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ABSTRACT 

 

 

Pesticide-Leaf Interactions and their Implications for Pesticide Fate Modeling 

 

by 

 

Ashlie Kinross, Doctor of Philosophy 

Utah State University, 2022 

Major Professor: Dr. Kimberly J. Hageman 

Department: Chemistry and Biochemistry 

 Pesticides are often directly applied to plant material making it imperative that the 

interaction of the pesticide with the leaf is understood. Lab and field studies with 

pesticides applied to leaves can give insight into this interaction. The first analytical 

method necessary for either a lab or field study is the method for extracting pesticides 

from leaves.  

This work introduces two extraction methods for two different instruments used 

to extract a suite of 20 pesticides from two different leaf types (alfalfa and citrus). Both 

extraction methods were shown to produce extracts that were colorless and had good 

recovery of pesticides.  

After establishing a reliable extraction method, lab studies were conducted to 

investigate the equilibrium between the leaf surface and air for a pesticide after 

application. This equilibrium is described using the leaf-air partition coefficient (Kleaf-air). 

In this work, we used chlorpyrifos as both the active ingredient alone as well as in a 

formulation. The Kleaf-air for the active ingredient decreased with temperature. The 

formulation showed the same behavior but was less sensitive to temperature changes. 
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Another process that was studied due to the impact it could have on volatilization was 

foliar penetration. Foliar penetration was shown to increase with temperature for both the 

active ingredient alone as well as the formulation. Therefore, temperature both increases 

the volatilization as well as the foliar penetration, but the extent to which each process 

was affected by temperature was different for the active ingredient alone compared to the 

formulation.  

Using the newly measured Kleaf-air values, a pesticide fate model was improved 

and used to predict pesticide behavior for six field dissipation studies conducted with 

chlorpyrifos and λ-cyhalothrin. Measured foliar photodegradation rates were also 

incorporated into the model to optimize the predicted pesticide concentration in leaves 

over longer periods of time after application compared to previous work. The optimized 

prediction of leaf concentration was used to conduct a risk assessment for honeybees for 

a seven-day period after pesticide application to determine when pesticide levels exposed 

honeybees to the concentration equivalent to the lethal dose to 50% of the population 

(LD50).  

 

(168 pages) 
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PUBLIC ABSTRACT 

 

 

Pesticide-Leaf Interactions and their Implications for Pesticide Fate Modeling 

 

 

Ashlie Kinross, Doctor of Philosophy 

 

The work described here provides measured data to improve the understanding of 

the interaction between a pesticide and leaf surface after application. Two methods were 

developed, one using a newly introduced instrument, for the extraction of pesticides from 

leaves. This is required to measure the concentration of pesticide in the leaves. Using one 

of the developed extraction methods, measurements were made to determine how a 

pesticide equilibrates between a leaf and the air above it. These measurements were 

incorporated into a pesticide fate model that predicts how a pesticide moves through the 

environment after application to an agricultural field. The updated fate model was used to 

predict the danger the pesticide posed to honeybees.  
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Chapter 1. Introduction 

1.1 Introduction to Pesticides 

Pesticides (including insecticides, herbicides, fungicides, etc.) are classified as 

chemicals that either kill, obstruct, or manage the growth of an organism. Worldwide 

pesticide usage was estimated to be up to 3.5 million tons in 2020.1 Pesticides are critical 

in the public health sector to help control infectious diseases such as dengue fever, yellow 

fever, zika, malaria, trypanosomiasis, and leismaniasis, which are transmitted by 

insects.1,2 Due to the lack of efficient pharmacological treatments for these diseases, the 

most successful method in reducing the disease transmission is controlling the 

transmission vectors.3 Pesticides are also necessary for the agricultural industry. Because 

pesticides protect crops against weeds, insects, and disease they can help farmers increase 

the amount of harvestable produce. The estimated economic return of pesticide use in the 

USA was ~$16 billion in 1992, and that value has likely increased since then.4 Herbicides 

are the most used type of pesticide (~50% of all crop protection chemicals) used 

throughout the world. Without herbicides, it is estimated that there would be a $13-21 

billion loss annually in farm income in the US.4  

Pesticides can be classified based on their target organism, their modes of action, 

or their chemical structure.1,5,6  A common mode of action for insecticides is inhibiting 

cholinesterase enzymes such as acetylcholinesterase.1,5,7,8 The inhibition of 

acetylcholinesterase leads to an accumulation of acetylcholine. Because acetylcholine is 

found throughout the body in the neuromuscular and skeletal muscle intersections, a 

buildup can lead to the malfunction of respiration and muscle tissue of the heart, leading
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 to death.5,7 Many organisms can be affected by this mode of action including mammals, 

birds, fish and insects.5 

While pesticide use is necessary, these compounds can be toxic to non-target 

organisms including beneficial insects such as pollinators.6 In honeybees, exposure to 

pesticides can happen at different times based on the bee’s role in the hive. The forager 

bees, that collect pollen from a field, are exposed to pesticide through interacting with the 

plants when they collect pollen and nectar. Bees that remain in the hive, though, are 

exposed when contaminated pollen and nectar are brought back into the hive. This can 

cause mass death of the hive, referred to as “colony collapse disorder”.6 While insect 

toxicity has been studied in the lab to find the lethal dose for 50% of the population 

(LD50), more work is needed to determine the risk that bees pollinating a field are 

exposed to and how to minimize the exposure.  

The first step to studying pesticides in the plant system is extraction. A high-

recovery method is required to study pesticides at low concentrations in the environment. 

The development and comparison of two extraction methods, one method developed for a 

newly introduced extraction instrument, used to extract a suite of pesticides from two 

different leaf types are discussed in Chapter 2. Once the extraction method is developed, 

experiments can be conducted to understand environmental processes that pesticides 

experience after application to a field. Two important processes that influences pesticide 

fate after field application is volatilization and foliar penetration. Volatilization of a 

pesticide is affected by the intermolecular interactions of the pesticide with the leaf 

surface, which can be described using the leaf-air partition coefficient. If a pesticide 

penetrates the leaf, though, it is likely unavailable for partitioning between the air and 
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leaf surface. Chapter 3 discusses the measurement of both leaf-air partitioning and foliar 

penetration for the pesticide chlorpyrifos at different temperatures and humidities. Leaf-

air partitioning is of importance because this is a parameter used in several pesticide fate 

models. One previously developed model is the Pesticide Dissipation from Agricultural 

Lands (PeDAL) model.9 In chapter 4, the PeDAL model was improved by incorporating 

the measured leaf-air partition coefficients model and evaluated with six field dissipation 

studies. Chapter 4 discusses the optimization of the model and how it was used to 

complete a risk assessment for honeybees for a week after pesticide application for the 

six field studies. 

1.2 Extraction Methods for Organic Contaminants in Environmental 

Matrices: 

The first step in studying contaminants of interest in the environment is extraction 

of the contaminants from environmental matrices. Extraction is required to remove the 

compounds of interest from the environmental matrices of the sample. There are several 

different extraction methods previously developed for the extraction of pesticides from 

plants including Soxhlet,10–13 the Quick, Easy, Cheap, Effective, Rugged and Safe 

(QuEChERS) method,11,13–15 Matrix Solid-Phase Dispersion (MSPD),11,14,16,17 Pressurized 

Liquid Extraction (PLE),10–14,16,18 and Selective PLE (SPLE).16,18 However, these 

methods often have disadvantages. 

Soxhlet extraction was introduced in the mid-nineteenth century and is still a 

benchmark method for extraction of solid samples. In this method a sample is placed in a 

thimble-holder that is filled with condensed solvent in a distillation flask. This solvent 

fills the thimble-holder until an overflow level is reached, at which point a siphon 
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aspirates the solute from the thimble-holder back into the bottom of a distillation flask, 

taking the extracted analytes with it into the bulk liquid. The bulk liquid is continually 

heated, leading to continuous evaporation, condensation, and extraction of the solvent.19 

This is a simple technique to use, but the main disadvantages are that the extraction often 

takes a long time (minimum extraction time is generally 8 h) and it requires more solvent 

than other methods (50-300 mL).  

QuEChERS is a sample preparation approach based on the dispersion of salts to 

extract (salting-out effect), isolate a wide range of analytes from complex matrices in 

addition to the cleanup of the extract. It was originally developed to extract pesticide 

residues from fruit and vegetables. This extraction method utilizes the salting-out effect, 

which promotes transfer of the analytes of interest out of the aqueous layer and into the 

organic layer. In this step a homogenized sample is added to a test tube along with salt 

and solvent. The test tube is then vortexed and centrifuged. Next, dispersive Solid Phase 

Extraction (dSPE) is used to further cleanup the extract. dSPE is carried out by adding 

sorbents and salts directly to the sample, vortexing the samples, and then centrifuging the 

sample to separate the analytes of interest and the matrix compounds that would interfere 

with the analysis.20,21 A downfall of this method is that the sample cleanup often requires 

several different sorbents, all completed in separate steps. This can increase the time and 

materials required for sample preparation. 

MSPD extraction is a simple extraction/cleanup procedure. First, the sample 

matrix is mixed with sorbent material using a mortar and pestle. After thorough mixing, 

the sample/sorbent mixture is packed into a column, that is then eluted with a relatively 

small amount of the appropriate solvent. These columns can also have extra sorbents 
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packed at the bottom, below the sample/sorbent mixture, to better remove matrix 

interferences.11 While this procedure is simple and uses small amounts of solvent, this 

process cannot be automated so it is still a time-consuming process to prepare samples for 

analysis. 

 PLE and SPLE are conducted using an instrument called an Accelerated Solvent 

Extractor (ASE), which has led to the using ASE and PLE synonymously, but it is 

important to note that PLE and SPLE refer to the method used. In PLE, solid samples are 

packed into stainless steel extraction cells. Cells are then transferred into an oven where 

solvent is pumped into the cell and the cell is heated (40-200 °C). Because the system is 

closed, the solvent remains in the liquid phase while the pressure is maintained at a set 

value (typically 1500 psi) using a pressure transducer and static valve. The elevated 

temperatures and pressures in the extraction cell help increase the efficiency of the 

extraction by causing the solvent to better penetrate the sample matrix. After a specified 

hold time the solvent and extracted analytes are transferred to a collection bottle. The 

difference between SPLE and PLE is that SPLE uses sorbents in the extraction cell to 

retain the matrix material, so no further sample cleanup is required after extraction.18,22 

SPLE has several advantages compared to other methods. First, SPLE carries out 

extraction and sample cleanup in one step, reducing the steps required for sample 

preparation. This method also uses relatively small amounts of solvent (~30 mL), and it 

requires less time to extract samples (less than an hour per sample) than other methods. 

The ASE instrument is automated so it will extract one sample and continue to the next 

sample automatically, further simplifying this method.  
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 Even with several extraction methods previously developed, sample preparation is 

still often the source of a bottleneck in sample analysis so new methods are still being 

developed. The Energized Dispersive Guided Extraction (EDGE) system was recently 

introduced (late 2017). This instrument was developed to combine PLE with dSPE. In 

EDGE, sample cells are packed with the sample matrix and sorbents. The instrument 

moves the sample cell into an oven that is sealed. Solvent is added to cell and is heated 

(creating a small buildup of pressure due to heating a sealed system). Heating the cell 

results in solvent being pumped into the extraction cell, mixing the sorbent and matrix 

together. The solvent is held in the cell for a specified hold time, allowing analytes to 

partition into the solvent. After this, solvent and extracted analytes are transferred to a 

collection bottle.23,24  

 While the EDGE has several advantages (relatively small volume of solvent 

required, less time required to extract samples, and it is automated), this method has not 

been compared to previously used, trusted methods by anyone outside of CEM. A 

comparison is necessary to better understand the benefits as well as any disadvantages in 

using a new extraction instrument. It is also important to determine if the methods that 

were previously developed for use with other extraction methods are transferable for use 

with the EDGE or if new extraction parameters will need to be tested and verified. 

 Chapter 2 describes the comparison of a SPLE method using the ASE instrument 

to an extraction method using the EDGE instrument. This chapter is a modified version 

of my first-author publication in Journal of Chromatography A.25 Modifications were 

made to include data from the Supplemental Information. This paper had three co-

authors. Dr. Kimberly J. Hageman and Dr. William J. Doucette contributed by providing 
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feedback on experimental design and manuscript. Alexandria L. Foster contributed as a 

lab assistant. 

1.3 Leaf-Air Partitioning and Foliar Penetration 

 For many pesticides, the main dissipation process is volatilization from the plant 

after application. If we hope to accurately predict how a pesticide is moving through an 

environment, understanding this process is critical. Pesticide volatilization from the leaf 

surface can be described using the leaf-air partition coefficient (Kleaf-air). The Kleaf-air is the 

ratio of the concentration of the chemical of interest on the leaf to the concentration in the 

air at equilibrium. This property is dependent on the chemical properties as well as the 

intermolecular interactions of the chemical of interest with the leaf. There have been 

previous studies that have measured plant-air partition coefficients (Kplant-air) and Kleaf-air 

values using a variety of methods.26–31 We will refer to all of the measured values as Kleaf-

air values to simplify the discussion.  

 Nizzetto et al.26 used field sampling of tree leaves and air to calculate the Kleaf-air 

values. However, measuring an equilibrium value in the field is difficult because the 

conditions are not controlled and can change rapidly. In fact, Nizzetto et al.’s work shows 

that for large molecular weight compounds a leaf-air equilibrium was not reached during 

the growing season in which samples were collected.26 Due to the complications of 

measuring Kleaf-air values in the field, most studies are conducted in the lab. Bacci and 

Gaggi31 and Bacci et al.30 measured Kleaf-air values by placing potted azalea plants in a 

200-L greenhouse along with trays of sand that had been contaminated with the 

compounds of interest. Air and plant samples were taken periodically and the 

concentration in each were used to calculate the Kleaf-air during both an uptake of the 
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chemical of interest as well as a release phase. However, because this study used a whole 

plant there were other possible processes that could both increase and decrease the 

pesticide concentration in the leaf such as translocation through the plant as well as 

degradation of the compound by plant metabolism. Bolinius et al.29 simplified the setup 

and measured Kleaf-air values using small leaf disks (18 mm in diameter) that were 

sandwiched between polydimethylsiloxane (PDMS) disks that were contaminated with 

polychlorinated biphenyls (PCBs). The leaf-PDMS partition coefficient was calculated, 

and then using PDMS-air partition coefficients from the literature, this value was 

converted to Kleaf-air values. The downfall of this study, however, is that it uses leaves that 

were cut. Cutting the leaves exposes the sides of the leaf so partitioning could occur 

through the sides rather than the cuticle of the plant, which is often considered the 

penetration barrier. This likely affected the measured leaf concentration, which would 

affect the calculated Kleaf-air value. Kömp and McLachlan27,28 developed the solid-phase 

fugacity meter to use for measuring Kleaf-air values. This setup starts with placing plant 

material in a glass column and then an air stream is passed over the plant material slowly 

to allow for an equilibrium between the vegetation and air to be reached. After passing 

through the glass column containing the plants the air travels through a sorbent trap to 

collect the air-phase contaminants. The plant and air concentrations were used to 

calculate Kleaf-air values. Having the glass column containing all the vegetation allows for 

control of the temperature of the system so comparisons of Kleaf-air values at different 

temperatures can be achieved. This method allows the use of whole leaves to get accurate 

Kleaf-air values. Also, in this system equilibrium between the leaves and air can be 
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confirmed by repeating the experiments using different experiment run times or flow 

rates and comparing the results.  

