water
content. A future PEARL version will take into consideration the moisture-dependence of
soil sorption. Moreover, the current concept of a air boundary layer of constant thickness
will probably be supplemented with a more dynamic concept of aerodynamic resistances
governing the transport through the air layers above the soil surface. The improvement of
the concept will require the inclusion of additional input parameters in the calculations
(e.g., roughness length and stability conditions of the atmosphere).

The development of an approach based on transport resistances necessitates a detailed
understanding of the complex behavior of localized micrometeorological processes. This
realization is very difficult to achieve, even when simple parameters such as temperature
are measured. Due to analytical problems in obtaining adequate material for quantitative
determinations of volatile fluxes of pesticides, sample collection times are typically
> 30 min, which may be long enough for the microclimate over the field to undergo
changes, e.g. intermittent cloud cover is supposed to cause very rapid fluctuations in
temperature. Therefore, it may become very difficult to verify and refine any model
predictions that do not account for short time intervals (Rice et al., 2002).
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Due to dlight differences between atmospheric conditions in the wind tunnel and field
conditions, the application of an improved model to the volatilization rates obtained in the
wind tunnel would require an additional parameterization. Boundary conditions coupling
soil and atmospheric processes were found to provide an accurate and credible simulation
of the instantaneous volatilization rates after soil fumigation of methyl bromide compared
to a stagnant boundary-layer condition (Yates et al., 2002). Though, in the same study it
was shown that for some information such as cumulative emissions, the simulations for
each boundary condition provided similar results, indicating that simplified methods may
be appropriate for obtaining certain information that is integrated over relatively long
periods.

4.2 Volatilization from Plant Surfaces

Uncertainties and shortcomings in the understanding of volatilization from crops may be
attributed to a lack of knowledge concerning the processes occurring on plant surfaces
(cf. 2.3). A deeper comprehension of plant volatilization requires detailed studies under
defined environmental scenarios reflecting the microclimatic situation under field-
conditions as closely as possible. Within this thesis, a contribution to experimental and
theoretical determination of volatilization after application to plants included the following
work steps:

» Gathering of high-resolution data sets on volatilization under field-like conditions after
pesticide application to winter wheat using a wind-tunnel (cf. 4.2.1)

» Performance of a field study under conditions comparable to those prevailing in the
wind-tunnel study with the aim of up-scaling and evaluating the results of field-like
studies (cf. 4.2.2)

» Use of the experimental findings for development and validation of a simplified model
approach for the prediction of plant volatilization (cf. 4.2.3)

4.2.1 Wind-tunnel Study: Pesticide Application to Winter Wheat

The determination of volatilization behavior of three pesticides after application to winter
wheat includes the measurement of volatile organic compounds and **CO, arising from
mineralization of **C-labeled parathion-methyl. Volatile losses of the non-labeled parent
compounds fenpropimorph and quinoxyfen were quantitated separately, just as
measurements of soil and plant residues of the applied pesticides. Due to the simultaneous
application of the pesticide cocktail under a defined environmental scenario, suitable data
sets for validating the model approach under comparable conditions were achieved
(cf. 4.2.3).

4.2.1.1 Wind-tunnel Study on Winter Wheat: Environmental Conditions

Continuous monitoring of soil moisture revealed a drying of the top layers (5-10 cm)
during the first week of the wind-tunnel study (Fig. 4.16A).
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Figure4.16 Climatic conditions over the course of the wind-tunnd experiment after simultaneous soil
surface application to winter wheat. A: Volumetric water content measured by TDR equipment at several

depth. B: Radiation and soil surface temperature. C: Air temperature and air humidity (malfunction of
measuring device between Day 2 and Day 4).
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A slight increase was observed after irrigation was given on Day 7 and Day 8 (cf. 3.1.2.5),
followed by a subsequent decrease during the final day of the experiment. Deeper soil
layers (depth> 30 cm) were not influenced by irrigation and showed only marginally
decreasing water content over the course of the study. Obviously, the increase in soil-
drying in comparison with the measurements during the wind-tunnel study on bare soil
(cf. 4.1.2.1) is dueto the higher evapotranspiration caused by the crops on the lysimeter.
Measurements of air temperature and soil surface temperature corresponded well during
the experiment. Diurnal fluctuations and a nonuniform time course of the average tempera-
ture with a maximum at Day 9 (approx. 23 °C) were observed. A lack of values for
radiation and air humidity between Day 2 and Day 4 was caused by malfunction of the
measuring device (Fig. 4.16B+C).

4.2.1.2 Overview: Radioactivity and M ass Balances

Recovery of C-labeled parathion-methyl was about 87.2% AR (Table4.6), thus
proximating the guideline values for registration purposes ranging from 90 to 110% of the
applied amount.

Table 4.6 Wind-tunnd study on winter wheat: radioactivity balance
of **C-labeled parathion-methyl. Net applied radioactivity (AR) = 100%.

Sample Radioactivity [% AR]

Contamination t ND
) Extractable 4458
Soil
Non-extractable 1369
Leachate ND £
Control plot 0.1
Leaves 215
Plants
Roots 0.5
Parent compounds 29.2
Volatilization
Metabolites 33
~ Minedizationto*co, 64
Glass fiber filter (particulate matter) 8.2
T “C 87.2

T contamination of the wind tunnd and the high-volume sampler

1 ND = not detectable

8§ soil layer (0-2.5 cm): 4.1% AR; soil layer (2.5-5.0 cm): 0.3% AR
1 soil layer (0-2.5 cm): 13.0% AR; soil layer (2.5-5.0 cm): 0.6% AR

Both, radioactivity of the leachate and system contaminations were below detection limits.
After finishing the experiment, the major part of the remaining radioactivity was detected
on the plants, including extractable and non-extractable fraction of leaves and roots
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(approx. 22% AR). In comparison with the wind-tunnel study on bare soil (approx.
76% AR characterized as soil residues) only slight amounts of soil residues were detected
(18% AR). These findings may be attributed to the lysimeter being abundantly covered
with vegetation during application. In agreement with the wind-tunnel study on bare soil, a
displacement of radioactivity in deeper layers (> 5 cm) did not occur (cf. 4.1.2.3). A good
deal of the radioactivity remaining in the soil was not extractable (13.6% AR), indicating
increasing sorption of parathion-methyl on the soil during the experiment.

In previous studies, the glass fiber filter was shown to have a retention of > 99.9% for
particles > 10 nm (detection limit) on afilter test apparatus (Stork et al., 1994). It may thus
be assumed that all particulate residues in air are quantitatively retained (8.4% AR).
However, it is to be considered that adsorption of gaseous residues on the glass fiber filters
over the course of the experiment cannot be excluded since many pesticide vapors possess
high adsorptive properties (Winberry et al., 1990). Therefore a clear distinction between
gaseous and particulate residues adsorbed on the filters is not possible.

Due to the use of non-labeled compounds, no complete mass balances were obtained for
fenpropimorph and quinoxyfen, especially the amount of mineralization to **CO, was not
quantitated. A summary of non-labeled soil and plant residues is given below (cf. 4.2.1.4).

4.2.1.3 Mineralization of **C-labeled Parathion-methyl

Rates of the formation of *CO,, arising as the end product of mineralization of **C-labeled
parathion-methyl, are summarized in Fig. 4.17. During the first two days of the study the
mineralization rates increased to reach a maximum after 48 hours (approx. 1.6% AR d™).
Decreasing rates in the further course of the experiment finally resulted in a cumulative
mineralization of 6.4% AR within 10 days (Table 4.6).

A comparison with mineralization rates measured in the photovolatility chamber after soil-
surface application of parathion-methyl to bare soil in the dark (Fig. 4.17) allows for an
estimation of the different contributions of soil degradation and plant surface processes to
cumulative mineralization.
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During the first days, mineralization rates determined in the photovolatility chamber were
lower than the rates measured in the wind-tunnel study, reaching a maximum after 2 days
and, in contrast to the wind-tunnel study, remained on a high level by the end of the
experiment. After 6 days, 5.2% AR were mineralized (Table 4.2). Taking into considera-
tion that only a slight fraction of **C-labeled parathion-methyl was applied on the soil in
the wind-tunnel study (Table3.3), the high mineralization rates suggest that photo-
mineralization on plant or soil surfaces was a main degradation pathway leading to
complete mineralization, especially immediately after application. These findings were
affirmed by studies revealing that **CO, was accumulated after application of parathion-
methyl on soybeans under sterile conditions (Abo El-Seoud & Frost, 1994). In addition, the
chemically similar compound parathion is known to be completely degraded by crops to
CO; with 4-nitrophenol arising as an intermediate. For parathion-methyl, similar
degradation pathways may be assumed, especially with regard to the high amounts of 4-
nitrophenol and unknown polar metabolites detected in the plant samples after finishing the
wind-tunnel experiment (cf. 4.2.1.4).

Fenpropimorph and quinoxyfen were not **C-labeled, thus, definitive statements about
biodegradation and mineralization will not be made.

4214 Soil and Plant Residues

Besides unchanged parathion-methyl, 17.4% of the radioactivity detected in methanol
extracts of the PUF plugs was characterized as metabolites, suggesting that metabolic
transformation on the plant surfaces might have contributed to the formation of volatile
metabolites which were subsequently trapped on the PUF plugs (Table 4.7).

Table 4.7 Characterization of “*C-labeled compounds in the methanol extracts of soil samples, PUF plugs,
and glassfiber filters (datain % of extracted radioactivity).

Sample  Soail layer (0-2.5 cm) PUF plugst  Glassfiber filter
Parathion-methyl 28.5 82.6 17.0
4-nitrophenal 34.1 4.1 42.5
Paraoxon-methyl ND % 4.1 6.8
RIB 12080 (BAYER AG) § ND £ 0.8 ND f
Unknown polar products 374 8.4 33.7

T PUF: polyurethane foam; val ues averaged within the experimental duration
1 ND = not detectable
§ parathion-methyl-S-nitrophenylester

These findings are in full agreement with the above mentioned general tendency of
parathion-methyl towards photomineralization on plant surfaces leading to increased
formation of CO, (cf.4.2.1.3). A high quantity of metabolites (83% of extracted
radioactivity) was detected in the methanol extracts of the glass fiber filters used for the



RESULTS AND DISCUSSION 83

retention of particulate residues in air. The magnitude of metabolization exceeds the
corresponding amount of metabolites detected in the soil samples (71.5% of extracted
radioactivity). Metabolization of parathion-methyl on the PUF plugs or glass fiber filters
during sampling, as suggested by Stork et a. (1994), is considered as additional
degradative pathway which might have caused the higher amounts of metabolites in air
samples compared to soil samples.

Immediately after finishing the experiment, plants were harvested and successively rinsed
with solvents of decreasing polarity (cf. 3.1.3.3). Analysis of the solvents allows for the
quantification of pesticides adsorbed on the plant surface and those adsorbed in deeper
cuticular layers. Besides the measurement of solvent rinsability, the use of **C-labeled
parathion-methyl enables the determination of non-extractable residues by combustion. In
total, 22% of the net applied radioactivity were characterized as plant residues. Only
9.3% AR were washable with water, methanol and chloroform (Fig. 4.18), whereas
12.7% AR remained as non-extractable residues. In previous studies it was shown that
parathion-methyl and parathion tend to build bound residues after application to soil
surfaces (cf. 4.1.2.3) or crops (Gersl & Helling, 1984). The high amount of non-
extractable residues indicates uptake and incorporation of the parent compound or its
metabolites into the plant matrix. The distribution of the radioactivity in the different
solvents reveals the greatest amounts of soluble radioactivity being present in methanol
(6.1% AR) and the chloroform (2.0% AR) phases. Due to a decomposing effect on the
cuticula, these non-polar solvents mainly extract residues penetrated into the plant
material, suggesting a displacement of parathion-methyl into the leaves during the
experiment.
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In total, less than 10% of the radioactivity detected in the wash solutions was identified as
unchanged parathion-methyl, the rest of the rinsable fraction was characterized as 4-
nitrophenol and as unknown polar metabolites (data not shown). Thus, in comparison with
the soil extracts (Table 4.7), a much higher magnitude of metabolization was detected in
the plant samples. Corresponding results were obtained after application of parathion-
methyl to bush beans (Ophoff, 1999), indicating that higher degradation rates in plants
compared to soil samples are not dependent on the investigated plant species but represent
a general tendency. As a reason for the lower degradation rates in soil, different
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degradation kinetics in soil and plants are discussed. Plant cells allow for enzymatic
degradative pathways, whereas degradation performance in the “unorganized” soil is
governed by the rather accidental occurrence of metabolic processes (Fihr, 1987). In
addition, penetration and metabolization of pesticides depends on the morphology and
surface texture of the cuticula, e.g. aging of the wax layer causes decreasing wettability of
the leaf surface and is supposed to promote penetration into the leaves. A detailed
discussion of the textural properties of leaves and their influence on the environmental fate
of pesticides is beyond the scope of this thesis and can be taken from Schonherr & Baur
(1994). However, due to the antagonizing effect on volatilization from leaf surfaces, a
deeper process understanding of penetration and transformation is required for future
development of model approaches for prediction of environmental concentrations after
plant applications.

Distribution of both fenpropimorph and quinoxyfen in the different solvents after rinsing
the plants showed the highest amounts of the pesticides in the methanol and chloroform
samples, whereas only slights amounts of quinoxyfen and no fenpropimorph were
identified in the agueous solutions (Table 4.8). Due to its mode of action as systemic
pesticides, fenpropimorph obviously penetrates into the leaves enabling a long-term
protective effect. Quinoxyfen is known to be extensively photodegraded on the wheat |eaf
surface, giving multiple polar degradation products, whereas it is only slightly metabolized
in wheat, with low residues found in crops (Tomlin, 2000). Therefore, the slight amount of
guinoxyfen in the agueous solution and the comparable high recovery of quinoxyfen in the
methanol and chloroform phases may be attributed to the photodegradation mainly
occurring at the plant surface.

Table 4.8 Soil and plant residues of quinoxyfen and fenpropimorph after finishing a
wind-tunnd study on winter wheat (datain % of net applied amount).

Pesticide Fenpropimor ph Quinoxyfen
Soil residues 2.0 5.4
Water ot 09
Plant residues Methanol 0.7 4.9
Chloroform 0.9 51

1 ND = not detectable

Metabolites of fenpropimorph and gquinoxyfen were not targeted in this study. Soil and
plant residues revealed higher amounts of quinoxyfen in comparison with fenpropimorph,
indicating a lower metabolization of quinoxyfen over the course of the experiment. These
findings were in agreement with the minimal photolysis of guinoxyfen on soil surfaces
(DTso>1 year, Southern England) ascertained in previous studies (Tomlin, 2000).
Enhanced metabolization was observed in acidic soil, indicating that the soil used in the
wind-tunnel study on winter wheat (orthic luvisol: pH 7.2) did not provide the most
favorable terms for metabolization of quinoxyfen. Fenpropimorph was shown to form large
amounts of non-extractable residues and metabolites, e.g. fenpropimorph acid (Stockmaier,
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1996). So, the small amount of detectable residues is probably due to considerable
metabolization of fenpropimorph. In support of this assumption a comparatively low
cumulative volatilization of fenpropimorph indicates that high amounts of metabolites
might be volatilized during the experiment (cf. 4.2.1.5).

4.2.1.5 Cumulative Volatilization and Kinetics

In total, 32.5% AR were volatilized by the end of the wind-tunnel study, corresponding to
29.2% parathion-methyl and 3.3% of metabolites (Table 4.6). About 25% AR already
volatilized within the first 24 h, followed by a sharp decrease (Fig. 4.19A), indicating other
processes like foliar uptake counteracting the volatilization process. The major part of
volatilization took place immediately after application due to a weak adsorption/bonding of
the pesticide on the leaf surface. Decreasing volatilization rates were observed following
the first 24 h, illustrating the long-term release of protected or adsorbed pesticide residues.
Increasing air temperatures and irrigation caused only temporary increases of volatilization
rates. Due to a maximum air temperature on Day 4 (approx. 27.5 °C; Fig. 4.16C), the
volatilization rate of parathion-methyl increased on Day 4, but decreased subsequently
parallel to the decrease of air temperature. A sharp rise of volatilization was observed on
Day 7 and Day 8 which may be attributed to the simultaneously given irrigation. Irrigation
generally increases volatilization from soil and plant surfaces (cf. 2.1.1 & 2.2.1) and this
effect was enhanced by an additional increase of temperature on Day 7.

In total, 6.0% of the applied fenpropimorph volatilized in the wind tunnel (Fig. 4.19A).
Only about 9.6% of the applied amount of fenpropimorph, including soil and plant residues
and the volatilized fraction, was recovered after 10 days. One possible explanation is a
rapid decomposition of fenpropimorph under semi-field conditions due to the UV
transparency of the side walls of the tunnel facilitating photochemical degradation. Indirect
methods (disappearance, measurement of residues) showed 70% of the applied
fenpropimorph or its metabolites had been lost undetected via the atmosphere, as
determined in a lysimeter study on winter wheat (Ebing et al., 1995), while measurements
of volatilization including the detection of metabolites revealed cumulative volatilization
up to 60% of the applied radioactivity from summer barley (Staimer et al., 1996). Taking
into consideration that metabolites were not analyzed within the presented wind-tunnel
study on winter wheat, the results imply that a major portion of the applied fenpropimorph
might have volatilized as metabolites. As an additional process counteracting
volatilization, penetration into the leaves has to be considered. The results of soil and plant
analysis (cf. 4.2.1.4) revealed that major parts of the applied amount of fenpropimorph had
penetrated into the crops over the course of the study, indicating that both penetration and
metabolization had contributed to the low volatilization of the parent compound.

Besides negligible deviations on Day 1, the volatilization kinetics of fenpropimorph
followed rather the same course as parathion-methyl (Fig. 4.19B), yet the decrease of the
volatilization rate showed a marked decrease on Day 9. This finding may be attributed to
the disappearance of fenpropimorph from the plant surfaces, illustrated by a non-detectable
fenpropimorph amount in the agueous wash solution (Table 4.8).
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Figure 4.19 Volatilization of parathion-methyl, quinoxyfen, and fenpropimorph after application to winter
wheat. A: Cumulative volatilized amount. Net applied active ingredients = 100%. B: Voldtilization fluxes.
14C-label ed parathion-methyl was quantitated by LSC (cf. 3.3.2), non-labeled quinoxyfen and fenpropimorph
were determined by GC-MSD (cf. 3.3.3.2).

Cumulative volatilization of quinoxyfen over the course of the experiment was about
15.0% of the net applied amount (Fig. 4.19B), apparently indicating a higher volatilization
tendency of quinoxyfen in comparison with fenpropimorph. However, due to the lower
metabolization of quinoxyfen, which is documented by a recovery rate of approx. 31.0%,
the lower cumulative volatilization of the parent compound fenpropimorph may be
attributed to its higher degradability, to the occurrence of non-detectable metabolites and to
its systemic activity. The low application dose of quinoxyfen (65.38 g ha™; Table 3.3) in
comparison with fenpropimorph (247.87 g ha™) accounts for the volatilization rates of
quinoxyfen falling below the corresponding values of fenpropimorph during the wind-
tunnel study (Fig. 4.19B). However, a clear dependence of volatilization of quinoxyfen on
air temperature and irrigation, illustrated by increasing rates on Day 4 and Day 7, was
established.

4.2.1.6 Comparison between Volatilization from Soil and Plants. Parathion-methyl

Volatilization of **C-parathion-methy! after soil surface application was slightly lower as
compared to plant application, as documented by 32.5% AR (including 29.2% parent
compound and 3.3% metabolites; Table 4.6) volatilizing within 10 days from its applica-
tion to winter wheat, whereas 26% AR (no metabolites) volatilized within 13 days after
application on bare soil. This effect has been described for many pesticides, since soil
adsorption reduces effectively the volatilization potential of a pesticide (Spencer et al.,
1979). In contrast to soil, plant surfaces are not subject to strong adsorption of pesticides.
Instead, drying of the application solution on the plant surface causes high vapor pressure
of the applied compound, almost reaching the corresponding value of the pure compound
(Taylor & Spencer, 1990). However, the differences between the cumulative volatilization
of parathion-methyl from soil and plants were not as great as detected in previous studies
(Stork et al., 1998). These findings may be attributed to the different soils used in the
wind-tunnel studies. Gleyic cambisol used for the study on fallow soil is known to alow
for higher volatilization rates than orthic luvisol which was used for the experiment on
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plant application. The use of orthic luvisol enabled a comparison with the results achieved
in the field study (cf. 4.2.2). Due to different water conditions and lower organic carbon
content of gleyic cambisol (Table 3.9 & 3.10), its ability to adsorb pesticides on the soil
surface is reduced and volatilization increases. Thus, the stronger adsorption of the
pesticide fraction applied to orthic luvisol during the study on winter wheat reduces the
overall volatilization rate, including soil and plant volatilization.