 While Kleaf-air values have been measured previously, much of the work considers 

whole leaf concentrations when calculating the Kleaf-air values. While this approach likely 

gives the most useful values for environmental modeling because then the whole leaf can 

be described, which is what is present in the environment, it may not accurately be 

describing the mechanism for partitioning. This is because after pesticide application to a 

leaf, the pesticide can penetrate deeper into the leaf, making it unavailable for 

volatilization. Pesticide foliar penetration is thought to primarily be a diffusion process 

through the cuticular membrane. That leads to this process being molecule size 

dependent, with smaller compounds having higher diffusion rates.32–35 Foliar penetration 

also is affected by the cuticle waxes that make up the membrane, which makes this 

process plant-specific.32,33,36 Diffusion increases with temperature.32,34,35,37,38 The increase 

in diffusion with temperature is due to more movement of the cuticular waxes, which 

leads to more ‘holes’ that compounds can travel through to reach the deeper layers of the 

leaf. Because penetration is chemical-, plant-, and condition-specific more work is 

needed to understand this process and evaluate how this process affects volatilization of 

the compounds. 

 Chapter 3 describes the measurement of Kleaf-air values and foliar penetration of 

the pesticide chlorpyrifos after application to alfalfa leaves at different temperatures and 

humidities using a solid-phase fugacity meter. Chlorpyrifos was studied as both the active 

ingredient alone as well as in the formulation mix. This chapter is modified from my 

first-author manuscript that has been submitted to the journal Environmental Science & 
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Technology. This manuscript has two co-authors. Dr. Kimberly J. Hageman contributed 

by providing feedback on experimental design and the manuscript. Calvin Luu 

contributed as a lab assistant. 

1.4 Environmental Modeling and Pollinator Risk Assessment 

 After application of pesticide to an agricultural field, the pesticide goes through 

several processes to dissipate from the field. These processes include volatilization, 

photodegradation, microbial degradation, and water wash-off. Due to the concern of 

pesticide exposure to non-target organisms as well as a desire to predict effectiveness of a 

pesticide over time, predicting pesticide fate is an important area of research. Increasing 

the number of accurately modeled processes allows for not only a better mechanistic 

understanding of pesticide dissipation, but also more accurate predictions. 

 Several versions of a pesticide model have previously been developed in the 

Hageman lab including: a model predicting pesticide loss from bare soils,39 the Pesticide 

Loss via Volatilization (PLoVo) model,40 and the PeDAL model.9 The model predicting 

pesticide loss from bare soils predicted the volatilization from a system in which 

pesticide was applied to bare soil and compared different methods to predict loss. This 

study found that predicting loss through the soil-air and water-air partition coefficients 

(Ksoil-air and Kwater-air) most accurately depicted the processes when comparing the results 

to literature-reported data. The PLoVo model improved on the bare soil model by 

considering pesticide volatilization from plant material as well. This model predicted 

pesticide fate based on volatilization from leaves and volatilization from soils. 

Volatilization from each matrix was predicted by the Kwater-air, Ksoil-air, and Kleaf-air. The 

Kleaf-air values were calculated using an equation relating the octanol-air partition 
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coefficient (Koctanol-air) to the Kleaf-air that had been previously developed from studies with 

PCBs. Because this equation was based on work conducted with PCBs instead of 

pesticides, it is unclear whether it accurately predicts the Kleaf-air for pesticides.40 The 

PeDAL model improved the PLoVo model by adding more processes to the model 

including foliar photodegradation and foliar penetration. However, the model only 

incorporated 15 foliar photodegradation rates for pesticides because these were the only 

available data in the literature. The penetration rate was set at a generic value of 0.002 h-

1, even though this process is likely chemical-, plant-, and condition specific. Therefore, 

more measured Kleaf-air values using pesticides are needed along with more measured 

pesticide foliar photodegradation rates and more work investigating pesticide foliar 

penetration to improve the current model. 

 Pesticide fate modeling is critical to accurately assess risks to non-target 

organisms. Bees are of particular interest in risk assessment due to their critical role in 

pollinating crops. A specific pesticide is ranked as high, medium, or low concern to bees 

based on the toxicity threshold LD50. However, this generic grouping does not consider 

bee behavior or difference in pesticide concentration in a field based on application 

details. In addition to this complication, the LD50 values are measured for two exposure 

routes: contact or oral. In a field, though, a bee that is pollinating flowers is exposed 

through both exposure routes simultaneously, so both need to be considered. Assessing 

risk to bees based on the actual field concentrations is of utmost importance, especially 

for farmers that manage bees and actively bring them to a field to pollinate their crops. If 

a farmer brings bees too early, not only will the bees die, but the crop will not be 

pollinated and there will be less harvestable crop. 



12 

 

 Chapter 4 describes the measurement of foliar photodegradation rates and their 

incorporation into the PeDAL model along with the measured Kleaf-air values from chapter 

3. The PeDAL model was evaluated by comparing modeled to measured pesticide 

concentration in leaves for six field studies, optimized, and then this optimized model 

was used to predict the risk exposure for honeybees. This chapter is written in the format 

of a journal article that will be submitted to the journal Agricultural Science & 

Technology. This manuscript has four co-authors. Sean Lyons completed the 

photodegradation studies and some of the field work. Dr. Kimberly J. Hageman provided 

feedback on the experimental design and the manuscript. Micah McClure contributed by 

taking field samples in two of the dissipation studies. Dr. Randa Jabbour contributed by 

providing feedback on experimental design and the manuscript. 

1.5 Project Objectives 

The overall goal of this work was to gain a better understanding of pesticide interactions 

with leaves and then use this knowledge to improve modeling to allow for more accurate 

risk assessments to honeybees. The specific objectives for each project were: 

1) Optimize and validate an SPLE method using the ASE instrument for the extraction 

of a suite of 20 semi-volatile pesticides from citrus and alfalfa leaves. Modify this 

optimized ASE method for use with the EDGE instrument and to compare the 

performance of the two instruments in terms of extract color and extracted lipid 

mass, recovery of spiked target pesticides, pesticide concentrations in field samples, 

and other extraction parameters. These comparisons were made for both instruments 

when sorbents were placed in the extraction cells in both a layered and mixed 

manner (Chapter 2). 



13 

 

2) Quantify the effects of formulation, temperature, humidity, and leaf collection date 

on leaf-air partitioning and foliar penetration for an example pesticide-plant 

combination. Use this data to better understand the link between foliar penetration 

and leaf-air partitioning (Chapter 3).  

3) Obtain foliar photodegradation rates for three insecticides (as the active ingredient 

alone as well as in a formulation) commonly used with alfalfa. Conduct field studies 

designed to investigate effects of weather conditions and application timing on 

dissipation rates of chlorpyrifos and λ-cyhalothrin. Optimize the PeDAL model for 

predicting foliar pesticide concentrations during a one-week period following the 

pesticide application. Predict how field-based pesticide risk quotients change over 

time after pesticide application (Chapter 4). 
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Chapter 2. Comparison of Accelerated Solvent 

Extraction (ASE) and Energized Dispersive Guided 

Extraction (EDGE) for the Analysis of Pesticides in 

Leaves 

 

 

 

 

 

 

 

 

 

The content of this chapter has been published in Journal of Chromatography A: Ashlie 

D. Kinross, Kimberly J. Hageman, William J. Doucette, Alexandria L. Foster. 

Comparison of Accelerated Solvent Extraction (ASE) and Energized Dispersive Guided 

Extraction (EDGE) for the Analysis of Pesticides in Leaves. J. Chromatogr. A. 1627 

(2020), https://doi.org/10.1016/j.chroma.2020.461414.  

Kimberly J. Hageman contributed by providing feedback on experimental design and 

manuscript. William J. Doucette contributed by providing feedback on experimental 

design and manuscript. Alexandria L. Foster contributed as a lab assistant. 
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2.1 Introduction: 

Pesticides (including herbicides, insecticides, and fungicides) are commonly used 

in agricultural systems worldwide; however, concerns about their negative impacts on 

human health and the environment41 require careful monitoring of their concentrations in 

plant tissues and other environmental matrices. The extraction step is a critical, but often 

challenging, step in the quantification of pesticides in plant materials. A number of 

approaches for extracting pesticides from plant materials have been used, including 

Pressurized Liquid Extraction (PLE),10–14,16,18 Selective PLE (SPLE),16,18 Quick, Easy, 

Cheap, Effective, Rugged, and Safe (QuEChERS),11,13–15 Matrix Solid-Phase Dispersion 

(MSPD),11,14,16,17 Soxhlet,10–13 and dispersive Solid Phase Extraction (dSPE).11,14,15,17  

The Energized Dispersive Guided Extraction (EDGE®) system was introduced by 

CEM Corporation in October 2017 and was developed to combine PLE with dSPE42 and 

is claimed to be ‘faster than Soxhlet, more automated than QuEChERS, and simpler than 

other solvent extraction systems.’23 A brief description of the EDGE approach is included 

here; for further details, readers should consult the CEM website and EDGE manual. To 

perform an EDGE extraction, the sample and selected sorbents are added to an extraction 

cell that contains a filter at the bottom of the cell. The instrument transfers the cell into a 

sealed, sample chamber where specified volumes of solvents are added from the bottom 

to the gap between the cell and chamber walls (‘Bottom Volume’). A smaller amount of 

solvent is also added to the cell from the top (‘Top Volume’). The walls of the chamber 

are heated (25-200 °C), causing the solvent to expand and disperse into the sample 

through the holes in the bottom of the cell. Because the system is sealed, temperatures 

above the solvent boiling point at 1 atm can be used and the volatilized solvent will not 
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escape the cell (maximum pressure is 200 psi). Solvent is held in the cell for a selected 

amount of time, allowing analytes to partition into the solvent. The solvent and extracted 

analytes then drain through the filter into a collection vial. While a number of 

Application Notes for EDGE methods can be found on the CEM website,24 to the best of 

our knowledge, no peer-reviewed publications exist that evaluate EDGE or compare its 

performance to that of any of the well-known, trusted extraction approaches.  

To evaluate the performance of the EDGE, we compared it to an SPLE method 

designed for use with a Thermo Scientific Dionex Accelerated Solvent Extractor (ASE). 

We used the ASE for this comparison because of similarities between EDGE and ASE 

instrumentation. SPLE has been described in detail in Subedi et al.18 In brief, SPLE is 

conducted by packing the sample and a layer of selected sorbents into a stainless-steel 

extraction cell. The sorbents are included to retain compounds that interfere with 

instrument analysis of target compounds (i.e. in-cell cleanup). The extraction cells are 

transferred to an oven, solvent is added to the sealed cell, and the cell is heated (40-200 

°C). Since the system is closed, the solvent remains in the liquid phase while the pressure 

is maintained at a specified level during heating (typically to 1500 psi) using a pressure 

transducer and static valve. Elevated temperatures and pressures help to increase the 

efficiency of the extraction process.22 After a selected hold time, the solvent and 

extracted analytes are transferred to a collection bottle. EDGE and ASE are similar in that 

they both use a robotic arm to move cells from a tray or rack of prepared cells, use 

elevated temperatures, and can perform in-cell cleanup by packing sorbents into the 

extraction cells. A critical difference is that the ASE instrument uses a much higher 

pressure in the cell. While the EDGE instrument does build up pressure (maximum 200 
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psi), the operating pressure is not set by the user. Instead, it is the result of the solvent 

expanding due to heat. 

The first objective of this project was to optimize and validate an SPLE method 

using the ASE instrument for the extraction of a suite of 20 semi-volatile pesticides from 

citrus and alfalfa leaves. The second objective was to modify the optimized ASE method 

for use with the EDGE instrument and to compare the performance of the two 

instruments using various criteria. Because SPLE methods usually use layers of sorbent 

and sample in the extraction cell and because no investigations into the effects of layering 

versus mixing have been reported in the literature for either method, the third objective 

was to compare mixing and layering for each method. The four methods (Layered ASE, 

Mixed ASE, Layered EDGE, Mixed EDGE) were compared in terms of 1) extract color 

and extracted lipid mass, 2) lipid content analysis in extracts based on UV-Vis 

absorbance spectra, 3) recovery of spiked target pesticides, 4) pesticide concentrations in 

field samples, and 5) other extraction parameters. 

2.2 Materials and Methods: 

2.2.1 Strategy Overview 

The first step was to optimize the in-cell cleanup of an ASE method for the 

extraction of pesticides in alfalfa leaves using a layered sorbent/leaf homogenate 

approach (the Layered ASE method). Optimization was achieved by determining the 

ideal masses of Florisil and graphitized carbon black (GCB) needed to obtain extracts 

that contained <10 mg of lipid and that were clear with minimal color. The 10 mg lipid 

threshold was selected based on the recommendation in Lavin et al.43 Tests were then 

conducted to confirm that the Layered ASE method could also be used successfully with 
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citrus leaves. Next, tests were conducted in which the sorbents and leaf homogenate were 

mixed, instead of layered, in the ASE extraction cell (Mixed ASE method). Finally, the 

ASE methods were modified for use with the EDGE (Layered EDGE and Mixed EDGE 

methods), using many of the same extraction parameters as in the ASE methods. UV-Vis 

absorbance spectra were obtained to determine how well selected sorbents removed 

colored matrix compounds. Spike and recovery experiments were conducted for a suite of 

20 pesticides. Finally, pesticides were quantified in alfalfa and citrus field samples to 

compare concentrations measured using both methods. 

2.2.2 Materials, Chemicals, and Standards 

The following materials and chemicals were purchased from Thermo Fisher 

Scientific (Massachusetts, USA) and subsidiary companies: optima-grade ethyl acetate, 

n-hexane, Florisil (60-100 mesh size), sea sand, cellulose filter papers for the extraction 

cells, and diatomaceous earth (DE). GCB (ENVI-Carb Packing) was purchased from 

Sigma-Aldrich, Inc. (Missouri, USA). C4 Q-Disks were purchased from CEM 

Corporation (North Carolina, USA). Before use, Florisil, sand, and DE were baked at 565 

°C for 30 minutes to remove potential semi-volatile contaminants. 