Furthermore, the comparability of semi-field and field studies after plant and soil
application is generally limited by uncertainty of the calculations of volatile losses arising
from the fraction of soil-applied compound after plant application. Even though an
estimation of the applied dose on the soil surface may be achieved via analysis of the soil
residues, a clear distinction of the contributions of soil-applied and plant-applied
compound to the overall volatilization over the course of the study is impossible. Under
laboratory conditions losses to the soil may be prevented, e.g. by lining the soil surface
with filter paper during the application and subsequent calculation of the net applied dose
on the plant surface, but under field-like conditions a clear distinction of the different
sources of volatile losses cannot be drawn.

4.2.2 Field Study: Pesticide Application to Winter Wheat

Within a field study of 7 days, parathion-methyl, fenpropimorph, and quinoxyfen were
applied as non-labeled compounds to winter wheat (cf. 3.1.3.1). For the quantification of
the applied compounds, soil and plant samples were taken at four different times over the
course of the study (cf.3.1.3.3). Air sampling at different heights allowed for the
determination of pesticide concentrations in the air and was used for the calculation of
volatile losses by means of micrometeorological methods (cf. 3.1.3.5).

Analysis exhibited an inhomogeneous distribution pattern and plant and soil deposits of
parathion-methyl covering a broad range of values, which may be due to the nozzles of the
field sprayer being obstructed by undissolved parathion-methyl at the beginning of
application. Furthermore, analysis of air samples indicated degradation of parathion-
methyl on the adsorbents (XAD-4). Due to the results on parathion-methyl being afflicted
with a high degree of uncertainty, these findings are not discussed within this thesis.

4.2.2.1 Meteorological Data

Measurements of the climatic conditions over the course of the study are summarized in
Fig. 4.20. Average values of the essential parameters for calculation of the volatilization
rates during air sampling with the micrometeorological methods are presented in Annex 1.

The course of the net radiation roughly corresponds to that for the soil temperature
(Fig. 4.20A). Immediately after application, the net radiation was relatively low with
values around 300 W m?, which resulted in low soil temperatures (= 14 °C) and air
temperatures (=16 °C). The great differences between soil and air temperature in
comparison with the low differences observed during the study on bare soil (Fig. 4.7) may
be attributed to the plant coverage acting as shadow shield. On Day 2 and 3 the net
radiation reached a maximum with values up to 590 W m?, followed by a decrease
between Day 4 and 6 (<500 W m?) and a strong increase at the end of the study
(600 W m®). The air temperature followed the same pattern and reached a maximum value
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of 25 °C on Day 3 and decreased during the following days. As expected, the time course
of both net radiation and temperature showed diurnal rhythm.
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Figure4.20 Climatic conditions over the course of the field study on winter wheat. A: Net radiation
measured at 1.5 m above the soil surface and measurement of soil temperature averaged from the values for
the thermocouples at 0.02 and 0.06 m depth. B: Average air temperature and air humidity measured at 1.0 m
above the soil surface. Data are presented as mean val ues averaged over intervals of 20 minutes.

Data on the rainfall during the experimental period are presented in Table4.9. A few
minutes after the end of the application (5/14/02 4.00 PM) it rained for 10 minutes,
followed by an additional flurry of rain occurring an hour later. In agricultural practice
pesticides are generally applied under dry conditions to prevent wash-off from the leaf
surface. As a rule of thumb, a rainless period of at least 3-6 hours after application is
assumed to be sufficient for drying of the pesticide mixture on the leaves. Thus, rainfall
immediately after application as observed in this study is expected to have a significant
effect on the results. Rainfall may cause wash-off and subsequently reduce the pesticide
concentration on the crops and lead to an increase of the soil concentrations. As an
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additional effect, the distribution of the remaining plant residues may be disturbed,
resulting in displacement of the pesticides to parts of the crops which are not well-exposed
and therefore do not allow for volatilization, e.g. the axils.

Table 4.9 Rainfall at the experimental plot near Merzenhausen during the field study (5/14/02 — 5/21/02).

Date Time Time after application [d] T Rainfall [mm]
5/14/02 4:07-4:17PM 0.019 1.0
5:28 —5:36 PM 0.075 0.5
5/18/02 7:55-9.33 AM 3.677 13
3:14—-6:49 PM 3.982 34

T application time: 5/14/02 3:40 PM; gart of rain period taken asreference

The time course of the wind speed, which was recorded a four heights (cf. 3.1.3.2), is
illustrated by the average values measured at 0.7 and 1.5m above the soil surface
(Fig. 4.21). During the first hour after application, the above mentioned rainfall was
accompanied by windy conditions, exemplified by the maximum wind speed measured
over the course of the study (6.5 ms™ at 1.5 m). With the exception of an increase after
1.5 days (3.8 ms™), the wind speed measured at 1.5 m during the following days was
rather low, but fairly constant. Generally, the wind speed measured at a height of 0.7 m
was lower, but followed the same pattern. During the 3" and the 5" day of the study the
wind speed at 0.7 m dropped below the lowest measurable value (0.25 ms?). At the 6™
and the 7" day, a slight increase was observed, illustrated by a wind speed of 2.8 ms? at
15m.
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4.2.2.2 Plant Resdues and Rinsability

The results of rinsing the leaves with solvents of decreasing polarity (water, methanol and
chloroform) are summarized in Table4.10. About 18 hours after spraying, the greatest
fraction of the residue of fenpropimorph (64.32%) was removed with water, indicating that
fenpropimorph had not much penetrated into the wax layer of the leaves. Six days later, the
residue was mainly rinsable with methanol and chloroform, whereas only slight amounts of
fenpropimorph (7.12%) were rinsed with water.

These findings indicate a high penetration of fenpropimorph into the leaf surfaces over the
course of the study, which is in good agreement with the plant residues determined after
the wind-tunnel study on winter wheat (T able 4.8).

In contrast to fenpropimorph, the plant sampling at 18 hours after application revealed only
slight amounts of the applied quinoxyfen rinsable with water (13.19%) and about 72.49%
detectable in the chloroform phase. This distribution, which apparently indicates a
displacement of quinoxyfen into deeper layers during the first day of the study, is in
contradiction to the classification of quinoxyfen as a surface-mobile fungicide (cf. 3.4.5).
As a possible explanation, the low amount of quinoxyfen detected in the agueous solution
may be attributed to a wash-off caused by the rainfall immediately after application. This
explanation would imply that the wash-off effect leading to decreasing plant deposits of
guinoxyfen exceeds the simultaneously occurring wash-off of fenpropimorph. A lower
wash-off of fenpropimorph would require a higher tendency of fenpropimorph towards
adherence on the leaves, which may be attributed to its systemic activity.

Table 4.10 Solvent rinsability of pesticide residues deposited on winter whest |eaves.

Date Time after Solvert Mass of rinsed pesticide [ug]
application[d] Fenpropimorph Quinoxyfen
Water 41.61 (64.32%) 2.28 (13.19%)
5/15/02 0.7708 Methanol  0.61 (0.94%) 2.47 (14.32%)
Chloroform 22.47 (34.74%) 12.51 (72.49%)
"""""""""""""""""" Water 2449 (30.96%)  171(3.66%)
5/17/02 2.7917 Methanol ~ 34.88 (44.09%) 32.41 (69.21%)
Chloroform 19.74 (24.96%) 12.71(27.14%)
"""""""""""""""""" Water  412(7.12%)  153(229%)
5/21/02 6.7639 Methanol  34.75 (60.12%) 52.13 (77.85%)
Chloroform 18.94 (32.76%) 13.30 (19.86%)

T application time (5/14/02 3:40 PM) taken asreference

The rate of decline of the pesticide amount on the leaves for fenpropimorph and
guinoxyfenisgiven in Fig. 4.22. About 2 hours after application, on average 83% and 28%
of the calculated dosages were recovered for quinoxyfen and fenpropimorph, respectively.
The low recovery of fenpropimorph may partly be attributed to the comparatively weak
extraction method (shaking for 30 min at room temperature), which was apparently not
aufficient for a complete extraction of fenpropimorph from the crops. In addition,
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metabolization and incorporation into the plant material might have contributed to low
recoveries of fenpropimorph during the experiment (cf. 4.2.1.4), due to the fact that
metabolites were not targeted within this study.
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fen and fenpropimorph after application
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extraction are summarized in 3.3.1.
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Quinoxyfen is known as a surface-mobile fungicide. The high recovery of 83% during the
first 2 days of the study probably is a consequence of a low degree of penetration and
therefore easy extractability. The sharp decrease of the recovery at Day 3 might be caused
by photodegradation on the wheat leaf surface (cf. 4.2.1.5).

4.2.2.3 Determination of Volatilization Fluxes. Micrometeorological M ethods

Pesticide concentrations in the air at three sampling heights and in the upwind samples
were measured for calculation of volatilization rates using micrometeorological methods,
(cf. 3.1.3.4 & 3.1.3.5). Quinoxyfen concentrations detected in the upwind samples were as
high as the concentrations measured in the field and in some cases even higher. These
findings point to quinoxyfen having been applied to the surrounding field plots (Fig. 3.10)
during or immediately before the beginning of the field study, e.g. by farmers tilling their
farmland. Due to this high background concentration, a correlation between measured
concentrations in the air and the volatilization from the field plot treated with a defined
dose of quinoxyfen was impossible.

Table 4.11 Voldtilization fluxes of fenpropimorph determined with aerodynamic (AD) and Bowen ratio (BR)
methods during the first day (5/14/02) after application to winter wheat.

Volatilization flux
Averagetime after

Sampling period application [d] AD method BR method
[bgm®hT (%]t [ugm®hT (%] T

5:55 - 6:55 PM 0.1146 986 2.7 1637 4.4

7:04 -8:09 PM 0.1667 117 0.32 356 0.96

T percentage of initial dosage per hour
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For fenpropimorph, a vertical concentration gradient was established for the first two
sampling series, enabling the calculation of volatilization fluxes using the AD and BR
methods for the first day after application (Table 4.11). This linear relationship between
the pesticide concentrations in air and the logarithm of the sampling heights, resulting from
the naturally logarithmic wind profile, was expected (Smelt et al., 1997). Differences in
concentration between the lowest (1.0 m) and highest sampling height (1.5 m) were used
for the calculation of the volatilization rates by micrometeorological methods (cf. 3.1.3.4).
In agreement with the findings of the wind-tunnel study (cf. 4.2.1.5), the volatilization was
highest immediately after application and decreased on the first day of the study.

The initial volatilization rates ranging between 2.7 and 4.4% of the applied dosage were
higher than the rates determined in the wind-tunnel study (approx. 0.3% within 3 hours
after application; Fig. 4.19A), even though the air temperature measured in both studies
was within the same range (Fig. 4.16 & 4.20). As a reason for the significant differences
between wind-tunnel and field studies, the rainfall occurring immediately after application
is assumed to have contributed to fast volatilization of fenpropimorph from the agueous
phase (cf. 4.2.2.1).

The volatilization rates determined with the AD method were lower than those determined
with the BR method. The differences in volatilization rates as measured with these two
methods probably are related to differences in atmospheric conditions (Van den Berg et d.,
1995). For example, some of the volatilization rates determined by Majewski et a. (1990),
which were highest for the AD method, were determined during periods with fairly high
wind speed, i.e. greater than 4 ms® at a height of 1.0 m. In the study presented here, the
wind speed as measured during the sampling periods at a height of 0.7 m remained below
that value (Fig. 4.21). However, the low number of utilizable sampling series obtained in
this study did not alow for a deeper understanding and evaluation of the differences
between the applied micrometeorological methods and for a detailed discussion on the
effect of environmental conditions on volatilization.

4.2.3 Mode Approach: Volatilization from Plants

The process of calibration and testing of the new model approach using a laminar air-
boundary layer concept (cf. 2.2.2.2) for predicting volatilization from plant surfaces is
summarized as follows:

« A series of wind-tunnel experiments with the fungicide **C-fenpropimorph applied to
different plants (Stork et al., 1998; Ophoff et al., 1999) were used for calibration of the
new model approach. Model predictions were fitted to the experimental findings by
adjusting the thickness of the laminar air boundary layer and the rate coefficients. A
range of values for the coefficients under defined scenarios after application to
different crops was obtained (cf. 4.2.3.1).

» Application of the model to the experimental findings obtained in the wind-tunnel
study on winter wheat allowed for testing and evaluation of the model’s ability to
predict cumulative volatilization of three pesticides, including **C-labeled and non-
labeled compounds, applied simultaneously under identical environmental conditions
(cf. 4.2.3.2).

e Implementation and calibration of the novel approach in PELMO enabled the
simultaneous calculation of volatilization from soil and plants (cf. 4.2.3.2).
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4.2.3.1 Calibration of Rate Coefficients and Boundary-layer Thickness

Data of a series of wind-tunnel experiments after application of fenpropimorph under
defined conditions, as described by Stork et a. (1998) and Ophoff et al. (1999), were used
for calibration of the rate coefficients and the thickness of the air boundary layer
implemented in the boundary-layer model for predicting plant volatilization (cf. 2.2.2.2).
The studies included application of **C-labeled fenpropimorph in EC formulation to dwarf
beans (two studies) and radish plants (two studies), respectively. An additional study used
for calibration was performed after spray-application of non-labeled fenpropimorph on
sugar beets. Measurements of volatilization rates and mineralization rates and
determination of plant and soil residues at the end of the experiments were performed as
described in 3.1.2.

Most of the wind-tunnel experiments after application of “*C-labeled fenpropimorph to
dwarf beans and radish plants revealed volatilization to occur as a two Sage process.
Immediately after application (about 6 to 24 hours) high volatilization rates were mea-
sured, while during the following days volatilization rates decreased, reaching a minimum
a the end of the experiments. This volatilization behavior was simulated with values for
the equivalent thickness of the air boundary layer in the range of 0.7 to 1.0 mm assuming a
well-exposed scenario (cf. 2.2.2.2), as exemplified in Fig. 4.23A for volatilization from
radish plants. The highest values of the boundary layer were found in the sugar beet
experiment in which the wind velocity was comparatively low during the first two days,
indicating that calm periods cause an increase of the stagnant boundary layer.

The rate coefficients for the penetration of fenpropimorph into the plants were estimated to
be 3.9 and 4.6d? (radish), 2.2d* (sugar beets), and 1.3 and 1.6 d* (dwarf beans). The
number of replicates istoo small to derive systematic differences in the penetration into the
plant species.

§. 70 ;—dlepositlonpla;qt surfece(celc.) é 70__ —I~—dlepos'tlon plallqt surflace(callc.)
R 60 —— cumulative vd atilization (calc.) ] 60- cumulative volatilizati on (calc.)
-8 penetrationinto the plants (calc.) -8 ! penetration into the plants (calc.)
50 —— trandormation (calc.) 504 —— trandormation (calc.)
B 3
= —e— cumulative volatilization (measurement) = —e— cumulative volatilization (meemrement)
% 40 *  plant resdues (measuremen) . % 40+ *  plant res dues (measurement)
| J x4
g 3 gy || B D] I
S 204 S 20
Q ] Q ]
g 10- g’ 10-
3] O- . . . . O O- . . . :
g o 1 2 3 4.8 0 1 2 3 4
Time after application [d] Time after application [d]
A B

Figure 4.23 Measured (wind-tunnd study; cf. 4.2.1) and predicted (boundary-layer concept; cf. 2.2.2.2)
cumulative volatilization of *C-fenpropimorph after application to radish plants. A diffusion coefficient in
air of 0.36 m*d* and a vapor pressure of 2.30 mPa at 20 °C were used. A: Plant deposit was assumed to be
well-exposed. The following parameters were calibrated: Koen = 3.9 d™; diam = 1.0 mm; Kot = 3.1d™ B: 20%
of the actua plant deposit were assumed to be poorly-exposed (cf. 2.2.2.2). Rate coefficients of al decrease
processes were set at 20% of the coefficients for the corresponding processes of the well-exposed deposit.
The following parameters were calibrated: Kpe = 4.6 d™; diam = 0.8 mm; Ko et = 4.0 d™
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The rate coefficients for phototransformation of fenpropimorph at reference sunlight
irradiation (sunny conditions) were estimated to be 0.9 d* when the inlet air was filtered
(beans). The coefficients were estimated to be 3.1 and 4.0 d* (radish) and 2.4 d* (sugar
beets) when the inlet air was not filtered. Ophoff et al. (1999) concluded that enhanced
amounts of OH radicals formed from ozone in the non-filtered air contributed to an
increase of indirect phototransformation of fenpropimorph.

On the basis of the systemic activity of fenpropimorph, a fast penetration into the plant
leaves was assumed. Indeed, cumulative penetration was measured to be about 34% of the
dose by the end of the study after application to radish plants (Fig. 4.23A). The high extent
of penetration led to a decrease in deposit remaining on the plant surface, which resulted in
decreasing volatilization rates. However, the computed disappearance of detectable
residues on the leaves within the first day and the subsequent disrupting of volatilization
did not correspond to experimental findings, which revealed dlight volatilization to
continue after the first day until the end of the study.

By replacing the assumption of all deposit on the leaves being well-exposed by a poorly-
exposed scenario, a more realistic reflection of the course of volatilization at the later
stages of the study was obtained (Fig. 4.23B). In order to approximate the measured
results, the rate coefficients for penetration and phototransformation had to be increased to
4.6 and 4.0 d, respectively, while the boundary-layer thickness was decreased to 0.8 mm.
Rate coefficients for the poorly-exposed deposit were set a 20% of the corresponding
values for the well-exposed deposit, leading to a dower disappearance of the plant deposit,
accompanied by continued volatilization until the end of the simulated period. Even though
this modification generally improved the correspondence between observed and simulated
time course of the volatilization of fenpropimorph by the end of the study, the under-
estimation during the first hours increased. Thus, reducing the deposit being available for
volatilization by introducing a poorly-exposed fraction causes a decrease of the
volatilization rates at the beginning. The lower initial volatilization is compensated by
higher rates at the end, finally leading to similar cumulative volatilization under well-
exposed and poorly-exposed conditions over the experimental period.

The measurement of pesticide residues at the end of the study enabled the calibration of the
fina penetration computed for **C-labeled fenpropimorph. However, due to the lack of
measurements on the time course of penetration, the course of the curve is uncertain.
Generally, the problem of uncertainty also refers to the course of phototransformeation.
Thus, as part of the advanced calibration of the model approach a detailed experimental
program is required to determine the kinetics of penetration and phototransformation. In
addition, further testing of the model should include comparison with experimental
scenarios in which combinations of pesticides are applied simultaneously to a crop to
provide comparable environmental conditions (cf. 4.2.3.2). Application of the model to
field situations requires independent estimations for the processes missed when using non-
labeled compounds.

4.2.3.2 Advanced Testing: Wind-tunnel Study on Winter Wheat

Application of the new model approach to the experimental scenario after simultaneous
application of *C-parathion-methyl, fenpropimorph, and quinoxyfen to winter wheat
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(cf. 4.2.1) dlows for an evaluation of the model’s ability to reflect the behavior of different
pesticides under identical environmental conditions.

Adjusting the boundary-layer thickness and the rate coefficients for penetration and
phototransformation to the experimental findings, as shown in Fig. 4.24 under well-
exposed conditions, revealed a reasonable agreement between experimental findings and
predictions for parathion-methyl. However, the user is still left with the responsibility to
choose an appropriate set of parameters to reflect the time course of the study. For
instance, in Fig. 4.24A the initial volatilization rates during the first hours of the
experiment were significantly underestimated by the model approach. Varying the
parameters, especially decreasing the boundary-layer thickness from 0.5 to 0.3 mm, led to
an enhanced volatilization and consequently resulted in a better agreement at the initial
stage of the study (Fig. 4.24B), but over the further time course volatilization was
overestimated. The simultaneously occurring fast decrease of the remaining deposit on the
leaf surface counteracts the higher volatilization tendency under the conditions applied in
Fig. 4.24B, consequently leading to approximately the same cumulative volatilization at
the end of the study as observed under the conditions illustrated in Fig. 4.24A. The
predicted disappearance of detectable residues on the leaves after 3.6 days (Fig. 4.24A)
and 2.3 days (Fig. 4.24B), respectively, and the subsequent disrupting of volatilization is
contrary to experimental findings, which revealed slight volatilization rates by the end of
the study. In addition, measurements of the rinsability of the pesticides after finishing the
experiment by using pesticides of increasing polarity revealed that about 1.2% of the net
applied parathion-methyl were rinsable with water (cf. 4.2.1.4; Fig. 4.18), indicating that
the prediction of a complete disappearance of parathion-methyl during the first two days of
the study requires revision.
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Figure 4.24 Measured (wind-tunnel study; cf. 4.2.1) and predicted cumulative volatilization of *C-
parathion-methyl after application to winter wheat. Plant deposit was assumed to be well-exposed
(cf. 2.22.2). A Koen = 0.5 digm = 0.5 mm; Konrer = 1.2 A B: Kpen = 0.7 d™; Giam = 0.3 mm; K s = 1.8 d™
For both scenarios, a diffusion coefficient in air of 0.5m?d™ and vapor pressure of 1.3 mPa at 20 °C were
used.