Twenty target pesticides were used in the spike and recovery experiments. Details 

about the pesticide classes investigated are provided in Table 2.1. Chlorpyrifos, cis-

chlordane, dichlorodiphenyldichloroethane (o,p’-DDD and p,p’-DDD), dieldrin, 

endosulfan I, s-ethyl dipropylthiocarbamate (eptam), fenpropathrin, flupyradifurone, 

malathion, molinate, tolfenpyrad, triallate, and trifluralin were purchased from Sigma-

Aldrich, Inc. (Missouri, USA). Dimethyl tetrachloroterephthalate (DCPA), 

dichlorodiphenyldichloroethylene (o,p’-DDE and p,p’-DDE), 
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dichlorodiphenyltrichloroethane (o,p’-DDT and p,p’-DDT), and endosulfan II were 

purchased from Thermo Fisher Scientific (Massachusetts, USA). Labeled standards d14-

trifluralin, d6-alpha-HCH, d8-p,p’-DDT and d4-alpha-endosulfan were obtained from 

CDN Isotope Inc. (Quebec, Canada). d10-chlorpyrifos was purchased from Sigma-

Aldrich, Inc. (Missouri, USA).   

Table 2.1 List of the compound class of each pesticide studied. 

Pesticide Compound Class 
Chlorpyrifos Chlorinated Organophosphate Pesticides 

Cis-Chlordane Organochlorines Pesticides and Metabolites 

DCPA Phthalate Pesticide 

Dieldrin Organochlorines Pesticides and Metabolites 

Endosulfan I Organochlorine Sulfide Pesticides and Metabolites 

Endosulfan II Organochlorine Sulfide Pesticides and Metabolites 

Eptam Thiocarbamate Pesticides 

Fenpropathrin Pyrethroid Pesticides 

Flupyradifurone Butenolide Pesticides 

Malathion Organophosphate Pesticides 

Molinate Thiocarbamate Pesticides 

o,p'-DDD Organochlorines Pesticides and Metabolites 

o,p'-DDE Organochlorines Pesticides and Metabolites 

o,p'-DDT Organochlorines Pesticides and Metabolites 

p,p'-DDD Organochlorines Pesticides and Metabolites 

p,p'-DDE Organochlorines Pesticides and Metabolites 

p,p'-DDT Organochlorines Pesticides and Metabolites 

Tolfenpyrad Pyrazole Pesticides 

Triallate Thiocarbamate Pesticides 

Trifluralin Ditiroaniline Pesticides 

 

2.2.3 Leaf Collection and Preparation 

Alfalfa and citrus leaves were collected by hand from live plants growing in a 

hay-production farm in Utah and a grove in Florida, respectively. Leaf samples were 

homogenized and crushed into a powder using a mortar and pestle and ~400 mL of liquid 

nitrogen per sample. Crushed leaves were stored in glass jars at -20 °C until analysis. 
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Leaf homogenates (0.5 g) were mixed with 1.5 g DE to absorb moisture. When 

conducting the Layered ASE and Layered EDGE methods, extraction cells were packed 

(from bottom to top) with distinct layers of selected amounts of Florisil, GCB, and 

leaf/DE homogenate. When conducting Mixed ASE and Mixed EGDE methods, selected 

amounts of sorbents were mixed into the leaf/DE homogenate with a mortar and pestle 

before being packed into cells.      

2.2.4 Lipid Mass Determination 

The total extracted lipid masses in alfalfa and citrus leaves were determined by 

extracting them in the absence of sorbents using the solvents and parameters outlined in 

the ASE and EDGE Method sections. The mass of extracted lipids was determined 

gravimetrically by transferring the extract to a pre-weighed aluminum weigh boat and 

allowing the solvent to evaporate. The aluminum weigh boat was then placed in a 105 °C 

oven overnight and its mass was determined the next day.  

Residual lipid masses were measured for each test conducted during the in-cell 

cleanup optimization procedure for the Layered ASE method with alfalfa leaves and 

eventually, for each leaf type with the Layered ASE, Mixed ASE, Layered EDGE, and 

Mixed EDGE methods. We note that non-volatile chemicals other than lipids may have 

also been extracted and measured during this procedure. Efforts were not made to 

determine the identity of extracted non-volatile chemicals since any of them can present 

problems during gas chromatography (GC) analysis.   
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2.2.5 UV-Visible Spectra of the Leaf Extracts 

UV-Vis absorbance spectra were obtained using an Ocean Optics (Florida, USA) 

USB-ISS-UV/VIS. The absorbance spectra were collected from 200-890 nm using an 

integration time of 100 ms and 10-scan averaging. Instrument reproducibility was 

evaluated by analyzing an extract on two different days. To evaluate reproducibility of 

UV-Vis spectra for different extractions of the same leaf sample, two portions of a 

homogenized alfalfa sample were extracted separately and then analyzed. Good 

agreement was observed in both cases (Figure 2.1 and 2.2). UV-Vis spectra of extracts 

were obtained for each leaf type and on each instrument with (a) no sorbent, (b) with 5 g 

of Florisil, and (c) with 5 g of Florisil and 0.6 g of GCB added to the extraction cell. 

Figure 2.1. UV-Vis spectra for two different samples extracted the same way. This 

was used to test UV-Vis reproducibility between extracts. 
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2.2.6 Spike and Recovery Experiments 

Spike and recovery experiments were conducted by spiking 15 µL of a solution 

containing 8 ng/µL of each target pesticide into extraction cells prepared according to the 

Layered ASE, Mixed ASE, Layered EDGE, and Mixed EDGE methods. The target 

pesticide solution was added directly to the sample after it was introduced into the 

extraction cells to minimize potential volatilization losses during the transfer. Each time 

that cells were spiked, a spike control was prepared by spiking the same volume of target 

pesticide solution into 300 µL of ethyl acetate. Extracts were blown down to 300 µL and 

placed in a GC vial containing a 400 µL insert. 15 µL of a solution containing 8 ng/µL of 

each isotopically labelled compound was added to each extract and spike control. The 

isotopically labelled compounds were used as internal standards to account for instrument 

variability. All spike and recovery experiments were conducted in triplicate. Analyte 

Figure 2.2 UV-Vis spectra for the same sample ran on different days to check the 

instrument consistency. A) UV-Vis spectra for alfalfa leaves extracted on the ASE 

with no sorbent. B) UV-Vis spectra for citrus leaves extracted on the ASE with no 

sorbent. C) UV-Vis spectra for alfalfa leaves extracted on the EDGE with no 

sorbent. D) UV-Vis spectra for citrus leaves extracted on the EDGE with no sorbent. 
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concentrations in leaf samples that had not been spiked were independently measured and 

subtracted before the percent recovery was calculated. 

2.2.7 ASE Methods 

All ASE experiments were conducted with an ASE-350 (Thermo Fisher 

Scientific, Massachusetts, USA) using 25:75 (v/v) ethyl acetate:n-hexane and the 

following parameters: 5 min heat time, 10 min static time, 50% solvent flush, 3 static 

cycles, 120 s purge, 80 °C and 1500 psi. This solvent combination and set of ASE 

parameters were based off those used by Perez et al.44 but changes were made based on 

preliminary experiments.  

In Test 1 of the Layered ASE method optimization procedure for alfalfa leaves, 

34-mL ASE extraction cells were packed (from bottom to top) with a cellulose filter, 10 g 

of Florisil, the leaf/DE homogenate, sand to fill the pore space, and a second cellulose 

filter. In Test 2, cells were packed (from bottom to top) with a cellulose filter, 5 g of 

Florisil, 0.3 g of GCB, a second cellulose filter, the leaf/DE homogenate, sand to fill the 

pore space, and a third cellulose filter paper. In Test 3, the amount of GCB was increased 

to 0.6 g. The Layered ASE method was next tested with citrus leaves and then modified 

to produce the Mixed ASE method, which was tested on both alfalfa and citrus leaves.  

2.2.8 EDGE Methods 

An EDGE application note for pesticides suggests using acetonitrile as the 

extraction solvent, cellulose C4 Q-Disks, and the following parameters: 20 mL top 

volume, 10 mL bottom volume, 100 °C, a 1-min hold time, and two wash cycles (30 mL 

of water followed by 10 mL of acetonitrile).45 To facilitate comparison of ASE and 

EDGE, we adapted this method such that it incorporated several of the parameters from 
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the Layered ASE method. Thus, our Layered EDGE method used 25:75 (v:v) ethyl 

acetate:n-hexane, C4 Q-Disks, and the following parameters: 20 mL top volume, 10 mL 

bottom volume, 80 °C, a 3-min hold time, and three wash cycles (10 mL of 25:75 (v:v) 

ethyl acetate:n-hexane in each cycle). In the Layered EDGE method, cells were packed 

with a C4 Q-Disk followed by a layer of 5 g of Florisil, a layer of 0.6 g of GCB, and a top 

layer of the leaf/DE homogenate. This method was tested with both alfalfa and citrus 

leaves and then modified to produce the Mixed EDGE method, which was also tested 

with both alfalfa and citrus leaves. 

2.2.9 Comparison of Pesticide Concentrations in Field Samples 

Pesticide concentrations obtained in alfalfa and citrus field samples using each of 

the four methods (Layered ASE, Mixed ASE, Layered EDGE, and Mixed EDGE) were 

compared. In these experiments, packed extraction cells were spiked with 15 µL of a 

solution containing 8 ng/µL of each isotopically labelled compound. In this case, labelled 

compounds were used as pesticide ‘surrogates’ since they underwent all sample 

preparation and analysis steps. All experiments were conducted in triplicate.  

2.2.10 Quantification of Pesticides in Leaf Extracts by GC-MS/MS 

All extracts were reduced in volume to 300 µL using a Turbovap II (Biotage, 

North Carolina, USA) with a water bath temperature of 35 °C and a starting flow rate of 

3.0 L/min, ramp to 5 L/min over 10 minutes, ramp to 6.0 L/min over 5 minutes, hold at 

6.0 L/min until extracts reached 300 µL. Extracts were then transferred to GC vials. 

Pesticides were quantified with a Thermo Fisher Scientific (Massachusetts, USA) Trace 

1310 GC and TSQ 8000 Evo mass spectrometer (MS). Target analytes were separated 

with a 30 m x 0.25 mm x 0.25 µm ZB-5MSplus fused silica capillary column 
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(Phenomenex, California, USA) with a 10-m deactivated guard column (Thermo Fisher 

Scientific, Massachusetts, USA). The inlet temperature was 300 °C and injections were 

conducted in splitless mode. The oven temperature program was: 90 °C (hold 0.5 min), 

ramp to 170 °C at 15 °C/min, ramp to 210 °C at 1 °C/min, ramp to 300 °C at 5 °C/min 

(hold 10 min). The MS was operated in electron ionization-selective reaction monitoring 

(EI-SRM) mode using argon as the collision gas. Target analyte retention times and SRM 

transitions are provided in Table 2.2. Calibration curves were prepared using the ratio of 

the target analyte peak area to the corresponding surrogate peak area. 

 

Table 2.2 Target analyte retention times and selected reaction monitoring (SRM) 

transitions. 

Compound Internal Standard Retention 

Time 

(min) 

MS 

Quantitation 

Peak 

MS 

Confirming 

Peak 1 

MS 

Confirming 

Peak 2 

eptam d6-alpha-HCH 5.69 128.0 / 43.1 189.0 / 

128.0 

86.1 / 43.1 

molinate d6-alpha-HCH 7.76 126.0 / 55.0 55.1 / 29.1 83.1 / 55.1 

d14-trifluralin 
 

9.38 267.1 / 163.0 50.2 / 30.0 267.1 / 

209.0 

trifluralin d14-trifluralin 9.54 306.1 / 264.2 43.0 / 27.1 264.0 / 

160.1 

d6-alpha-HCH 
 

10.27 185.0 / 148.1 185.0 / 

150.1 

187.0 / 

150.1 

triallate d10-chlorpyrifos  13.30 86.1 / 43.1 43.0 / 41.1 268.0 / 

184.0 

malathion d10-chlorpyrifos  18.15 158.0 / 125.0 93.0 / 63.1 125.0 / 79.0 

d10-

chlorpyrifos  

 
18.24 324.0 / 259.9 326.0 / 

196.9 

326.0 / 

262.0 

chlorpyrifos d10-chlorpyrifos  18.56 314.0 / 258.0 286.0 / 

257.9 

316.0 / 

259.9 

DCPA d10-chlorpyrifos  18.83 299.0 / 221.0 301.0 / 

222.9 

301.0 / 

273.0 

o,p’-DDE d8-p,p’-DDT  24.62 246.0 / 176.1 176.1 / 

150.1 

248.0 / 

176.1 

flupyradifurone d14-trifluralin 24.70 282.0 / 247.1 212.1 / 

175.0 

212.1 / 

174.0 
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d4-alpha-

endosulfan 

 
24.89 207.0 / 171.9 172.0 / 

137.0 

235.0 / 

140.7 

endosulfan I d4-alpha-

endosulfan 

25.09 195.0 / 159.0 207.0 / 

172.0 

241.0 / 

205.9 

cis-chlordane d8-p,p’-DDT  25.20 373.0 / 265.9 236.8 / 

119.0 

377.0 / 

266.1 

dieldrin d8-p,p’-DDT  27.99 263.0 / 192.9 108.0 / 79.1 277.0 / 

207.0 

d8-p,p’-DDT  
 

28.15 184.0 / 156.1 326.0 / 

254.0 

254.0 / 

219.2 

p,p’-DDE d8-p,p’-DDT  28.35 246.0 / 176.1 176.1 / 

150.1 

318.0 / 

246.1 

o,p’-DDD d8-p,p’-DDT  29.01 199.1 / 164.2 235.0 / 

165.1 

237.0 / 

165.1 

endosulfan II d4-alpha-

endosulfan 

31.85 339.0 / 125.0 383.1 / 

131.7 

195.0 / 

159.0 

o,p'-DDT d8-p,p’-DDT  33.49 165.0 / 164.2 235.0 / 

165.1 

237.0 / 

165.1 

p,p’-DDD d8-p,p’-DDT  33.58 237.0 / 165.1 165.0 / 

164.2 

235.0 / 

165.1 

p,p'-DDT d8-p,p’-DDT  38.38 235.0 / 165.1 235.0 / 

199.0 

237.0 / 

165.1 

fenpropathrin d6-alpha-HCH 48.10 97.1 / 55.1 55.1 / 29.2 181.1 / 

152.1 

tolfenpyrad d10-chlorpyrifos  63.30 171.0 / 88.0 383.1 / 

171.2 

383.1 / 

131.7 

 

2.2.11 Quality Assurance 

Sand blanks and empty cells were extracted on the ASE and EDGE, respectively, 

before every set of samples to minimize risk of carryover.  Laboratory blanks, which 

were prepared by packing extraction cells with all components except leaf/DE 

homogenate, were processed using the same methods as samples and were extracted with 

every batch of ASE and EDGE samples. Target analyte concentrations were only 

reported if the concentrations were 2.5 times that in the laboratory blank. Additionally, a 

check standard was run after every 4–6 extracts on the GC-MS/MS to monitor the 

robustness of the calibration curve and instrument variability. 
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2.2.12 Statistical Analysis 

Student t-tests were performed using Microsoft Excel 2016. ANOVA analyses 

were conducted using a Tukey Test using R version 3.6.0. Comparisons were considered 

significantly different if p<0.05. 