Replacing the well-exposed scenario by a poorly-exposed scenario as described in 4.2.3.1
led to amore redlistic reflection of the time course of the disappearance of the plant deposit
at the later stage of the study (Fig. 4.25).
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Figure4.25 Measured (wind-tunnel study; cf. 4.2.1) and predicted cumulative volatilization of *C-
parathion-methyl after application to winter wheat. 20% of the actual plant deposit were assumed to be
poorly-exposed (cf. 2.2.2.2). Rate coefficients of all decrease processes were set at 20% of the coefficients
for the corresponding processes of the well-exposed deposit. A: Kpen = 0.5 d¥ dign=0.5mm; Konres = 1.2 dat
B: Kpen = 0.7 d™; diam = 0.3 mm; Ky s = 1.8 d™. For both scenarios, a diffusion coefficient in air of 0.5 m? d*
and avapor pressure of 1.3 mPaat 20 °C were used.

Even though this modification generally improved the agreement of observed and
simulated volatilization of parathion-methyl at the end of the study, the underestimation of
volatilization during the first day increased. Reducing the deposit being available for
volatilization by introducing a class of plant deposits being poorly-exposed causes a
decrease in volatilization rates at the beginning. Obviously, the lower volatilization at the
beginning is compensated by higher rates at the end, finally leading to comparable
cumulative volatilization under well-exposed and poorly-exposed conditions over the totad
experimental period.

As mentioned above, the determination of pesticide residues at the end of the study
enabled a calibration of the penetration curves for **C-labeled parathion-methyl, even
though the time course of penetration is afflicted with uncertainty (cf. 4.2.1.4).

The use of activated charcoa filters during the wind-tunnel study on winter wheat reduced
the amount of OH radicals and ozone in the inlet air (cf. 4.2.3.1), thus limiting the expected
degree of cumulative photodegradation (approx. 11% of the net applied dose) to occur.
However, experimental data on the kinetics of phototransformation will be of prime
importance for future improvements of the model approach.

For fenpropimorph, two simulations were performed, reflecting the well-exposed scenario
(Fig. 4.26A) and the poorly-exposed scenario (Fig. 4.26B). The lack of complete
radioactivity and mass balances after application of non-labeled fenpropimorph
(cf. 4.2.1.2) complicated the calibration of rate coefficients for penetration and
phototransformation. In comparison with the calibration studies using **C-labeled
fenpropimorph, a much higher penetration of fenpropimorph was predicted, that is, about
60% of the net applied dose were expected to penetrate over the course of the study. As
mentioned above (cf. 4.2.3.1), experimental findings revealed that both penetration and
metabolization might have contributed to the low volatilization of fenpropimorph
measured in the wind-tunnel study. Due to penetration counteracting the volatilization
process, volatilization rates of non-labeled fenpropimorph (about 6%) were significantly
lower than the volatilization rates determined previoudy (Ophoff et al., 1999; Fig. 4.23).
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Figure 4.26 Measured (wind-tunnd study; cf. 4.2.1) and predicted cumulative volatilization of fenpropi-
morph after application to winter wheat. A: Well-exposed scenario. B: Poorly-exposed scenario (20% of the
actua plant deposit were assumed to be poorly-exposed (cf. 2.2.2.2). Rate coefficients of all decrease
processes were set at 20% of the coefficients for the corresponding processes of the well-exposed deposit).
For both scenarios, a diffusion coefficient in air of 0.5 m? d” and a vapor pressure of 2.3 mPa at 20 °C were
used and the Eol lowing values for the parameters to be calibrated were obtained: Kye, = 2.0 dt; dn=20mm;
kph'ref =05d™.

Percentage of net applied dose [%0]
8

Percentage of net applied dose [%0]
s

Aside from the fact that the studies were performed at differing environmental conditions,
the differences in penetration might be attributed to different properties of the chosen
pesticide formulations. The studies with **C-labeled fenpropimorph were performed using
the commercial product CORBEL (emulsified concentrate; Ophoff et al., 1999), whereas
the combination product FORTRESS TOP (suspension concentrate, Table 3.3), containing
fenpropimorph and quinoxyfen, was applied to winter wheat. The impact of formulation
additives on volatilization is a well-known effect, but a comprehensive investigation to
guantitate the effect of the commercially available formulations on pesticide emission is
still missing. Particularly, little is known on the effect of the formulation type on the waxy
layer, which may be partially destroyed when using a specific formulation (Van den Berg
et a., 1999).

Both, the well-exposed (Fig. 4.26A) and the poorly-exposed (Fig. 4.26B) scenario revealed
a dight overestimation of volatilization of fenpropimorph, even though the counteracting
penetration was assumed to be the dominant process over the course of the study. The
calibrated boundary layer thickness (diam = 2 mm) and the predicted volatilization (about
6% of the net applied dose) in comparison to the corresponding values of Ophoff’s study
(diam =1 mm; cumulative volatilization of about 50% AR; Fig. 4.23) pointed to this
parameter exerting a disproportionate influence. Taking into consideration that the rate
coefficient for penetration was lower after application to winter wheat (Kpen = 2.0 d?) than
in Ophoff’s study (Kpen = 3.1 d™), while the penetration on winter wheat was predicted to
be much higher, indicated the boundary layer thickness to be the most crucial parameter
affecting the predicted pesticide distribution.

Calculation of volatilization, penetration and transformation of quinoxyfen applied as non-
labeled compound in the wind-tunnel study to winter wheat, was performed under a well-
exposed and a poorly-exposed scenario (Fig. 4.27).

In comparison to fenpropimorph, a lower penetration over the course of the study (about
38% of the net applied dose) was predicted for quinoxyfen, which isin full agreement with
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the classification of quinoxyfen as a surface-mobile fungicide (cf. 3.4.5). As quinoxyfen is
known to be photodegraded on the wheat leaf surface (cf. 4.2.1.4), its comparatively high
predicted transformation of approx. 14% of the applied dose appears realistic. In both
scenarios, measured volatilization rates were overestimated by the model approach, but the
calculated cumulative volatilization at the end of the simulated period showed reasonably
good agreement with experimental findings. This agreement is caused by the low
volatilization rates calculated for the final period of the experiment, which is attributed to
the disappearance of plant deposit after Day 3 (well-exposed scenario; Fig. 4.27A) and
Day 8 (poorly-exposed scenario; Fig. 4.27B), respectively.
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Figure 4.27 Measured (wind-tunnd study; cf. 4.2.1) and predicted cumulative volatilization of quinoxyfen
after application to winter wheat. A: well-exposed scenario. B: poorly-exposed scenario (20% of the actual
plant deposit were assumed to be poorly-exposed (cf. 2.2.2.2). Rate coefficients of all decrease processes
were set at 20% of the coefficients for the corresponding processes of the well-exposed deposit). For both
scenarios, a diffusion coefficient in air of 0.5 m? d* and a vapor pressure of 0.3 mPa at 20 °C were used and
the foIIowin% values for the parameters to be calibrated were obtained: Kpe = 0.5 dt dian=0.4mm;
kph'ref =1.0d™

w

Even though the adjustment of the parameters to experimental findings allows for a good
agreement between predicted and measured volatilization rates for the applied pesticides,
the applicability of the new model approach is limited by a lack of experimental data on
rate coefficients for penetration, photodegradation and wash-off. Furthermore, the
boundary-layer thickness was shown to be a crucial parameter affecting calculated
volatilization rates. Due to the simultaneous application of parathion-methyl,
fenpropimorph, and quinoxyfen the boundary-layer thickness was expected to be equal for
the applied compounds. Therefore, the calibrated values of the boundary-layer thickness
covering a broad range of values for the applied compounds between 0.2 mm (quinoxyfen)
and 2.0 mm (fenpropimorph) illustrate this parameter to be afflicted with a high degree of
uncertainty.

Vapor pressure is a critically important pesticide property in emission models because
vapor pressure is the primary driving force for moving pesticides from a consolidated state
to the vapor. Dueto the vapor concentration of pesticides in the air at the plant-air interface
being strongly affected by the vapor pressure (cf. 2.2.2.2; eqg. 15), a sensitivity analysis on
the influence of varying vapor pressure on model predictions was performed. Vapor
pressure of parathion-methyl and fenpropimorph were varied in the range of the values
given in the literature. For parathion-methyl, Spencer et al. (1979) obtained a vapor
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pressure of 2.3 mPa at 25 °C, corresponding to 1.2 mPa at 20 °C. A comparable value
(1.3 mPaat 20 °C) was given by Kidd & James (1991). Predictions for both values were in
good agreement with experimental findings (Fig. 4.28A), as indicated by cumulative
volatilization of 32.8% and 34.1% for a vapor pressure of 1.2 mPa and 1.3 mPa,
respectively. Using a vapor pressure of 0.2 mPa, as given by Tomlin (2000), led to astrong
deviation from the measurements (Fig. 4.28A), indicating that the selection of reliable
values for vapor pressure is of particular importance.
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Figure 4.28 Influence of varying vapor pressure on predicted cumulative volatilization of pesticides after
application to winter wheat. A: Parathion-methyl (Kpen = 0.7 d™; diam = 0.3 mm; Kon et = 1.8 d™). B: Quinoxy-
fen (Kpen = 0.5d"; diam = 0.4 mm; Ky e = 1.0 d™). For both compounds, plant deposit was assumed to be
well-exposed (cf. 2.2.2.2).

For quinoxyfen, this problem was even enhanced by major differences in vapor pressure.
The vapor pressure of 0.012 mPa at 20 °C reported by Tomlin (2000) deviates markedly
from the calculated value (0.3 mPa at 20 °C) given by Grain (1982). The corresponding
cumulative volatilization ranged between 0.8% (0.012 mPa) and 15.7% (0.3 mPa). The
comparison with experimental findings (Fig. 4.28B) suggested the latter value to be closer
to the actual vapor pressure. However, with regard to the predictive use of the model
approach the broad range of literature values increases the uncertainty of calculations.
Therefore, it becomes important to select the “best” vapor pressure values from the
literature or to estimate them in a consistent and reliable manner (Woodrow et al., 2001).
As an advanced model, a volatilization approach based on atmospheric transport
resistances is currently under construction (Leistra, personal communication, 2003). In
accordance with the module to be implemented for the estimation of volatilization from
soil (cf. 4.1.3.3), the concept of a stagnant boundary layer will be replaced by the
description of aerodynamic resistances and boundary-layer resistances (Van den Berg et
al., 2003). For field conditions, this approach should describe the effects of soil surface
conditions, nature of the vegetation and meteorological conditions in a more mechanistic
way. The transport resistance approach is expected to be applied in a future version of the
PEARL model, thus enabling a better reflection of field conditions.
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4.2.3.3 Implementation of the Boundary-layer Concept in PELMO

The implementation of the boundary-layer concept in PELMO enables the simultaneous
estimation of volatilization of pesticides from plant and soil surfaces. Application of the
improved PELMO version to the environmental scenario of the wind-tunnel study after
application of fenpropimorph to winter wheat (cf. 4.2.3.2) allows for the prediction of the
relevant plant and soil processes summarized in Fig. 4.29.

Plant processes, including volatilization from crops, penetration into the leaves and
photodegradation, were computed by adjustment of the boundary-layer thickness and the
rate coefficients used for the well-exposed scenario given in Fig. 4.26A. For the
calculation of the soil processes including volatilization, degradation and root-uptake, the
advanced volatilization module included in PELMO (cf. 2.1.2.3.2) was applied to the soil
deposit. The scenario for the PELMO simulation included default values for the top soil
layer thickness of 1 mm and for the fraction of the applied dose intercepted by the crops of
69.4%.

Computations of the plant processes were in agreement with the predictions given in
Fig. 4.23B, illustrated by a cumulative volatilization from the plants of approximately
3.5% of the net applied dose. The predicted cumulative volatilization from soil was about
2.6% of the net applied dose, corresponding to 8.5% of the estimated soil deposit.
Calculations indicated that degradation in soil (= 0.9%) and root-uptake (< 0.1%) were
negligible. In agreement with the PELMO predictions for volatilization from bare soil
(cf. 4.1.3.2), an increase in s0il volatilization was calculated after irrigation was given on
Day 7 and 8. In addition, a slight wash-off of the remaining plant deposit (= 0.2%) was
calculated after Day 7. The experimental set-up used in the wind-tunnel study did not
allow to distinguish between volatilization arising from soil and plant deposts. A
comparison with the wind-tunnel study after application of *C-fenpropimorph to gleyic
cambisol (cf. 4.1.2.2) revealed the predicted volatilization of fenpropimorph from soil
lying in the range of experimental findings. This was exemplified by a cumulative
volatilization of 6.4% of the applied radioactivity measured during 13 days after
application (Table 4.5).

S
S

aanl 0 s
-
.

Figure4.29 PELMO calculation for
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At this early stage of model development, both, the soil volatilization module and the
boundary-layer concept for computation of plant volatilization implemented in PELMO
need further testing. Further research should reveal the contribution of volatilization from
soil after application to the soil-crop system, especially under field conditions providing a
soil coverage > 80%. For a final evaluation of the relevance of soil volatilization after
pesticide application to plants, calibration of the PELMO predictions under field conditions
including various plants and soil typesis required.

4.3 Phase Partitioning Studies

The equilibrium distribution of a pesticide between the different phases of the soil and the
soil air, can be characterized by the use of partitioning coefficients, which are affected by
environmental variables such as temperature and soil moisture. As follows, studies for the
determination of phase partitioning are summarized, including the congtruction and
application of a novel chamber system for measurement of soil-air partitioning (cf. 4.3.1)
and soil-water partitioning studies in accordance with the OECD Guideline (cf. 4.3.2).

4.3.1 Soil-Air Partitioning: Development of a Novel Chamber

Measurements of soil-air exchange carried out to date utilized flow through systems
(Hippelein & McLachlan, 1998; Cousins et al., 1998; Ayris & Harrad, 1999; Morrissey &
Grismer, 1999). One of the major limitations in using flow-through chambers is that it
remains unclear whether such systems actually allow for compounds having very high soil-
air-partitioning coefficients to come into equilibrium with the air. Even at slower air flow
rates, the contact time between air and soil may be insufficient to allow for equilibration.

A main advantage of the pseudo-static system (cf. 3.2.1.1) for measuring soil-air
partitioning is that sufficient time can be factored into the experiment to ensure the system
achieving equilibrium. To optimize the air-soil exchange, so asto reach as fast as possible
an equilibrium, the soil was spread in a layer of approx. 5 mm on the metal tray occupying
the length of the chamber.

4.3.1.1 Validation and Preliminary Studies

The development of a cleanup method (cf. 3.2.1.3) for the spiked soil samples used in the
partitioning chamber was deemed necessary to allow for the determination of the soil
concentrations to be used in the soil-air partitioning calculations. Recoveries of the cleanup
procedure were calculated by subtracting the blank levels from the levels found in the
spiked samples, as shown in Table 4.12 for orthic luvisol (cf. 3.5.2) spiked with various
pesticides.

Recoveries covered an acceptable range of values between 85% (terbuthylazine) and 112%
(fenpropimorph). In addition, the homogeneity of the soil concentrations was documented
by low standard deviations between 4 and 8%.

The soil-air partitioning coefficient pertains to the gaseous concentration in the air.
Possibly, ultra fine particles could have been suspended from the soil surface during the
running of the experiment. Thus, inclusion of a particle fraction in the air concentration
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measurements would lead to incorrect esimations of the soil-air partitioning coefficient,
and in particular to its relationship with environmental variables like temperature or
relative humidity. Although soil resuspension should not have been an issue, given the
very low mixing of the air in the chamber (cf. 3.2.1.2), this artifact was tested for by
employing a glass fiber filter prior to the gaseous adsorbent. This potential artifact was
discounted as it was found to be negligible.

Table 4.12 Soil-air partitioning chamber: Pesticide recoveriesfor orthic luvisol.

Pesticide Spiked amount [ug] Recovery [%] RSD
Chlorpyrifos 10 105 6
Fenpropimorph 2 112 8
Parathion-methyl 10 85 5
Terbuthylazine 10 85 4

T RSD: relative standard deviation of three replicates

Preliminary studies and calculations allowed for an estimation of the flow rate and the
running time required for sampling sufficient amounts of pesticide to exceed analytical
detection limits. The running time was expected to have consequences for the feasibility of
the chamber to perform the required measurements, the significance of potential artifacts
and the logistics of the study as a whole. Referring to the application of fenpropimorph, a
running time of 5 hours and a flow rate of approximately 0.2 L min™* was shown to ensure
reliable detection.

The volumes of soil used in the chamber studies ought to contain a sufficient mass of
compounds to avoid depletion during the running of the experiment. Another confounding
factor to consider is the nature of the compound reservoir in the soil involved in the
equilibration process. There exists evidence from a number of studies of a rapidly
desorbing fraction of pesticide in soil, and a more inaccessible slow desorbing fraction
(e.g. Cornelissen et al., 1997). For the purpose of this exercise, a conservative estimate of
the fast responding surface compartment was preferable. This was set a 10% of the total
mass of contaminant in the soil. For fenpropimorph, a soil concentration of 2 pg kg™
applied in the chamber was shown to avoid depletion.

The fundamental assumption in measuring the soil-air partitioning coefficient is that the
system attained equilibrium. The big advantage of the used pseudo-static system
(cf. 3.2.1.1) is that the small air flow (0.2 L min™) maximized the contact time between air
and soil. Conditions close to equilibrium could be verified by sequential measurements of
the air concentrations. As the air and soil approached equilibrium the air concentrations
reached a plateau. Equilibrium conditions were attained more rapidly by stirring the air in
the chamber using a glass axis provided with propellers (Annex 2C) to reduce any
boundary layer above the soil surface. Thisresults in a large surface area/ volume ratio of
soil available for exchange with the air.
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4.3.1.2 Temperature Dependence of Soil-Air Partitioning of Fenpropimorph

Studies on the soil-air partitioning of fenpropimorph were performed at ambient
temperatures of 10 and 40 °C (cf. 3.2.1.3). The fraction in the gas phase was calculated as
the ratio of the pesticide amount in the gaseous phase of the chamber to the amount
remaining on the soil (Table 4.13). An increase of approximately 20% of the fraction in
the gas phase was determined when temperature was increased from 10 to 40 °C, thus
indicating that rises in temperature are accompanied by an increasing tendency towards
volatilization (cf. 2.1.1).

Table 4.13 Soil-air partitioning chamber: Fraction of fenpropimorph in the gas phase.

Measured fraction in the Calculated fraction in the

Temperature[°C
perature|°C] ges phase ] ges phase [] 1
10 2.045410° 2.5180M10°
(1.2% of measured fraction)
40 2.4826[10° 3.623510°

(14.6% of measured fraction)

T according to Smit et al. (1997)

Measurements were compared to the calculated fraction in the gas phase using the
estimation method by Smit et al. (1997). The formulation of the post-application pesticide
distribution over the gas, liquid and solid phases (cf. 2.1.2.1.1) resulted in a calculated
pesticide fraction in the gas phase of 2.5180010" at 10 °C, thus underestimating the
measured value by 2orders of magnitude. Deviations between measurements and
calculations might be attributed to the underlying assumptions for the calculations, e.g.
linear adsorption isotherms, which are supposed to be idealized. Mode predictions on the
basis of calculated values would lead to an underprediction of volatilization. Consequently,
the introduction of experimentally determined soil-air partitioning data instead of
calculated values will contribute to a clear improvement of model approaches.

The increase of the calculated pesticide amount in the gas phase due to the rise in
temperature was higher than the corresponding increase of the measured values
(Table 4.13), even though wash bottles were used for achieving water-saturated air and to
prevent soil drying (Fig. 3.12). These findings suggest a slight drying of the soil due to the
temperature increase leading to enhanced sorption. Due to the enhanced pesticide sorption,
the increase of pedticide transfer in the gaseous phase was apparently lower than the
increase predicted by the idealized model approach. However, further studies using various
pesticides under a broad range of environmental conditions are required to substantiate
knowledge on the temperature dependence of soil-air partitioning. In addition, detailed
investigations to elucidate the soil moisture effect on soil-air partitioning ought to be
performed.