2.3 Results and Discussion: 

2.3.1 Optimizing the Layered ASE Method  

 

 

Figure 2.3 Photo of alfalfa extracts from the ASE (from left to right) using no 

sorbent, layered Florisil, mixed Florisil, layered Florisil and GCB, and mixed 

Florisil and GCB. Extractions of citrus leaves, and those performed with the EDGE 

instrument, showed similar results. 

Figure 2.4 Comparison of the lipid mass extracted for each step of the method 

development process for 0.5 g alfalfa leaves on the ASE. Method development 

samples were packed in a layered manner. In addition to the 0.5 g alfalfa leaves, Test 

1 cells contained 10 g of Florisil, Test 2 cells contained 5 g of Florisil and 0.3 g GCB, 

and Test 3 cells contained 5 g of Florisil and 0.6 g GCB. Each test was conducted in 

triplicate and error bars indicate standard deviation. Different letters above the bars 

indicate a significant difference. 



28 

 

The alfalfa extracted using the ASE parameters when no sorbent was included in 

the extraction cells produced extracts that were dark green (Figure 2.3) and resulted in 

7.9±0.8 (standard deviation) mg of total extracted lipid per 0.5-g leaf sample (Figure 2.4). 

Test 1, which incorporated 10 g of Florisil layered below the sample, resulted in six times 

less extracted lipid in the sample extract, or 1.4±0.7 mg of residual lipid. Nonetheless, 

Test 1 extracts were still excessively colored for GC analysis (Figure 2.3). Thus, in Test 2 

we incorporated 0.3 g GCB since GCB had previously been shown to remove colored 

plant pigments from extracts during SPLE 44. We also used less Florisil (5 g) in Test 2 

because the residual lipid mass was already below our criterion of 10 mg per extract. Test 

2 extracts were still colored and contained 3±1 mg residual lipids. Increasing the GCB 

mass to 0.6 mg in Test 3 resulted in colorless extracts (Figure 2.3) and 1.1±0.3 mg of 

residual lipid. The spike and recovery experiment conducted with alfalfa and the Test 3 

method resulted in an average percent recovery for all tested pesticides of 62±15% and 

average individual pesticide recoveries ranging from 37-96% (Figure 2.5). While 

optimization of the ASE parameters (for example, by changing the extraction solvents or 

% solvent flush) may have resulted in improved overall recovery, we adopted the Test 3 

method as the optimized Layered ASE method. While high recoveries are ideal, the 

isotope dilution approach that uses labelled surrogates spiked into samples before 

extraction, corrects the reported concentrations for extraction inefficiencies and losses 

during sample preparation.     

GCB has been used to reduce pigments in other extraction techniques and has 

commonly been used in QuEChERS.44,46–50 In a previous study, the removal of the 

pigment β-carotene was monitored using UV spectra and the GCB successfully removed 
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more than 90% of β-carotene from extracts.46  However, other studies found that GCB 

does little to remove fatty acid matrix,50 so other sorbents are required to produce extracts 

containing minimal matrix compounds. This was true for our work as well; Florisil was 

required along with GCB to produce extracts with little residual lipid mass. While 

pigments have a strong affinity for GCB, some common target analytes also have an 

affinity for GCB. Several studies have noted that the use of more GCB leads to a 

reduction in extraction efficiencies for certain analytes, but for other analytes the GCB 

has no effect.46,48,49,51 

2.3.2 Extracted Lipid Masses and Extract Color  

Extracted lipid mass and extract color are two indicators of how successful the in-cell 

cleanup method is. While a low lipid mass and a colorless extract are desired, there is a 

tradeoff that may have to be made because the sorbents used for in-cell cleanup can also 

sorb the analytes of interest and cause a reduction in analyte recovery. Total lipid mass 

Figure 2.5 Comparison of the percent recoveries from alfalfa leaves using both 

the Layered ASE and Layered EDGE methods. The boxes surrounding 

compounds indicate that the percent recovery from the two methods are 

significantly different. Each test was conducted in triplicate and error bars 

indicate standard deviation. 
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extracted from alfalfa using the EDGE method with no sorbents was 7±1 mg (Figure 2.6), 

which is lower than that extracted with the ASE method with no sorbents, but not 

significantly so (p>0.05). The residual lipid mass obtained from alfalfa samples using the 

Layered ASE method was also compared to those obtained with the Mixed ASE, Layered 

EDGE, and Mixed EDGE methods (Figure 2.6). No significant differences in residual 

lipid masses were observed for these four methods. In all cases, extracts were colorless 

and residual lipid masses were below the 10 mg limit, indicating that extracts obtained 

from any of these methods are suitable for GC analysis.   

 

When extracting total lipids from citrus leaves using the ASE method with no 

sorbents, 5.5±0.4 mg lipids per 0.5-g sample were extracted (Figure 2.6); this is 

significantly lower from that obtained with alfalfa leaves using the same method. When 

Figure 2.6 Lipid mass and residual lipid mass extracted for each extraction method 

when using no sorbents and when using the Layered ASE, Mixed ASE, Layered 

EDGE, and Mixed EDGE methods. Each test was conducted in triplicate and error 

bars indicate standard deviation. Different letters above the bars indicate a 

significant difference. 
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extracting total lipids from citrus leaves using the EDGE method with no sorbents, 3±1 

mg of lipids per 0.5-g sample were extracted from citrus leaves, which is not significantly 

different from that obtained with ASE method. Interestingly, the reproducibility in 

extracted lipid quantities was worse for both alfalfa and citrus leaves when using EDGE; 

however, there was no indication that EDGE produced less reproducible results than ASE 

when all results from the study were considered.  

No significant differences were observed in residual lipid masses extracted from 

citrus leaves when using the Layered ASE, Mixed ASE, Layered EDGE, or Mixed EDGE 

methods (Figure 2.6). The total mass extracted from the citrus with the EDGE method 

with no sorbents was also not significantly different from the residual masses; however, 

that extract was very colored (Figure 2.3) indicating that in-cell clean-up was needed. 

Extracts obtained from citrus leaves using the four in-cell clean-up methods were all 

colorless and contained less than 10 mg of lipids (Figure 2.6), indicating that any are 

suitable for GC analysis. 

2.3.3 UV-Visible Spectra of the Leaf Extracts 

A notable difference was observed in the UV-Vis spectra of extracts obtained 

using the ASE methods with no sorbents versus the EDGE method with no sorbents for 

both alfalfa (Figure 2.7B versus 2.7D) and citrus (Figure 2.7C versus 2.7E). The much 

stronger absorbance at ~350 nm in the ASE extracts indicates that the EDGE method did 

not extract leaf matrix compounds that absorb at this wavelength to the same extent that 

the ASE method did. This may be advantageous for EDGE users when pesticide analysis 

is the objective but could be problematic if using EDGE to investigate the chemical 

composition of leaves. 
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When extracting both alfalfa and citrus leaves using the ASE and EDGE methods, 

the absorbance from 210-510 nm were highest in extracts obtained when no sorbent was 

used, less when Florisil was included, and least when Florisil plus GCB were included 

(Figure 2.7B-E). Interestingly, the peaks associated with chlorophylls A and B at 600-700 

nm (Figure 2.7A) were not observed when Florisil was included but those at the shorter 

wavelengths required GCB for removal, explaining why GCB is so effective at removing 

green and yellow colors from extracts. The spectra in Figure 2.7 also show that the 

Layered methods were consistently more effective at removing leaf matrix compounds 

than the Mixed methods (both with Florisil and Florisil plus GCB methods), which has 

important implications for in-cell clean-up design since the effects of layering versus 

mixing have not been compared before. 

In sum, the Layered ASE, Mixed ASE, Layered EDGE, and Mixed EDGE 

methods all produced extracts with low UV-Vis absorbance, providing more evidence 

that these methods produce extracts that will have minimal matrix interference during GC 

analysis. These results also suggest that UV-Vis analysis could be an effective 

alternative, or addition, to lipid residual mass analysis when comparing and assessing the 

effectiveness of various extract clean-up methods. Advantages of the UV-Vis approach 

over the lipid residue approach are that it provides more specific information about the 

relative amounts of absorbing chemicals, is considerably faster, requires less steps, and 

does not destroy the extract.  
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Figure 2.7 UV-Vis absorbance spectra for extracts from each method. A) Reference 

UV-Vis spectrum for a plant extract in diethyl ether showing expected absorbance 

for chlorophyll a and chlorophyll b.109,110 B) – E) UV-Vis spectra for alfalfa and 

citrus leaves extracted with no sorbent, only Florisil, and using the Layered ASE, 

Mixed ASE, Layered EDGE, and Mixed EDGE methods. 
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2.3.4 Spike and Recovery Results 

Average recoveries for all pesticides for both types of leaves with all tested 

methods are shown in Figure 2.8. The spike and recovery results for each individual 

pesticide for alfalfa and citrus leaves with all tested methods are shown in Figures 2.5 and 

Figure 2.9, respectively. The key observations from Figure 2.8 are that average recoveries 

when all pesticides were included were significantly higher when using (a) the Layered 

ASE method compared to the Layered EDGE method for alfalfa and (b) the Mixed ASE 

method compared to the Mixed EDGE method for both alfalfa and citrus. These results 

suggest that overall, better recoveries of spiked pesticides can be expected with ASE 

compared to EDGE. The key observations from the figures showing results for individual 

pesticides (Figures 2.5 and 2.9) was that only a handful of the individual pesticides in 

each case had significantly higher recoveries with the ASE methods (Figure 2.10); 

Figure 2.8 Comparison of the average percent recoveries when taking all 

compounds into account when using the Layered ASE, Mixed ASE, Layered 

EDGE, and Mixed EDGE methods. Each test was conducted in triplicate and error 

bars indicate standard deviation. Different letters above the bars indicate a 

significant difference. 
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however, because most pesticides in each case had higher recoveries (even if not 

significantly higher) with the ASE methods, average recoveries calculated when all 

pesticides were included where higher with the ASE methods. For example, Figure 2.5 

shows that with the Layered methods and alfalfa leaves, recoveries were significantly 

higher for only five of the 20 pesticides, but recoveries were higher (even if not 

significantly higher) for 16 of the 20 pesticides. The very large differences in recoveries 

for the pesticides with significant differences (for example, 78% versus 41% for 

flupyradifurone) also drove the differences in average recovery between the methods. 

Better recoveries of spiked pesticides with the EDGE methods may have been possible 

with further method development.  

Significant differences in average pesticide extraction efficiencies for Layered 

versus Mixed methods were observed (Figure 2.8). Average recoveries when all 

pesticides were included were significantly higher when using (a) Mixed ASE method 

compared to the Layered ASE method for alfalfa and (b) the Layered EDGE method 

compared to the Mixed EDGE method for citrus leaves. These results suggest that both 

cell packing methods lead to similar recoveries for these pesticides.   

However, some compounds did show a significant difference in percent recovery (Figure 

2.10). When there was a significant difference in recovery, the recovery was usually 

higher for the Mixed method. Recoveries may have been higher in some cases with the 

Mixed methods because extracted analytes did not travel through the all the sorbent, 

meaning less analyte-sorbent interaction. This hypothesis is supported by the observation 

that the Mixed methods also generally had higher extracted lipids than the Layered 

method (Figure 2.6).  
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Figure 2.9 Comparison of the percent recoveries. The boxes surrounding 

compounds indicate that the percent recovery from the two methods are 

significantly different. Each sample was performed in triplicate and error 

bars indicate standard deviation. 
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Figure 2.10 Compounds that have a significantly different percent recovery when 

extracting with different methods and leaves. Each sample was run in triplicate and 

error bars indicate standard deviation. 
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2.3.5 Pesticide Concentrations in Field Samples 

The only target pesticide detected in field samples of alfalfa leaves was the 

pyrethroid insecticide, fenpropathrin. Its average concentration was 640±90 ng/g when all 

four extraction methods were considered (Figure 2.11). The organophosphate insecticide 

malathion and the pyrazole insecticide tolfenpyrad were detected in field samples of 

citrus leaves at average concentrations of 1290±270 ng malathion/g citrus leaf and 

Figure 2.11 Pesticide concentration in alfalfa and citrus leaves for each extraction 

method. Each sample was run in triplicate and error bars indicate standard 

deviation. 
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140±30 ng tolfenpyrad/g citrus leaf when all extraction methods were considered (Figure 

2.11). No significant differences in reported concentrations for any of these pesticides 

were observed for the four different extraction methods. More data is needed to make a 

broader conclusion; however, the lack of significant differences observed here suggests 

that ASE and EDGE methods are likely to produce similar pesticide concentrations in 

leaf extracts. The use of labelled surrogates increases the likelihood of this since they 

correct for extraction inefficiencies and losses during sample preparation. 

2.3.6 Method Parameter Comparison 

Several extraction parameters were compared for Layered ASE and Layered 

EDGE methods using alfalfa leaves (Table 2.3). For the lipid mass extracted, the ASE 

extracted more than the EDGE. This, along with the UV-Vis spectra, shows that this 

EDGE method did not extract as much of the leaf matrix components as the ASE did. 

This indicates that for the methods used in this work the EDGE has better selectivity than 

the ASE. This can be viewed as an advantage or disadvantage for the EDGE, depending 

on the goal of extraction. If the goal is to produce extracts that require less clean-up using 

the methods from this work, the EDGE is a better choice, but if the goal is to extract total 

Table 2.3 Comparison of extraction parameters for both the ASE and the EDGE. 

Extraction data from the Layered ASE and Layered EDGE methods using alfalfa 

leaves were used for this comparison. 
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lipids from samples the ASE is better suited. The residual lipid mass was similar for both 

the Layered ASE and Layered EDGE methods, showing that when sorbents were used for 

in-cell clean-up, similar amounts of leaf matrix were extracted. The average percent 

recovery, as well as the range, of spiked pesticides was higher with the Layered ASE 

method than the Layered EDGE method. 

Extraction with the ASE method used in this work took ~4.5 times longer than the 

EDGE method. The ASE used slightly less solvent per extraction compared to the EDGE, 

but the amounts were similar. The ASE takes up more bench space, being almost 2 times 

wider than the EDGE. We also observed differences in ease of use between the 

instruments. The ASE methods required more time to pack the extraction cells compared 

to the EDGE methods. This is due to ASE cells requiring the dead space filled as well as 

requiring extra filters to allow for the extraction cells to be better sealed.  

2.4 Conclusion 

An SPLE method for extracting pesticides from leaves using the ASE was 

developed. The method developed led to clear colorless extracts with low residual lipid 

weight. An EDGE method based on the ASE method parameters was then developed. 