Regarding the behavior of pesticides in the soil, a number of important questions remain
unresolved. It is not clear whether the total amount measured in the soil using conventional
analytical techniques is in fact available for exchange with the atmosphere. The fraction
that is available for soil-air partitioning may decrease over time as the pesticide becomes
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more tightly bound to the soil matrix. The question arises whether this association is
reversible or not, e.g. when the organic matter component of the soil which acts as the
main sorbing compartment undergoes degradation. A detailed understanding will form an
important part of the risk assessment process for such chemicals.

4.3.2 Temperature Dependence of Soil-Water Partitioning

Attempts to analyze the pesticide sorption in soil as a combination of interactions with
separated soil constituents have had only limited success (Wauchope et a., 2002).
Approaches to determine exactly (within a few per cent) the degree of sorption of a
pesticide in a specific soil under specific temperature conditions, are still empirical. The
batch experiment used within this thesis to determine the temperature dependence of soil-
water partitioning has become the standard method of sorption testing required by
regulatory agencies as part of the risk assessment of toxic chemicals. Efforts to harmonize
the details of the procedure between European, Canadian and US regulators are currently
under way.

For both pesticides studied (parathion-methyl, terbuthylazine), preliminary experiments
were performed to confirm a radioactivity and mass balance. Measurements of
radioactivity in solution and in soil samples (cf. 3.3.2) resulted in constant **C-recoveries
exceeding 90%. Due to the almost complete mass balance, the following studies on
temperature dependence of parathion-methyl and terbuthylazine were done without
subsequent soil analysis.

4.3.2.1 Adsorption Isotherms of Parathion-methyl

Studies on the adsorption of **C-labeled parathion-methyl on gleyic cambisol and orthic
luvisol at temperatures ranging from 7 to 30 °C revealed that in all cases the adsorption
isotherms could be described by Freundlich equations (Fig. 4.30), illustrated by
coefficients of determination R? = 0.999 (Table 4.14). Dueto the comparatively high water
solubility of parathion-methyl (60 mg L™), concentrations ranging from 0.1 to 12 mg L™
were chosen to ensure complete solubility within the experimental temperature range. The
observed deviation from linearity was a gradual decrease in soil water partitioning with
increasing apparent pesticide equilibrium concentration, resulting in a non-linear isotherm
with a negative curvature. This deviation was characterized by 1/n lying between 0.71 and
1.02, thus representing the most commonly observed range of 1/n values for pesticides
(Wauchope et al., 2002). In general, non-linearity is observed, especially with pesticides
which are not extremely hydrophobic and therefore not limited by solubility to extremely
low concentrations (Chiou et al., 1983). Thus, the water solubility of parathion-methyl and
the applied concentrations within the studies obviously permitted non-linear deviations.

The most important consequence of isothermic non-linearity of the Freundlich type with
1/n < 1isthat mobilities for compounds at very high concentrations will be underestimated
by Kp or Koc values measured at lower concentrations, and vice versa. This effect may be
amplified under field conditions where several solutes are present at higher concentrations.
It is a common agricultural practice to apply several pesticides simultaneously. Thus,
immediately after spray application and subsequent soil-drying of the uppermost
millimeters (cf. 4.1.1.3), a highly concentrated solution of different pesticides and
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formulation additives is located on the soil top layer, which finally may lead to an increase
of the above mentioned effect of underestimation of mobility.

Table 4.14 Freundlich coefficients (Kg, n) and coefficients of determination (R?) for adsorption isotherms of
parathion-methyl on gleyic cambisol and orthic luvisol at different temperatures.

GLEYIC CAMBISOL ORTHIC LUVISOL
TP g E‘Fl mivp N R [ug™™" E‘Fl mip 0 R
7°C 10.2 0.84 0.999 10.6 0.71 0.999
10°C 9.3 1.02 0.999 5.2 0.85 0.999
21°C 7.8 0.97 0.999 4.4 0.79 0.999
30°C 5.5 0.98 0.999 3.3 0.71 0.999

With regard to volatilization and its description in models, the use of overestimated soil
sorption partition coefficients will generally result in underestimated volatilization rates,
regardless whether a simple screening approach or a more sophisticated model is used. In
addition, the assumption of linear adsorption isotherms in the models in use at present
requires the pesticide concentrations to be regarded as of little environmental relevance,
e.g. mostly below the maximum solubility of the pesticide in water. Considering the above
mentioned high concentrations at the soil surface, this assumption obviously ought to be
revised to take into account non-linear sorption. Some researchers have also highlighted
the fact that equilibrium sorption may not be attained under field conditions due to rapid
transport (Stangroom et al., 2000). Thus, both equilibrium and non-equilibrium sorption
need to be studied to improve the accuracy of predicted partitioning behavior.
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Figure4.30 Adsorption isotherms of parathion-methyl measured at different temperatures. A: Gleyic
cambisol (cf. 3.5.1). B: Orthic luvisol (cf. 3.5.2) Each measurement point is the mean vaue of three
replicates. Calculations were performed according to the Freundlich equation (cf. 3.2.2.2). Cg: equilibrium
concentration remaining in solution [ug mL™]. Cs: concentration bound to the soil [ug ™.
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A clear correlation between the sorption behavior of parathion-methyl and the ambient
temperature was detected in both soils. Temperature raising from 7 to 30 °C decreased K¢
values by a factor of approx. 2 and 3 for gleyic cambisol and orthic luvisol, respectively
(Table 4.14).

Decreasing sorption coefficients of parathion-methyl can be attributed to the well-known
effect of temperature raising on water solubility. Increasing temperature results in rising
water solubility and consequently shifts the equilibrium distribution towards the solute
amount. Koskinen & Cheng (1983) have done the most thorough investigation of the
effects of experimental variables on slurry experiments, their studies revealed that a
temperature change from 5 to 35 °C changed Kp by about 25%. Soil water partitioning
coefficients of pesticides can change significantly within the environmental range of
temperatures, and the sensitivity is dependent on the solute (Brucher & Bergstrom, 1997).
Beyond that, the studies on the sorption of parathion-methyl clearly illustrate an influence
of the soil type on Kr and an influence on the magnitude of the temperature effect.
Obvioudly, the temptation to regard Koc calculated from Freundlich coefficients as a
universal constant, which applies to a given pesticide in all soils, is inexact. In spite of
much accumulated evidence that Koc is variable, the assumption of Koc being a “universal
parameter” is fill used in pesticide fate simulation models and ought to be revised. Details
on the much more complex interaction between soil organic matter and pesticides are
beyond the scope of this thesis and can be taken from areview by Wauchope et al. (2002).

4.3.2.2 Adsorption Isotherms of Terbuthylazine

In al studies on the sorption of terbuthylazine (Table 4.15), the isotherms obtained
followed the Freundlich equation with a good approximation (R?> 0.97). The slopes
(Un<1) of the isotherms indicated that as the initial concentrations of terbuthylazine
increased, the percentage adsorbed by the soil decreased. This might be explained by an
increasingly difficult access to the adsorption sites when pesticide concentrations rose. For
both gleyic cambisol and orthic luvisol studied at 30 °C, the fits were poorer when the
initial concentration increased because of the fact that the Freundlich calculation
overestimated the concentration bound to soil at equilibrium. The constant (1/n), which is
supposed to express this saturation, was not sufficiently lower than 1 (0.89 and 0.77 for
gleyic cambisol and orthic luvisol, respectively) to describe correctly the adsorption of the
highest initial terbuthylazine concentration in solution (Fig. 4.31).

Table 4.15 Freundlich coefficients (Kg, n) and coefficients of determination (R?) for adsorption isotherms of
terbuthylazine on gleyic cambisol and orthic luvisol at different temperatures.

GLEYIC CAMBISOL

ORTHIC LUVISOL

TP g E‘Fl my 0 i [ug™" E‘Fl mo W i

10°C 29 092 099 15 0.86 0.999
20°C 3.0 094  099% 17 0.89 0.990
30°C 19 089 0970 0.9 0.77 0.970
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Although the Freundlich-type equation is empirical and not based on physicochemical
mechanisms, it is often considered to be the most suitable model for the description of
adsorption isotherms. However, the 1/n value failled to describe the terbuthylazine
adsorption at 30 °C.
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Figure 4.31 Adsorption isotherms of terbuthylazine measured at different temperatures. A: Gleyic cambisol
(cf. 3.5.1). B: Orthic luvisol (cf. 3.5.2) Each measurement point is the mean value of three replicates.
Calculations were performed according to the Freundlich equation (cf. 3.2.2.2). Cg: equilibrium con-
centration remaining in solution [ug mL™]. Cs: concentration bound to the soil [ug ™.

Absolute values of Kg were found to be in agreement with the range of values as observed
in previous studies (e.g. Dousset et a., 1994). Though, sorption behavior did not correlate
as definitely with temperature as illustrated in the experiments on parathion-methyl
(Fig. 4.30), especially the studies performed at 10 and 20 °C did not reflect the decrease of
partitioning coefficients. Sorption processes are generally exothermic, thus soil water
partitioning coefficients were expected to decrease with increasing temperature. This effect
is inversely related to water solubility which, on the contrary, increases with temperature
for most organic compounds. Therefore, decrease of sorption coefficients with temperature
as observed in most studies is a result of the contribution of sorption effect and solubility
effect (Delle Site, 2001). The dlight aberrations determined in the experiments may be
attributed to the general variability of sorption coefficients. Even single, well-mixed soil
samples might have great confidence limits of sorption coefficients (Wauchope et al.,
2002). Due to K¢ being a primary parameter in models designed for risk assessment, these
variations might significantly influence the predicted environmental concentrations.
Currently, studies to achieve empirical data on the temperature dependence of sorption, as
performed within this study, are the only way to take into consideration this effect as
closely as possible.
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5 CONCLUSIONSAND SUGGESTIONS FOR FURTHER WORK

Volatilization experiments in a photovolatility chamber were performed to apply field-like
but well-defined environmental conditions. Essential preconditions for process studies on
the influence of varying environmental conditions on volatilization were met: First, the
flow profile in the glass dome of the photovolatility chamber illustrates that the wind
velocity in the chamber can be adjusted to fulfill the requirements of guidelines on
volatilization studies for registration purposes. Second, the use of polyurethane foam plugs
for adsorption of pesticides and metabolites was proved to be suitable for increased flow
rates within volatilization studies. Third, defined water content in the top layer of the soil
and prevention of drying-out during volatilization studies was shown to be achievable by
water saturation of the air.