Extractions were performed for both alfalfa and citrus leaves and used sorbents in both a 

layered and mixed manner. The UV-Vis spectra of the Layered ASE, Mixed ASE, 

Layered EDGE, and Mixed EDGE methods were similar. For spike and recovery 

experiments, when there was a significant difference in the percent recovery, the ASE 

generally had the higher percent recovery. However, when extracting pesticides from 

field samples of alfalfa and citrus, there was no significant difference between extraction 

methods. The EDGE is faster than the ASE but does use slightly more solvent. These 
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results show that the higher pressures employed by the ASE system resulted in better 

extraction efficiencies of both pesticides and leaf matrix compounds; however, the use of 

surrogates means that results in reported pesticide concentrations in field samples were 

very similar. It is possible that the higher pressures employed by ASE are needed for 

extracting more-tightly bound analytes in more complex matrices, such as fish or soil. 
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Chapter 3. Investigating the Effects of Temperature, 

Relative Humidity, Leaf Collection Date, and Foliar 

Penetration on Leaf-Air Partitioning 
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3.1 Introduction 

Volatilization from foliage is a key component of the dissipation process for many 

pesticides from agricultural fields. Volatilized pesticides are susceptible to atmospheric 

transport and can move off-site from an area of application, leading to non-target 

organism and human exposure.52,53 Leaf-air (Kleaf-air) and plant-air (Kplant-air) partition 

coefficients are used in chemical fate models to understand the behavior of pesticides and 

other organic contaminants in the environment. These partition coefficients represent the 

ratio of the concentration of the chemical of interest in the leaf or plant tissue, 

respectively, to that in air at equilibrium. Measured Kplant-air and Kleaf-air values have been 

previously reported for several chemical classes and plant species combinations. For the 

sake of simplicity, we will refer to all of these as Kleaf-air values herein although strictly 

speaking, the difference is that the Kplant-air also includes partitioning to stems and flowers 

or fruit, if present.  

The chemicals for which measured Kleaf-air values exist in the literature include 

polychlorinated biphenyls (PCBs), several historic-use pesticides (hexachlorohexanes 

(HCHs), p,p-dichlorodiphenyltrichloroethane (DDT), hexachlorobenzene, mirex, and 

thionazin), a degradation product of DDT (p,p- dichlorodiphenyldichloroethylene 

(DDE)), and two current-use pesticides (sulfotep and trifluralin) (Table 3.1).26–31 To the 

best of our knowledge, no Kleaf-air values for current-use pesticides other than sulfotep and 

trifluralin have been reported. Many of these reported Kleaf-air values were measured in a 

volatilization chamber with low enough air flow over the leaf surface to allow 

equilibration and a system to trap gas-phase chemicals since their concentration is often 

too low for direct detection.27,28 While Kleaf-air values can be measured in this type of  
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Table 3.1 Summary of predictive Kleaf-air equations from previous studies.  

Most equations follow the form: Log Kleaf-air = M (log Koctanol-air) + B, and the values 

for M and B are listed. When in a different form, a full equation is given. All equations 

are to calculate the log Kleaf-air at 25 °C.  

Reference 
Chemicals 

Studied 
Plant Species M B 

Nizzetto et 

al.26 
PCBs 

Chestnut 0.46 -2.83 

White Ash 0.49 -3.10 

Hazelnut 0.38 -2.12 

Mountain Ash 0.37 -1.94 

Maple 0.49 -3.08 

Beech 0.45 -2.60 

Larch 0.48 -2.99 

Spruce 0.33 -1.75 

Kömp and 

McLachlan27 
PCBs Ryegrass (1) 1.09 -2.53 

Kömp and 

McLachlan28 
PCBs 

Ryegrass (2) 1.15 -3.56 

Clover 0.70 0.15 

Plantain 0.87 -1.30 

Hawk’s Beard 0.74 -0.07 

Yarrow 0.57 1.80 

Bolinius et 

al.29 
PCBs Rhododendron 0.86 -0.51 

Bacci et al.30,31 

Nine 

Pesticides, 

PCBs 

Azalea Log Kleaf-air = 1.14 log Kow – 0.92 

 

 

laboratory experiment, the distribution of a chemical between the atmosphere and 

vegetation in the environment is often kinetically controlled by transfer across the air 

boundary layer surrounding the plant, or that above the surface of a densely planted 

field.54 In particular, the less volatile chemicals (i.e. those with log octanol-air partition 

coefficient (Koctanol-air) values less than ~8) generally do not reach equilibrium during the 

lifetime of a plant due to slow transfer across the air boundary layer combined with high 

storage capacity of the leaves.54 

A common approach for modelling pesticide volatilization following application 

to plants is to calculate the equilibrium pesticide concentration in the air boundary layer 
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and to then use the diffusion rate across this boundary layer to calculate flux to the 

turbulent air.55–57 In the Pesticide Dissipation from Agricultural Land (PeDAL) model, 

pesticide concentrations in the boundary layer around plant surfaces are calculated with a 

multiphase partitioning equation that uses the Kleaf-air and water-air partition coefficient 

(Kwater-air) of the pesticide.9,39,40 However, Kleaf-air values must be estimated with predictive 

equations generated previously from Kleaf-air data for other chemical classes and plant 

species (Table 3.1) when measured values are not available. The appropriateness of using 

these equations to predict Kleaf-air values for other chemical-plant combinations has not 

been fully investigated. Several other important questions about Kleaf-air values for 

current-use pesticides have also not been addressed. For example, the effects of adjuvants 

need to be assessed since most pesticides are applied as formulations (i.e., not pure active 

ingredients) and adjuvants are likely to affect the volatilization process. There is also 

currently no information about how relative humidity affects Kleaf-air values; this could be 

important since relative humidity affects leaf structure and permeability58–60 and these 

properties may affect the strength and type of molecular interactions between pesticides 

and leaves. More information is also needed about how Kleaf-air values change with plant 

growth stage since several leaf properties change during aging.61,62 

In evaluating pesticide volatilization from the leaf surface, it is also important to 

consider that penetration into inner leaf layers is also a possible fate processes.33–35,37,63,64 

While leaf penetration likely has an effect on the amount of chemical available for 

volatilization, the interplay of these processes have not been directly investigated. Also of 

interest is the effect of temperature on pesticide behavior on the leaf surface since 

increasing temperatures are expected to increase volatilization from surfaces; however, 
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increasing temperature can also lead to increased diffusion into inner leaf layers.33,35,64 

Pesticide penetration into leaf layers for up to 24 h after application has been previously 

measured;65 however, the effects of penetration on the volatilization of pesticides from 

leaf surfaces at different temperatures has not been investigated.  

The primary objective of this work was to quantify the effects of temperature, 

formulation, relative humidity, and leaf collection date on leaf-air partitioning and foliar 

penetration for an example pesticide-plant combination. We then used this data to 

improve understanding of the link between foliar penetration and leaf-air partitioning. In 

this case study, the selected pesticide was the organophosphate insecticide, chlorpyrifos 

(CAS 2921-88-2), which we studied as an active ingredient alone and in a formulation 

mixture, and the selected plant was alfalfa (Medicago sativa, also known as lucerne). 

Chlorpyrifos has had traditional widespread use on alfalfa and many other crops, and has 

been measured in air near application sites.66–68 Chlorpyrifos use in agriculture has been 

prohibited in the United States69 and Europe;70,71 however, it is still currently used in 

many other countries (e.g. New Zealand,71,72 China,71,73 and Brazil71,74) and it is a good 

candidate for this study since its properties are similar to other organophosphate 

insecticides still in widespread use. While measured Kleaf-air values are also needed for a 

larger set of current-use pesticides, we used this case study to identify key questions to 

direct future research in this area. 

3.2 Materials and Methods 

3.2.1 Materials and Chemicals  

The following materials and chemicals were purchased from ThermoFisher 

Scientific (Massachusetts, USA) and subsidiary companies: Optima-grade acetone, ethyl 
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acetate, methylene chloride (DCM), n-hexane, HPLC-grade ethanol, Florisil (60-100 

mesh size), sea sand, glass fiber and cellulose filter papers, diatomaceous earth (DE), and 

Amberlite XAD-2. Graphitized carbon black (GCB) was purchased from Sigma-Aldrich, 

Inc. (Missouri, USA) as ENVITM-Carb packing. Deactivated glass wool was purchased 

from Restek (Pennsylvania, USA). 

Prior to use, XAD-2 was pre-cleaned with pressurized liquid extraction (PLE) 

using an ASE-350 (ThermoFisher Scientific, Massachusetts, USA). Separate extractions 

were performed using DCM and ethyl acetate. Both extractions were conducted with the 

following conditions: 5-min heat time, 5-min static time, 1 static cycle, 100% flush 

volume, 240-s purge time, 1500 psi, and 75 °C. The XAD-2 was left in a fume hood 

overnight to allow residual solvent to evaporate and was then stored in a pre-baked glass 

jar until use. One portion of XAD-2 was extracted and analyzed after the pre-cleaning 

procedure to ensure no chlorpyrifos was present. All Florisil, diatomaceous earth, sea 

sand, and glassware were pre-cleaned by baking at 565 °C for 30 minutes prior to use. 

 

Table 3.2 Chemical structure and properties of chlorpyrifos. Structure drawn using 

ChemDraw. Log Koctanol-air, log Koctanol-water and vapor pressure from EpiSuite.75 Log 

Koctanol-water and vapor pressures for each compound were from an experimental 

database, but the log Koctanol-air values were calculated from the Koctanol-water values 

and Kair-water values from EpiSuite’s experimental database. 
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Chlorpyrifos active ingredient was purchased from Sigma-Aldrich, Inc. (Missouri, 

USA). The chemical structure and select properties of chlorpyrifos are shown in Table 

3.2. The formulation containing chlorpyrifos, Drexel Chlorpyrifos 4E-AG, was purchased 

from a local farm store. This formulation contains 45% chlorpyrifos active ingredient and 

the remaining 55% is listed as “Other Ingredients.” The formulation specifies that it 

contains petroleum distillates, but no other information is given about other formulation 

components. The labeled standard d10-chlorpyrifos was purchased from Sigma-Aldrich, 

Inc. (Missouri, USA).  

The alfalfa leaves used for measurements were collected from a research field in 

Logan, Utah, USA. Fresh leaves were collected each day that experiments were 

conducted. Stems were removed for all experiments. The experiments investigating 

temperature effects for both the active ingredient and formulation were conducted in May 

2020 while those investigating relative humidity effects were conducted in July for the 

active ingredient and in August for the formulation. Additional experiments designed to 

investigate leaf age were completed with leaves collected between May and August 2020. 

Leaf area and thickness were measured each week that experiments were conducted, but 

no significant changes in these parameters were observed over time. 

3.2.2 Application of Chlorpyrifos to Leaves  

For all experiments, including the formulation experiments, the mass of active 

ingredient applied to leaves was 1 mg per ~40 g of leaves, resulting in a mass of active 

ingredient per leaf area similar to that applied to alfalfa plants in an agricultural field. The 

suggested application rate for the formulation containing chlorpyrifos (Drexel 
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Chlorpyrifos 4E-AG) is 1-2 pints/acre. Based on the size of the sample chamber (13.5 in 

x 9.75 in), alfalfa field leaf area index of 5.25, and the percent chlorpyrifos in the 

formulation (45%), this equates to 0.8-2 mg of chlorpyrifos active ingredient applied to 

the dish. To apply chlorpyrifos to leaves, 20 mL of a solution of 0.05 mg/mL of 

chlorpyrifos in hexane was mixed with ~40 g of whole alfalfa leaves in a glass dish until 

an even coating of the solution covered the leaves. This process did not result in the 

leaves being completely submerged in solvent. After mixing, the hexane was allowed to 

evaporate, which took ~15 min. Some chlorpyrifos may have volatilized during the 

solvent evaporation step, but that would not affect measured Kleaf-air values since they are 

calculated from a concentration ratio.  

We selected this pesticide application approach with the aim of creating a thin 

layer of chlorpyrifos (or chlorpyrifos plus non-volatile adjuvants, in the case of 

formulation experiments) on leaf surfaces. Hexane was used as the carrier instead of 

water since it volatilized quickly and a water layer on the leaf surface would interfere 

with leaf-air partitioning. Pesticide formulations often contain organic solvents to 

improve active ingredient solubility and other pesticide functions (e.g. the formulation we 

used in our experiment contained petroleum distillates, which generally include hexane as 

a component).75 We observed no visual damage or changes in leaf mass during our 

chlorpyrifos application procedure; nonetheless, the hexane application could have 

affected the leaf surface chemistry and we did not conduct tests to monitor this.  

 

 

 



50 

 

 

Figure 3.1 Schematic diagram of the solid-phase fugacity meter. 

Figure 3.2 Photograph of inside the solid-phase fugacity meter. 
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3.2.3 Measurement of Kleaf-air Values 

Kleaf-air values were measured using a solid-phase fugacity meter similar to that 

described previously.76 A schematic and a photograph of the fugacity meter are provided 

in Figures 3.1 and 3.2, respectively. The same setup was used for all parameters tested.  

After chlorpyrifos application, leaves were transferred into a flat glass sample 

chamber and spread evenly, resulting in complete coverage of the bottom of the sample 

chamber with one to two layers of leaves. The sample chamber was then covered with a 

sheet of aluminum metal and putty was used to create a seal. Two other sample chambers 

were assembled at the same time to allow for triplicate measurements. Sample chambers 

were placed in a temperature-controlled chamber and blocked from light sources to avoid 

possible photodegradation.  

Nitrogen (used as a proxy for air) was directed into a humidity generator (Roscid 

Technologies, Massachusetts, USA) to adjust the relative humidity. This humidified 

nitrogen then flowed into the temperature-controlled chamber where sensor probes were 

used to log the temperature and relative humidity once per minute during experiments. 

The nitrogen was then split into three paths, each with a flow rate of ~65 mL/min. This 

Figure 3.3 Equilibrium testing for chlorpyrifos using a flow rate of ~65 mL/min.  
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flow rate was selected based on preliminary tests showing that equilibrium was 

established under these conditions (Figure 3.3). To confirm that the selected flow rate 

was low enough to establish equilibrium between the leaves and air, tests (set up the same 

way the rest of experiments) were ran over different time spans. The measured Kleaf-air 

values were unchanged between each experiment, showing that a flow rate of 65 mL/min 

was low enough to establish equilibrium for chlorpyrifos between the leaves and air.  

Flow rate was measured using mass flow meters capable of measuring flow rates of 0-

500 mL/min (Aalborg, New York, USA) that were calibrated before use. Each stream of 

gas was directed into a sample chamber, where it flowed over the contaminated leaves. 

The nitrogen, containing volatilized chlorpyrifos, then exited the sample chambers and 

passed through sorbent traps filled with ~12 g of XAD-2. XAD-2 sorbent traps were 

prepared by packing them from bottom to top (opposite to the extraction solvent flow 

direction) with a cellulose filter, XAD-2 beads, and a glass fiber filter to hold the XAD-2 

in place. Preliminary experiments to test for breakthrough of the XAD-2 sorbent trap was 

conducted to ensure that 12 g of XAD-2 was enough to collect all gas-phase insecticide. 

This test was conducted by running a chlorpyrifos active ingredient fugacity experiment 

at 30 °C and 100% humidity and adding a second sorbent trap after the original one. The 

second sorbent trap was extracted with the same procedure for XAD-2 extraction 

described in the main text. There was no chlorpyrifos detected in the second sorbent trap, 

showing that 12 g of XAD-2 was enough to collect all gas-phase insecticide. Experiments 

ran for 16 h (passing ~60 L of nitrogen through the system) to ensure enough 

chlorpyrifos was collected in the XAD-2 for quantification. There was no visual evidence 

of leaf drying over the experimental period and the leaf mass did not change. 
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Chlorpyrifos was extracted and quantified in the XAD-2 and whole leaves at the end of 

the experiments. 

Chlorpyrifos was extracted from the XAD-2 sorbent traps using PLE. An 

isotopically labeled surrogate (d10-chlorpyrifos) was spiked into PLE cells before 

extraction to account for target analyte loss during sample workup. Chlorpyrifos was 

extracted from the XAD-2 cells using two separate extraction runs; the first extraction 

used DCM and the second used ethyl acetate. The following conditions were used for 

each extraction: 5-min heat time, 10-min static time, 1 static cycle, 50% flush volume, 

240-s purge, 1500 psi, and 75 °C. Preliminary experiments showed that the percent 

recovery of chlorpyrifos was 80 ± 2% with this method. The chlorpyrifos mass extracted 

from the XAD-2 and the volume of air that passed through the sample chamber were 

used to calculate the chlorpyrifos concentration in air. 

Chlorpyrifos was extracted from whole leaves following the PLE procedure 

described by Kinross et al.25 First, all leaves from the sample chamber, except those set 

aside for foliar penetration studies, were crushed in liquid nitrogen. A portion of the 

crushed leaf sample was weighed and homogenized with DE to absorb moisture. The 

PLE cells were packed from bottom to top with a cellulose filter, 5 g of Florisil, 0.6 g of 

GCB, a cellulose filter, leaf (0.5 g) and DE (1.5 g) homogenate, sand (to remove dead 

space in the cell), and a glass fiber filter. d10-chlorpyrifos surrogate was spiked into PLE 

cells before extraction. Chlorpyrifos was extracted from leaves using 25:75 (v/v) ethyl 

acetate:n-hexane and the following PLE parameters: 5-min heat time, 10-min static time, 

3 static cycles, 50% flush volume, 120-s purge, 1500 psi, and 80 °C. Preliminary 
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experiments showed that the percent recovery of chlorpyrifos was 79 ± 5% with this 

method. 

Unitless Kleaf-air values were calculated as the ratio of the concentrations in leaves 

to air, with concentrations expressed as mass per mass in both cases. All measured 

concentrations were above the limit of detection and the total concentration in the leaf 

and air system had a percent relative standard deviation of less than 15% between 

replicates for each test. All tests conducted over a range of temperatures (10-30 °C) were 

performed during a single week. Since fresh leaves were collected each morning of an 

experiment, we assumed that leaf properties were very similar for all temperature 

experiments. The experiments conducted over a range of relative humidity levels (40-

100%) were also conducted during a single week.  

3.2.4 Measuring Foliar Penetration 

Following the 16-h experiments, three portions of leaves from one of the sample 

chambers were reserved for foliar penetration experiments, resulting in triplicate results 

for these experiments. These leaf samples underwent a sequential extraction scheme 

based on that previously described by Lichiheb et al.65 with the objective of producing 

extracts containing pesticide that was unbound or loosely adsorbed to the leaf surface 

(ethanol extraction), pesticide that had penetrated into the cuticular layer of the leaf 

(hexane extraction), and bound pesticide not extracted by the other two steps (PLE). 

Although this and similar methods77–79 for extracting chemicals from different leaf layers 

have been described previously, the correlation between extraction step and pesticide 

position within the leaf layers has not been validated experimentally. Nonetheless, it is 

safe to presume that each of the extraction steps removed pesticide that was more tightly 
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bound to the leaves and had likely undergone deeper foliar penetration. Thus, comparison 

of the fraction of pesticide in the ethanol-, hexane-, and PLE-extractable fractions 

provides useful insight about foliar penetration even though these terms are operationally 

defined.  

The ethanol-extractable fraction of chlorpyrifos was obtained by adding 15 mL of 

ethanol to a vial containing 0.5 g of whole leaves. The vial was hand-shaken for 60 s and 

the solvent was collected. The hexane-extractable fraction was obtained from the same 

set of leaves by adding 15 mL of hexane to the vial. After 20 s of shaking, the hexane 

was removed. The hexane rinse was repeated twice more, and the three hexane rinses 

were combined. Finally, the same leaves underwent PLE to remove remaining pesticide. 

The ethanol- and hexane-extractable fractions required external cleanup. Before external 

cleanup, d10-chlorpyrifos was added to extracts as a surrogate. External cleanup was 

performed with columns made in-house by packing glass pipettes (bottom to top) with 

glass wool, 0.6 g Florisil, and 0.1 g GCB. Columns were conditioned with 5 mL of 

hexane followed by 5 mL of 20:80 acetone:n-hexane. The extract was then added to the 

column and eluted with 15 mL of 20:80 acetone: n-hexane.  

3.2.5 Chlorpyrifos Quantification 

All extracts were concentrated to a volume of 300 µL using a Turbovap II 

(Biotage, North Carolina, USA) with a water bath temperature of 35 °C and a constant 

flow of nitrogen at a rate of 6 L/min. Chlorpyrifos and d10-chlorpyrifos were quantified 

using a ThermoFisher Scientific (Massachusetts, USA) Trace 1310 gas chromatograph 

(GC) and TSQ 8000 Evo triple quadrupole mass spectrometer (MS). The target analyte 

was separated on a 30 m x 0.25 mm x 0.25 µm ZB-5MSplus fused silica capillary column 



56 

 

(Phenomenex, California, USA) with a 10-m deactivated guard column. The inlet 

temperature was 300 °C and injections were made in splitless mode. The oven 

temperature program was 90 °C (hold for 0.5 min), ramp to 170 °C at 15 °C/min, ramp to 

184 °C at 1 °C/min, ramp to 300 °C at 15 °C/min (hold for 10 min). The MS was used in 

selected reaction monitoring mode and transition ions are provided in Table 3.3. 

 

Table 3.3 GC-MS/MS SRM transition ions used for quantification of d10-chlorpyrifos 

and chlorpyrifos. 

Compound MS Quantitation 

Peak 

MS Confirming 

Peak 1 

MS Confirming 

Peak 2 

d10-Chlorpyrifos 324/260 326/197 326/262 

Chlorpyrifos 314/258 286/258 316/260 

 

3.2.6 Statistical Methods 

Statistical analysis was performed using Jamovi 1.2.27. Post-hoc Tukey tests were 

used for significant difference testing. 

3.3 Results and Discussion 

3.3.1 Influence of Temperature on Kleaf-air Values     

The measured log Kleaf-air values for chlorpyrifos applied as the active ingredient 

(log Kleaf-air,AI) and in a formulation (log Kleaf-air,formulation) are shown in Figure 3.4. The 

mean log Kleaf-air,AI values ranged from 5.1 to 5.7 for the tested temperatures. These values 

are lower than the log Ksoil-air,AI values (~6-9) and log Ksoil-air,formulation values (~7) 

measured for chlorpyrifos previously using a similar experimental setup.76 These results 

align well with those from field studies indicating that pesticide volatilization from plants 

is generally higher than from soil.80 The Kleaf-air,AI values for chlorpyrifos decreased with 

temperature, indicating increasing volatility with temperature (Figure 3.4). A decreasing 
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Kleaf-air,AI with temperature was also previously observed for PCBs, HCHs, and PAHs on 

leaf surfaces.26–28 Our measured Kleaf-air,AI values for chlorpyrifos decreased by ~0.7 log 

units over the 20 °C temperature range. For comparison, Kömp and McLachlan27 

reported a decrease of ~1-2 log units for Kleaf-air values of PCBs with ryegrass over the 

same temperature range.  

The mean chlorpyrifos Kleaf-air,formulation values also decreased with temperature; 

however, the change was ~0.09 log units over the tested temperature range and was thus 

much smaller than that for the Kleaf-air,AI values. The mean log Kleaf-air,formulation value was 

~5.9 over the tested temperature range, indicating that the adjuvants significantly affected 

chlorpyrifos interactions with leaves in a way that decreased volatilization, especially at 

higher temperatures. It is logical that the Kleaf-air,formulation values were higher than the Kleaf-

air,AI values because the purpose of many adjuvants in pesticide formulations is to 

decrease volatilization of the active ingredient.81,82 Nonetheless, the effects of adjuvants 

on Kleaf-air values have not been quantified before and although Kleaf-air measurements need 

Figure 3.4 Measured log Kleaf-air values over a range of temperatures. All tests were 

conducted at 100% relative humidity. Error bars indicate standard deviation (n = 3). 



58 

 

to be made for other pesticides, this observation has major implications for pesticide fate 

modelling in agroecosystems. 

We also calculated the change in internal energy for the phase transfer of 

chlorpyrifos from the leaf to gas phase (Δleaf-airU) from the slope of the linear regression 

of log Kleaf-air versus 1/T (Figure 3.5) using equation 3.1.27,83 

Δleaf-airU = 2.303 • A • R        (3.1) 

where A is the slope, R is the ideal gas constant (0.008314 kJ mol-1 K), and 2.303 is the 

multiplication factor to convert from the common to the natural logarithm. The 

chlorpyrifos Δleaf-airUAI and Δleaf-airUformulation values were 45 and 9 kJ mol-1, respectively. 

The ΔU is usually used to express the energy required to break intermolecular attractive 

forces between the chemical of interest and matrix compounds. However, in the case of 

leaf-air transfer, the ΔU is likely affected by the competing effects of temperature on the 

processes taking place on the leaf surface (i.e. volatilization versus diffusion to interior 

Figure 3.5 Measured log Kleaf-air values over a range of temperatures. All tests were 

conducted at 100% relative humidity. Error bars indicate standard deviation (n 

= 3). 
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leaf layers). Nonetheless, the Δleaf-airU values do indicate the sensitivity of the partition 

coefficient to temperature and thus can be used in the van’t Hoff equation to calculate 

partition coefficients at temperatures other than the measured ones.83 Most previous 

studies measured Kleaf-air values at 25 °C. For our comparisons, we used the van’t Hoff 

equation (3.2) to adjust predicted Kleaf-air values (from Table 3.1) to other temperatures 

(T). We used the equation reported previously by Kömp and McLachlan.27 

𝐾leaf−air (T) = 𝐾leaf−air(T,ref) ∗ 𝑒
[(

𝛥𝐻i,𝑙𝑒𝑎𝑓−𝑎𝑖𝑟

𝑅
)(

1

𝑇
 − 

1

𝑇,𝑟𝑒𝑓
)]

     (3.2) 

 

where ΔHi,leaf-air is the enthalpy associated with the transfer of chemical, i, from the plant 

phase to air. To obtain ΔHi,leaf-air values for our chemicals, we used the predictive 

equation reported by Taylor et al.40 This equation (3.3) relates ΔHi,leaf-air and Koctanol-air 

values.  

ΔH𝑖,leaf−air = (1.4 𝑙𝑜𝑔 𝐾𝑜𝑐𝑡𝑎𝑛𝑜𝑙−𝑎𝑖𝑟 (298 𝐾)
2 −  0.24 𝑙𝑜𝑔 𝐾𝑜𝑐𝑡𝑎𝑛𝑜𝑙−𝑎𝑖𝑟 (298 𝐾) −  0.55         (3.3) 

The Δleaf-airU values we measured are significantly lower than those predicted 

from the Δleaf-airH estimation equation presented in Taylor et al.40 followed by conversion 

to Δleaf-airU (103 kJ/mol). The Taylor equation was derived from the relationship between 

Kleaf-air and Koctanol-air values for PCBs with ryegrass that were reported by Kömp and 

McLachlan.27 This highlights the need to experimentally measure Δleaf-airU values for 

more compounds of interest and to not rely on predictions from PCB data. Our Δleaf-airU 

values were also substantially lower than the chlorpyrifos Δsoil-airUAI and Δsoil-airUformulation 

values (328 and 90 kJ mol-1, respectively) reported previously,76 indicating that the Kleaf-

air values are less sensitive to temperature changes than Ksoil-air values.  



60 

 

3.3.2 Influence of Temperature on Foliar Penetration 

The distribution of chlorpyrifos in the three leaf extracts (i.e., mass in each extract 

divided by the total mass recovered in the three leaf extracts) was measured at the end of 

each of the 16-h tests conducted at five temperatures (Figure 3.6). The percent in air was 

Figure 3.7 Percent in the ethanol-extractable layer over a range of temperatures. All 

tests were conducted at 100% relative humidity. Error bars indicate standard 

deviation (n = 3). 

Figure 3.6 Mean percent of insecticide measured in each of the three leaf layers 

extracted at the end of 16-h tests conducted at five temperatures. All tests were 

conducted at 100% relative humidity. Error bars indicate standard deviation (n=3). 
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not included in these calculations since the mass measured in air was several orders of 

magnitude lower than in the leaf layers. Depending on the temperature, 20-34% of 

chlorpyrifos active ingredient (Figure 3.7A) was found in the ethanol-extractable layer; 

we assume that this portion was either unbound or sorbed to the leaf surface while most 

of the remaining mass had undergone penetration to deeper layers. For these tests, the 

mean percent in the ethanol-extractable layer decreased with temperature; however, the 

correlation was not significant (p>0.05). Increasing foliar penetration with temperature 

can be attributed to increasing molecular diffusion with temperature.34 No meaningful 

trends were observed for the percent of chlorpyrifos in either the hexane-extractable or 

bound-residue layers (Figure 3.6). 

For tests conducted with chlorpyrifos formulation, the percent in the ethanol-

extractable layer also decreased with temperature and in this case, the correlation was 

significant (p<0.05) (Figure 3.7B). Previously, Lichiheb et al.65 measured the foliar 

penetration rates of two fungicides in wheat leaves over 24 h; tests were conducted with 

chlorothalonil active ingredient alone and epoxiconazole as both active ingredient and in 

a formulation. Lichiheb et al.65 noted that the influence of formulation additives on foliar 

penetration are specific to the mode of action of the pesticide: contact pesticide 

formulation additives promote surface adsorption while systemic pesticide formulation 

additives promote foliar penetration. A minor version of this effect was observed for 

chlorpyrifos (a contact insecticide84) since the mean percent of formulated chlorpyrifos in 

the ethanol-extractable fraction was several percentage points higher than that of the 

chlorpyrifos active ingredient at every temperature; however, these differences were not 

statistically significant.   
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3.3.3 Influence of Relative Humidity on Kleaf-air and Foliar Penetration 

Relative humidity did not significantly affect any of the sets of measured Kleaf-air 

values (the absolute value of all slopes was less than 0.01) (Figure 3.8). This is an 

interesting result because previous studies have shown that relative humidity significantly 

affects soil-air partitioning of pesticides85 and PCBs,86 mineral-air partitioning of organic 

substances,87 and leaf cuticle penetration rates.60 The lack of sensitivity to humidity may 

have occurred because leaves already contain water internally and thus, changes in air 

humidity did not significantly affect leaf properties. Additionally, the waxy leaf cuticle 

may have created a barrier preventing water from influencing the leaf properties, in 

contrast to behavior of water with soil and mineral surfaces.  