Experimental studies after soil surface application of **C-parathion-methyl under dry and
moist conditions revealed enhanced volatilization rates after increasing the water content
of the top soil layer. These findings were the first photovolatility chamber studies to
confirm quantitatively the influence of drying and remoistening on volatilization from
surface soils, as was requested by Taylor & Spencer (1990). The established functionality
of the chamber and thorough controlling of environmental conditions within experiments
will permit detailed characterization of volatilization processes.

In addition to these process studies on soil volatilization, the set-up of the chamber enables
the extension of detailed studiesto volatilization from plants. Special attention will have to
be given to photodegradation occurring on the leaf surfaces. Studies on photodegradation,
including pesticide application to various plants and soil types under defined conditions
will enable a characterization of the processes at the leaf-atmosphere interface.

The wind-tunnel study after soil surface application to gleyic cambisol revedled a
comprehensive picture concerning the fate of the applied pesticides, illustrated by **C-
recoveries ranging from 94.4 to 103.9%. The observed order of cumulative volatilization
of 1C-labeled compounds (parathion-methyl > terbuthylazine > fenpropimorph) deviated
markedly from previous studies on orthic luvisol. These findings documented that
comparisons of volatilization studies are to be handled with care due to the strong
influence of micro-climatic conditions and soil conditions.

To overcome limitations of measurements and to enable full comparability of atmospheric
emission of low-volatile compounds, chemical movement and distribution in the soil
should be simultaneously monitored with volatilization. Future experimentation should
combine the study of pesticide movement in gas and liquid phases of the soil profile with
real-time concentration measurement in air. A promising approach would be to modify a
dynamic sequential volatilization flux chamber attached to the top of a two-dimensional
rectangular soil column for investigating volatile organic compounds (VOC) movement, as
constructed by Allaire et al. (2002), for studies on pesticides. At present, an automated
experimental set-up which overcomes the detection limits of low-volatile compounds, e.g.
pesticides, is not available. The measurement of pesticide volatilization at high temporal
resolution would facilitate an easier validation of model computations to be performed on
an hourly basis (cf.2.1.2.3.2), especially with respect to the processes affecting
volatilization during the first hours after application.

Extension of experiments as described above should moreover improve the knowledge on
phototransformation on leaf and soil surfaces. Therefore, an up-scaling of the above-
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mentioned photovolatility chamber studies by installing an additional ozone analyzer for
monitoring ozone concentrations inside the wind tunnel is of prime importance.

Application of the previous versions of the PEC models PEARL and PELMO to the wind-
tunnel results revealed that both models did not allow for an adequate prediction of soil
volatilization rates. Significant differences between measurements and predictions were
determined at the initial stage of the experiment. These results illustrate a general
limitation of available models that were not able to handle the non-equilibrium state
regarding phase partitioning in a concentrated pesticide mixture at the top layer. Moreover,
adsorption and its dependence on soil moisture was not reflected by PEARL and PELMO.
Consequently, the models did not describe the soil moisture dependence of film
volatilization. The thickness of the upper computation layer in soil was found to influence
the predicted volatilization rates significantly. Thus, a reliable estimation of the
compartment layer thickness is an essential precondition for the prediction of pesticide
volatilization, especially after soil surface application.

The implementation of soil-moisture dependent soil-water partitioning coefficients and
temperature-dependent Henry’s law constants in an improved PELMO version resulted in
a much better agreement between computations and measurements, especially at the initial
stages of the studies. In accordance with experimental findings, enhanced volatilization
fluxes were predicted for increasing water content. Starting from the findings of this work,
further refinements are required, e.g. the increase of sorption coefficients by a factor of 100
below water content corresponding to that at the wilting point is to be replaced by an
experimentally-determined correction factor. For this purpose, measurements of the soil-air
partitioning under various water conditions using the phase partitioning chamber are to be
performed.

Based on the results of this thesis, an advanced PEARL version, which is currently under
congtruction, will also take into consideration the soil-moisture effect on sorption.
Furthermore, the ssmplified concept of stagnant boundary layers will be supplemented with
a dynamic description of aerodynamic resistances, that is, in a next version of PEARL
there will be two options available to describe the volatilization process. one is based on
the stagnant air boundary-layer concept and the second is based on the concept of transport
resistances (aerodynamic plus boundary resistance). An official PEARL version including
these improved volatilization modules will probably be released in the course of the year
2004 (Van den Berg, personal communication, 2003).

For the computation of pesticide volatilization from plant surfaces, an approach based on a
boundary-layer concept, including volatilization from the leaves, wash-off and phototrans-
formation, was applied to the results obtained in wind-tunnel studies. Model predictions
were markedly influenced by the selected values for boundary layer thickness and rate
coefficients, thus indicating that the reliability of the default values limits the predictive
use of the model. Therefore, future improvements of this approach will require a deeper
understanding of the underlying processes, e.g. phototransformation and penetration.

The boundary-layer volatilization module was calibrated and included in PELMO,
enabling the simultaneous calculation of soil and plant volatilization. Application of
PELMO to experimental wind-tunnel scenarios were the first comprehensive PEC model
calculationsto imply all relevant processes affecting the post-application fate of pesticides.
First calculations indicated the amount of soil volatilization being negligible after
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application to plants, though an enlarged experimental program including various crops
and soil types is to be performed for a final evaluation of the relevance of soil
volatilization.

In accordance with the above-mentioned development of an advanced soil volatilization
module to be included in PEARL, a comparable approach based on a dynamic description
of atmospheric transport resistances will be included for the consideration of volatilization
from plants in the course of the next year.

Limitations of recent model predictions supported the need to establish generalized
methods to gauge critical factors, especially phase partitioning coefficients, impacting
volatilization immediately after application. Batch studies on the temperature dependence
of soil-water partitioning of parathion-methyl and terbuthylazine reflected the general
tendency of pesticides towards enhanced soil sorption after reducing the temperature.
However, the quantification revealed marked deviations from an idealized correlation
between temperature and sorption, indicating that experimental sorption studies will still be
an indispensable tool for gaining reliable sorption coefficients to be used as default values
in models.

The set-up of anovel chamber system and subsequent validation enabled the determination
of equilibrium gas-phase concentrations of low-volatile pesticides over the soil surface for
the first time. Future studies will contribute to a detailed understanding of the influence of
temperature and water content on soil-air partitioning. By now, the broad application
spectrum of the chamber has not been utilized fully, especially measurements of Henry's
law constants requiring reconstructing the chamber by using a water reservoir and a
modified glass axis (Annex 2C) instead of a metal tray (Annex 2D) are expected to deliver
substantial progress in elucidating phase partitioning.
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Field Study: Data for Calculation of Pesticide Volatilization Fluxes

Annex 1.A Moaisture content of surface soil (0-8 cm depth) as percentage of dry weight and bulk density.

Day after Moisture content Bulk density
application Av. [%] RSD t Av. [kg soil dm¥] RSD t
1 21.413 0.348 1.381 0.041
2 20.668 0.484 1.307 0.049
4 19.264 0.412 1.361 0.027
7 16.835 0.690 1.323 0.031

T RSD: relative standard deviation of four replicates

Annex 1.B Data needed for the calculation of the soil heat flux density at the surface and for calculation of
the Bowen ratio coefficient as used for the Bowen ratio method.

Time after Soil heat flux A soil A air Bowen ratio Soil heat flux
application density at adepth temperature  temperature coefficient density [W mi?]
[d] of 0.08 m[W m¥] [°C] [°C] difference|-] y
0.104 2.54 -0.034 0.002 0.012 -2.72
0.145 2.68 -0.063 -0.104 -0.738 -7.22

Annex 1.C Energy balance for the field and the dispersion coefficient for sensble heat.

Time after L : Sensible hesat Latent heat Dispersion
application Ne?vrvadnl]gt]l on dgr?'slith?\;\}clrﬁ.(z] flux density flux density coefficient
[d] Y (W m?] (W m?] [? b
0.104 88.3 -2.72 11 90.0 945

0.145 32.6 -7.22 -112.1 152.0 1596
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Annex 1.D Difference in concentration of the pesticidesin air between 1.0 and 1.5 m above the soil surface.
Values were estimated from the measured concentrations at three sampling heights.

Time after Concentration difference of
application [d] fenpropimorph [pg m]

0.104 0.866

0.145 0.112

Annex 1.E Richardson number and the correction coefficients used for the aerodynamic method.

Time after . Correction factor Correction factor
application [d] Richardson number [} momentum [-] pesticide[-]
0.104 -0.0001 0.999 0.884
0.145 0.0059 1.031 0.952

Annex 1.F Wind speed and air temperature used for the aerodynamic method.

Time after Wind speed [m s Awind Air A air

application [m S_slp])eed temperatureat  temperature
[d] 1.0m 1.5m 1.0m[°C] [°C]
0.104 2.164 2.701 0.537 13.06 0.002

0.145 2.145 2.694 0.549 13.42 -0.104
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Phase Partitioning Chamber: Main Elements

Annex 2.A Double-walled glass tube equipped with sampling ports and glass threads. 1 = double-walled
glass cylinder (total length: 116 cm, 15 cmii.d.), 2 = cooling jacket, 3a,b = glass threads for connection with
cooling inlet/outlet, 4a,b,c = sealable portsfor sampling and measuring device.
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Annex 2.B Sedling rings and quick-release caps for gastight sealing of the phase partitioning chamber.
5 = quick-release cap for gas-tight sealing of the chamber, 6 = central opening, 7 = adaptor fitting (ball-and-
socket joint), 8a,bc = glass threads for ingtallation of measuring device, 15 = plug for ball-and-socket joint,
16 = guide bush for glass axis.
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Annex 2.C Glass axes to be used for studies on Henry's law constants and soil-air partitioning. 9 = sand-
blasted glass cylinder to be used for studies on Henry's law constants (total length: 181 cm, 9.5 cm o.d.),
10a,b = part of the cylinder to stick out through the central opening (6), 11 = glass axis to be used for studies
on soil-air partitioning (total length: 184 cm, 1.4 cmi.d.), 12a,b,c,d = ingress of air, 13a,b,c,d = propellers

for mixing air.
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Annex 2.D Reservoir for soil/water to be spiked with defined pesticide amounts. 14 = glass tray (total
length: 90 cm, width: 19.6 cm, depth: 4 cm) for studies on soil-water partitioning, 17 = metal tray (total

length: 90 cm, width: 10.0 cm, depth: 4 cm) for studies on soil-air partitioning.
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