The distribution of chlorpyrifos among extracts was also measured at the end of 

the 16-h tests at four relative humidity levels (Figure 3.9). The percent in the different 

layers were relatively consistent for tests conducted with both chlorpyrifos active 

Figure 3.8 Measured log Kleaf-air values at different relative humidity conditions. All 

tests were conducted at 25 °C. Error bars indicate standard deviation (n = 3). 
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ingredient alone and in the formulation at different humidity levels. This led us to 

conclude that relative humidity does not strongly affect foliar penetration for these 

systems. This is likely due to the same reasons that relative humidity did not affect our 

Kleaf-air values as discussed previously. 

Figure 3.10 Measured log Kleaf-air values measured from leaves collected in 

different months in 2020 for experiments conducted at 10 °C and 25 °C. All tests 

were conducted at 100% relative humidity. Error bars indicate standard deviation 

(n=3). 

Figure 3.9 Mean percent of insecticide measured in each of the three leaf layers 

extracted at the end of 16-h tests conducted at four different relative humidity levels. 

All tests were conducted at 25 °C. Error bars indicate standard deviation (n=3). 
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3.3.4 Influence of Leaf Collection Date on Kleaf-air and Foliar Penetration 

Chlorpyrifos Kleaf-air,AI and Kleaf-air,formulation values were measured separately using 

leaves collected during different months of summer 2020 (May-July for chlorpyrifos 

active ingredient and May-August for the formulation) at 10 and 25 °C (both at 100% 

relative humidity). The mean Kleaf-air,AI and log Kleaf-air,formulation values varied by 1.4 log 

units (4.8-6.2 for the formulation at 10 °C) for leaves collected in different months in 

summer 2020 (Figure 3.10). To illustrate how this range in Kleaf-air values could affect 

pesticide fate modeling outputs, we used the low and high mean measured Kleaf-air value 

from the monthly tests at 25 °C as inputs in the PeDAL model9 and obtained predicted 

dissipation rates after 24 h. The dissipation rate was defined as the percent of pesticide 

lost from the field due to a combination of foliar photodegradation and volatilization 

from both soil and leaf compartments. Default input values used in the model are shown 

in Table 3.4. The predicted dissipation rates were 28 and 81% for chlorpyrifos active 

ingredient with the high and low-end Kleaf-air values, respectively, while they were 48 and 

99% for chlorpyrifos in the formulation. These results show that predicted pesticide 

dissipation is very sensitive to the Kleaf-air value used in the model and therefore the role 

of factors that could affect Kleaf-air values in the field deserve more investigation. 

The observed variability in Kleaf-air could be due to differences in plant growth 

stage (which can impact leaf size, thickness, and accumulation of different foliar tissues) 

or environmental conditions. The alfalfa in our research field was cut several times 

during the summer, which confounded our ability to quantitatively assess effects of leaf 

age in this study. Thus, an in-depth study on the effects of parameters associated with leaf 

collection date on Kleaf-air should be conducted in future studies. Foliar penetration results 
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also varied among tests conducted with leaves from different months (Figure 3.11), but 

with no observable trends. 

 

Table 3.4 Model inputs used to compare measured and predicted Kleaf-air values. 

Month April  
Day of Month 5  
Temperature 25 °C 

Wind speed 2.3 m/s 

Cloud coverage 10 % 

Relative Humidity 100 % 

Latitude 41.76 ° (N is +) 

Longitude -111.81 ° (W is -) 

Time Zone -7 (- for W of Greenwich) 

Elevation 1412 m 

Field area 10000 m2 

spray time 12 0-23 

Mass applied 100 g 

%I 100 on plants 

Kpa equation generic  
LAI 4  

leaf length 0.1 m 

leaf thickness 0.0002 m 

soil density 2.4 kg/L 

foc 0.0174 g/g 
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3.3.5 Comparison of Measured to Predicted Kleaf-air Values 

We compared the mean measured chlorpyrifos Kleaf-air values when using data 

from all months to the Kleaf-air values calculated using the previously reported predictive 

equations (Table 3.1) as a way of assessing the validity of using such equations when 

measured Kleaf-air are not available for specific plant-chemical combinations. This 

comparison at 10 °C and 25 °C is shown in Figure 3.12; note that we converted the Kleaf-

air values calculated using the predictive equation previously reported by Nizzetto et al.26 

to dimensionless ones for this exercise using the density of air at 10 °C and 25 °C (1.246 

kg m-3, 1.184 kg m-3, respectively). Since the equations predict the Kleaf-air at 25 °C, we 

Figure 3.11. Foliar penetration data from leaves collected in different months in 2020 

with experiments conducted at 10 °C and 25 °C and 100% relative humidity. Error 

bars indicate standard deviation (n=3). 
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calculated the Kleaf-air values at 10 °C using the van’t Hoff equation and the ΔUplant-air 

estimated with the Taylor et al. equation40 since this is the approach we would have taken 

before measuring Kleaf-air values for chlorpyrifos. Figure 3.12 shows that at 25 °C, the 

clover equation produces the best matched results (0.4 log units different from our 

measured Kleaf-air,AI), which is likely due to similarities between clover and alfalfa leaves. 

At 10 °C, the azalea predictive equation produces the best match; however, the difference 

is due to our measured values being were less sensitive to temperature than predicted. 

The relatively large range of measured Kleaf-air values for both the active ingredient 

and the formulation depending on leaf collection date shown in Figure 3.10 may, in part, 

explain the range of Kleaf-air values calculated using the different predictive equations 

Figure 3.12 Comparison of our measured alfalfa log Kleaf-air values at 10 and 25 °C for 

chlorpyrifos (as active ingredient (AI) and in formulation (Frm)), compared to 

predicted log Kleaf-air values for other plant species determined using equations in 

Table 3.1. The mean and standard deviation shown for alfalfa was calculated from 

values measured in all months of the study (see Figure 3.10). The log Kleaf-air values 

shown for trees is the mean for eight tree species as determined from field 

measurements.26 The van’t Hoff equation was used to adjust predicted Kleaf-air values 

for temperature.27,85 Error bars represent standard deviation (n=3 for alfalfa (AI), 

n=4 for alfalfa (Frm), n=8 for trees.). 
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(Figure 3.12). The predicted Kleaf-air values shown in Figure 3.12 span a range of 2.8 log 

units at both 10 and 25 °C. It is important to note, though, that leaf age is not the only 

factor leading to the range of predicted values in Figure 3.12, because different plant 

species used for measurements, different compounds used to create the predictive 

equations, and a difference in methods used for each study also is expected to produce a 

range in predicted Kleaf-air values for chlorpyrifos. 

In our previous work,9,40 we selected clover as a ‘generic plant’ and used Kömp 

and McLachlan’s28 clover predictive equation to predict Kleaf-air values when plant-

specific equations were not available. While Figure 3.12 shows that the Kleaf-air values for 

clover are closest to those for alfalfa at 25 °C, the difference between our measured Kleaf-

air,formulation and the predicted value is still 0.8 log units. We used our measured Kleaf-air 

values and those from predictive equations as inputs in the PeDAL model to compare 

results.9 Default input values used in the model are shown in Table 3.4. When using the 

chlorpyrifos Kleaf-air values predicted using the Kömp and McLachlan clover equation and 

the van’t Hoff equation for temperature adjustment using the Taylor et al. equation to 

calculate the Δleaf-airH,40 the modeled dissipation rates were 3% and 25% at 10 and 25 °C, 

respectively. In contrast, when we used the mean measured Kleaf-air values for all months 

(6.1 and 6.0 at 10 and 25 °C for the active ingredient and 5.6 at both temperatures for the 

formulation), the modeled dissipation rate was 38% and 48% for chlorpyrifos active 

ingredient and 77% and 81% for chlorpyrifos in the formulation at 10 and 25 °C, 

respectively. This shows significant underestimation of the dissipation loss when using 

the Kömp and McLachlan clover equation, even at 25 °C, which only had a difference in 

Kleaf-air values of 0.4 and 0.8 log units for the active ingredient and formulation, 
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respectively. These results further emphasize the need for improved tools to predict plant- 

and chemical-specific Kleaf-air measurements. 

3.3.6 Influence of Foliar Penetration on Kleaf-air Values 

The final objective of this work was to investigate the relationship between leaf-

air partitioning and foliar penetration. To do this, we considered possible links between 

the observed temperature effects observed on Kleaf-air (Figure 3.4) and foliar penetration 

(Figure 3.7). With regards to chlorpyrifos active ingredient, we observed that the Kleaf-air 

values decreased with temperature, but that the sensitivity to temperature was rather 

weak. Our results suggest that the sensitivity of chlorpyrifos Kleaf-air to temperature was 

not as strong as expected due to foliar penetration removing pesticide available for 

volatilization from the leaf surface. This volatilization-penetration link has important 

implications for pesticide behavior modeling and highlights the importance of directing 

future research towards measuring more Δleaf-airU and foliar penetration rates for current-

use pesticides. 

With regards to the chlorpyrifos formulation, we observed that temperature had a 

marginal effect on Kleaf-air while at the same time, the effect of temperature on foliar 

penetration was similar to that for the active ingredient only. This observation is 

interesting because we can assume that the amount of pesticide available for 

volatilization was decreasing with temperature due to foliar penetration in the same way 

as was observed for the active ingredient, but that the more extreme loss in sensitivity to 

temperature was caused pesticide-adjuvant-leaf interactions on the leaf surface in the 

formulation experiments. In other words, in the formulation experiments, both foliar 

penetration and adjuvant interactions were working in concert to reduce volatility from 
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the leaf surface. Again, these observations have significant implications for pesticide 

modeling, highlighting the need for more measurements of pesticide physicochemical 

properties in the presence of adjuvants. Overall, our results indicate that there are several 

processes that affect Kleaf-air values, and more work is needed to gain a better 

understanding of these processes. 
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Chapter 4. Optimizing a Pesticide Fate Model Using 

Field Dissipation Studies to Predict Honeybee Exposure 
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4.1 Introduction 

Pesticides are used in agriculture to protect crops and increase yields.4 However, 

this usage negatively impacts organisms and the environment when pesticides reach non-

target areas. These negative effects can be minimized with a more complete 

understanding of the processes that control pesticide dissipation following application.2 

Dissipation is the total loss of pesticide from a field due to any process (including 

volatilization, photodegradation, and wash-off). Several models have been developed to 

predict pesticide dissipation from plants and/or soil and these models could be used by 

applicators to make more informed pesticide management decisions.56,88–90  

One such model is the Pesticide Dissipation from Agricultural Land (PeDAL) 

model.9 The PeDAL model includes components for simulating pesticide volatilization 

from soil and plant compartments, penetration into leaves, and photodegradation on 

leaves. The PeDAL model can be used to predict pesticide concentration in plants and 

soil over time after application. Two outputs that are useful when comparing application 

scenarios are the cumulative percentage lost in 24 hours from plants (CPL24) and the time 

required for the pesticide concentration to dissipate to half of the original concentration 

following application (DT50). Previously, the PeDAL model was evaluated by comparing 

DT50 values for dissipation studies reported in the literature with predicted DT50 for those 

same scenarios.9  

While the model evaluation showed that the PeDAL model was capable of 

accurately predicting pesticide dissipation from leaves provided the necessary inputs 

were available, very few pesticide-plant specific foliar photodegradation rates have been 

measured. For pesticide foliar photodegradation, all but two rates91,92 we found in the 
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literature were measured on a “leaf proxy” (e.g. carnauba, paraffin, extracted leaf wax) 

instead of an intact leaf despite evidence suggesting these waxes don’t effectively mimic 

a leaf surface.93–96 Similarly, pesticide photodegradation on different fruit waxes have 

shown to vary by as much as a factor of five.97 While the PeDAL model evaluation 

suggested that use of photodegradation data from a leaf type different from that being 

studied is not a large source of error, using pesticide-plant specific foliar 

photodegradation rates could enhance model performance.9 More photodegradation rates 

for pesticides on plant surfaces are needed to expand the applicability of the model.  

Pesticide fate models can serve several purposes, with one of those being to 

provide inputs for pollinator risk assessment based on changing pesticide concentration in 

a field. Pesticide risk assessments usually rely on calculation of risk quotients (RQs), 

which indicate the ratio of the exposure concentration to a selected effect level, with the 

threshold of concern indicated by an RQ of 1. The method used herein to predict risk 

exposure for honeybees (Apis mellifera) is similar to that used previously;98 however, the 

previous work focused on pesticide drift as the main exposure route to bees rather than 

the sprayed field itself. Risk assessments based on pesticide concentrations in sprayed 

fields are also clearly needed since agricultural fields can be a major source of pesticide 

exposure for both native bees and managed bees (e.g. honeybees and alfalfa leaf cutting 

bees) introduced to fields after pesticide application. Moreover, approaches for 

incorporating the effects of meteorology, field conditions, and application timing on 

pesticide concentrations, and therefore RQs, are needed in risk assessments.  

The first objective of this work was to obtain foliar photodegradation rates for 

three insecticides (as the active ingredient alone as well as in a formulation) commonly 
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used on alfalfa (Medicago sativa, also known as lucerne). The selected insecticides were 

chlorpyrifos (CAS 2921-88-2), λ-cyhalothrin (CAS 91465-08-6), and indoxacarb (CAS 

144171-61-9) due to their common application to alfalfa fields and their potential risk to 

honeybees. The second objective was to conduct field studies designed to investigate the 

effects of weather and crop conditions and application timing (specifically morning 

versus evening) on dissipation rates of chlorpyrifos and λ-cyhalothrin. The third objective 

was to use the results from the field studies to optimize the PeDAL model for predicting 

foliar pesticide concentrations during the week following pesticide application. The last 

objective was to use the optimized PeDAL model to determine how field-based pesticide 

RQs change over time following pesticide application and calculate the time to reach a 

specified RQ of one. 

4.2 Materials and Methods  

4.2.1 Materials 

The following materials and chemicals were purchased from ThermoFisher 

Scientific (Massachusetts, USA) and subsidiary companies: acetone, acetonitrile, ethanol, 

ethyl acetate, n-hexane, Florisil (60-100 mesh size), sea sand, glass fiber and cellulose 

filter papers for the extraction cells, and diatomaceous earth (DE). Graphitized carbon 

black (GCB) was purchased from Sigma-Aldrich, Inc. (Missouri, USA) as ENVITM-Carb 

packing. All Florisil, diatomaceous earth, sea sand, and glassware were pre-cleaned by 

baking at 565 °C for 30 minutes prior to use.  

The standards λ-cyhalothrin (99.5% purity), d10-chlorpyrifos (>97.5%), p-

nitroanisole (>98%), and pyridine (99%) were purchased from ThermoFisher Scientific 

(Massachusetts, USA). The standard chlorpyrifos (98%) was purchased from Sigma-
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Aldrich, Inc. (Missouri, USA), indoxacarb (97.9%) was purchased from LGC Dr. 

Ehrenstorfer (New Hampshire, USA), and d5-tertbuthylazine (99.5%) was purchased 

from CDN Isotope Inc. (Quebec, Canada). 

Commercial formulations containing the active ingredients chlorpyrifos, λ-

cyhalothrin, and indoxacarb were obtained from local agricultural stores. The 

chlorpyrifos formulation was Drexel® Chlorpyrifos 4E-AG, the λ-cyhalothrin 

formulation was Warrior II with Zeon Technology®, and the indoxacarb formulation 

used was Steward® EC. Chemical properties and structures of the active ingredients are 

given in Tables 4.1-4.2 and information about the pesticide formulation are given in 

Table 4.3. 

 

 

 

 

 

 

 

 

 Property Chlorpyrifos λ-Cyhalothrin Indoxacarb 

Molecular Weight (g mol-1) 350.6 449.9 527.8 

Log Kair-water -3.92 -4.22 -10.95 

Log Koctanol-water 4.96 7.00 4.65 

Vapor Pressure (mm Hg) 2.0x10-5 1.5x10-9 1.2x10-10 

Water Solubility (mg L-1) 1.1 0.0050 0.20 

Table 4.1 Chemical properties of active ingredients used. Values were found using US 

EPA EpiSuite.111 
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4.2.2 Foliar Photodegradation Studies  

4.2.2.1 Leaves 

Alfalfa leaves were obtained from a research field near Logan, Utah on the same 

day they were used for each experiment. Experiments were performed in August and 

Table 4.2 Chemical structures of the active ingredients used. 

 

 
Chlorpyrifos λ-Cyhalothrin Indoxacarb 

Formulation 

Name 

Drexel® 

Chlorpyrifos 4E-AG 

Warrior II with Zeon 

Technology® 

Steward® EC 

Pesticide 

Class 

Insecticide Insecticide Insecticide 

% Active 

Ingredient 

44.9% 22.8% 15.84% 

Other 

Ingredients 

Petroleum distillates 

(concentration 

unavailable) 

Titanium dioxide, 

petroleum solvent, other 

(concentration unavailable) 

Octanol (1-5%), alkyl 

sulfonate salt (5-10%), 

other (69.16-78.16%) 

Table 4.3 Pesticide formulation information. 



77 

 

September 2020 with leaves from fully grown alfalfa plants. The stems of individual 

leaves were threaded through a slit in polytetrafluoroethylene septa of gas 

chromatography (GC) vial caps, which were attached to GC vials containing deionized 

water (Figure 4.1). This setup aided in preserving leaf condition for the length of the 

experiment and in positioning the samples in the irradiation chamber. During trial runs, 

leaves became dried and discolored without the presence of water. GC vials were taped to 

the solar simulator sample tray in such a way that the alfalfa leaves were parallel to the 

tray surface and thus, each leaf received direct light exposure. Extra leaves were collected 

each day that an experiment was conducted for use in determining concentrations of 

pesticide present in leaves prior to their collection. 

4.2.2.2 Pesticide Application 

Application solutions were prepared by dissolving the pure active ingredient or 

commercial formulation in ethyl acetate. In typical field applications, formulations are 

usually dissolved in water prior to application; however, we used ethyl acetate for these 

experiments since the selected pesticides were readily soluble in it and it evaporated 

quickly. We observed no visual damage to the leaf during our application procedure; 

Figure 4.1 Alfalfa leaf setup for photodegradation experiments. For actual 

experimental samples, the leaf stem was pushed deeper into the vial so the leaf was 

positioned closer to the cap of the vial. This ensured a stable positioning of the leaves 

for the duration of the experiment. 



78 

 

nonetheless, it is important to note that the ethyl acetate could have affected the leaf 

surface chemistry and we did not conduct tests to monitor this. The average surface area 

of an alfalfa leaf was determined to be 2.2 cm2 and that area was used to calculate the 

pesticide mass needed to achieve the recommended application rates based on the 

commercial formulation labels (Table 4.4). Representing field conditions is important due 

to previous evidence suggesting that extremely high application rates can result in 

increased rates of photodegradation.99,100 After threading the leaves through the GC vial 

cap and positioning the leaves on the sample tray, a Hamilton syringe was used to apply 

2800 ng/cm2, 336 ng/cm2, and 1230 ng/cm2 of chlorpyrifos, λ-cyhalothrin, and 

indoxacarb to separate sets of leaves, respectively. The same mass of active ingredient 

was applied for both active ingredient and formulation studies.  

 

Following application to each leaf, solvent was evaporated in the dark prior to 

irradiation for 15 minutes. Application reproducibility was measured and found to be 

consistent (chlorpyrifos, λ-cyhalothrin, and indoxacarb had relative standard deviation 

percentages of 5.1%, 10.0%, and 12.6%, respectively (n=3)). 

Pesticide 

Formulation 

Active Ingredient 

Concentration   

(g L-1) 

Formulation 

Application Rate    

(L acre-1) 

Experimental 

Application Rate   

(ng cm-2) 

Drexel® 

Chlorpyrifos 4E-AG 

479 0.24 2800 

Warrior II with 

Zeon Technology® 

249 0.06 336 

Steward® EC 150 0.33 1230 

 

Table 4.4 Foliar photodegradation application rates based on formulation label. 
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4.2.2.3 Irradiation 

The spectrum of light produced by the SunTest CPS+, shown in Figure 4.2, was 

obtained using an Apogee PS-300 Spectroradiometer. Filters were used to cutoff 

wavelengths <280 nm to mimic the spectrum of sunlight observed at the surface of the 

Earth.101 The SunTest has previously been shown to effectively mimic natural sunlight.102 

A cooler was attached to the SunTest to reduce volatilization of the studied compounds. 

Following solvent evaporation from leaves, the sample tray was placed into the 

solar simulator, which was set to irradiate samples at 550 W m-2. Samples were irradiated 

for up to 8 h with samples being removed from the solar simulator at t= 0, 1, 2, 4, 6, and 

8 h. When samples were removed from the solar simulator, individual leaves were stored 

in glass vials at -20 ºC until analysis. Dark controls were used to account for losses due to 

volatilization. The dark controls were placed in the solar simulator during experiments 

but were covered by aluminum foil to prevent light exposure. Similarly, to ensure that 

there was no transfer of pesticide from one leaf to another within the solar simulator, a 

leaf that received no pesticide was placed in the sample area and served as a blank. 

Cross-contamination in the solar simulator was not observed during any experiments. 

Figure 4.2 Spectrum of light produced by the Atlas SunTest CPS+ solar simulator. 
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4.2.2.4 Actinometry 

The p-nitroanisole/pyridine (PNA/pyridine) chemical actinometer was used to 

account for possible fluctuations in light intensity during experiments.103 Stock solutions 

of PNA in acetonitrile (10 mM) and pyridine in Milli-Q water (1 M) were prepared. In a 

dark environment prior to each experiment, these stock solutions were used to make a 

solution containing 10 µM PNA and 1 mM pyridine. This solution was placed in quartz 

cuvettes, which were placed in the solar simulator. An actinometry sample was removed 

from the solar simulator each time leaf samples were removed. A dark control was used 

for the actinometry samples by covering one cuvette in aluminum foil for the duration of 

irradiation. 

PNA and pyridine were quantified with a Shimadzu Prominence-i LC-2030C 3D 

with a UV detector and Agilent Poroshell 120 EC-C18 column (4.6 mm x 100 mm x 2.7 

µm). The mobile phase was 50:50 acetonitrile:water with a flow rate of 0.75mL/min. 

Peak areas were measured at 314 nm and the decrease in peak area with respect to 

irradiation times was used to monitor the intensity of light. The PNA/pyridine 

actinometer indicated that the light intensity was consistent throughout all experiments at 

550 W m-2. The equations used for these calculations can be found in Laszakovits et al.103  

4.2.2.5 Extraction and Analysis 

Prior to extraction, a solution containing isotope-labelled surrogate compounds 

was spiked onto each leaf at a concentration equal to the initial pesticide application 

concentration to account for any losses during sample workup. d10-chlorpyrifos was used 

as the surrogate for chlorpyrifos and d5-tertbuthylazine was used as the surrogate for λ-

cyhalothrin and indoxacarb. 10 mL of ethanol was then added to each glass vial and the 
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vials were sonicated for 15 min using a Branson 1510 Ultrasonic Cleaner (New York, 

USA). The extracts were then concentrated to 1-2 mL under a gentle stream of nitrogen 

using an Biotage TurboVap II (North Carolina, USA). 

The extracts were a dark green color and required additional cleanup. 15-cm glass 

pipettes were packed with glass wool followed by 0.6 g of Florisil and 0.1 g of GCB. The 

packed columns were conditioned with 5 mL of hexane and then 5 mL of 4:1 

hexane:acetone immediately prior to their use. The concentrated extracts were then added 

and eluted with an additional 15 mL of 4:1 hexane:acetone. Eluent was concentrated to 

~300 µL using the Biotage TurboVap II. Preliminary spike and recovery experiments 

showed that the chlorpyrifos, λ-cyhalothrin, and indoxacarb recoveries were 79±4%, 

86±9%, and 97±12%, respectively, for the total extraction and cleanup process. 

Pesticides were quantified using a ThermoFisher Scientific (Massachusetts, USA) 

Trace 1310 Gas Chromatograph (GC) coupled to a TSQ 8000 Evo triple quadrupole mass 

spectrometer (MS). Target analytes were separated with a 30 m x 0.25 mm x 0.25 µm 

ZB-5MSplus fused silica capillary column (Phenomenex, California, USA) with a 10-m 

deactivated guard column. The inlet temperature was 300 °C and injections were 

conducted in splitless mode. The oven temperature program for chlorpyrifos was 90°C 

(hold 0.5 min), ramp to 300°C at 15°C/min, hold at 300°C for 10 minutes. For λ-

cyhalothrin and indoxacarb, the oven temperature program was 90°C (hold 0.5 min), 

ramp to 170°C at 15°C/min, ramp to 300°C at 9°C/min (hold 10 min). The MS was 

operated with electron ionization and selective reaction monitoring (EI-SRM) for 

chlorpyrifos and indoxacarb and with single ion monitoring (EI-SIM) for λ-cyhalothrin. 

Target analyte SIM and SRM ions are provided in Table 4.5. An eight-point calibration 
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curve was prepared from the peak area ratios of the target analyte to the corresponding 

surrogate for each pesticide. There were no non-detects in this work. Characterization of 

the degradation products was not conducted and considered beyond the scope of this 

work. There is little known about photodegradation products of pesticides and their 

toxicity so this should be considered in future studies.  

4.2.2.6 Calculating photodegradation rates 

 

The concentration of pesticide present on leaves, normalized against the initial 

concentration, with respect to irradiation time was graphed and fit with an exponential 

line of the form in equation 4.1. 

𝑐𝑡 = 𝑐0𝑒−𝑘photo𝑡      (4.1) 

where ct is the pesticide concentration at time t, c0 is the initial pesticide concentration, 

kphoto is the pseudo-first order photodegradation rate constant, and t is irradiation time. 

We use the term ‘pseudo-first order’ when describing the rates because the nature of the 

decay depends on the reaction conditions.104 After calculating these pseudo-first order 

rates, t-tests were conducted using Microsoft Excel to determine if the rates for the active 

ingredient and formulation of each pesticide were statistically different (with 95% 

confidence intervals). 

Compound 
MS Quantitation 

Peak 

MS Confirming 

Peak 1 

MS Confirming 

Peak 2 

d5-Terbuthylazine 178/143 219/137 219/76 

λ-Cyhalothrin 197 181 208 

Chlorpyrifos 314/258 286/258 316/260 

Indoxacarb 218/203 264/176 203/134 

d10-Chlorpyrifos 324/260 236/197 326/262 

 

Table 4.5 GC-MS/MS SIM and SRM transition ions. 
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4.2.3 Field Dissipation Studies 

4.2.3.1 Field and Pesticide Application  

Six field dissipation studies were performed: four on seed alfalfa plots in Logan, 

Utah, during the spring and summer of 2020 and two on hay alfalfa plots in Lingle, 

Wyoming during the spring of 2021. For each dissipation study, pesticide was applied to 

0.1 acre of alfalfa for the Utah studies and to 0.04 acre of alfalfa for the Wyoming 

studies. Three of the studies performed in Utah were designed to measure the dissipation 

of chlorpyrifos when applied as the commercial formulation. These were conducted in 

three different months so that the effect of different weather conditions on chlorpyrifos 

concentrations in the field could be observed. The fourth study in Utah and the two 

studies in Wyoming were designed to measure the dissipation of the λ-cyhalothrin when 

applied as the commercial formulation. These studies were conducted to observe 

differences in λ-cyhalothrin behavior in seed versus hay fields and with different 

application timings (one morning and one evening). Additional details about applications 

are in Tables 4.6-4.7. 

 Chlorpyrifos 

Trial #1 

Chlorpyrifos 

Trial #2 

Chlorpyrifos 

Trial #3 

Month July August September 

Day of Month 13 11 25 

Application time (24 h clock) 9 9 10 

Latitude 41.76°N 41.76°N 41.76°N 

Longitude 111.81°W 111.81°W 111.81°W 

Elevation (m) 1413 1413 1413 

Leaf Area Index 5 6.5 5.5 

Leaf length (m) 0.018 0.021 0.022 

Leaf thickness (m) 0.000211 0.000195 0.000208 

Drexel® Chlorpyrifos 4E-

AG Application Rate 

(g a.i. / acre) 

226 226 226 

 

Table 4.6 Details for the chlorpyrifos field dissipation trials and PeDAL model input 

values. 
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Hourly meteorological conditions were recorded throughout the experiments and 

are available in the appendix. Data includes air temperature, wind speed, and solar 

radiation intensity. No precipitation occurred during the field studies. 

4.2.3.2 Sampling Protocol 

 

Leaf sampling times for each case study can be found in Table 4.8. Sampling was 

conducted for ~7 days past the application day and each study included 10-15 sampling 

times. At each sampling time, samples were collected from three separate parts of the 

field and stored individually to determine the spatial variability of the insecticide 

 λ-Cyhalothrin 

Trial #1 

λ-Cyhalothrin 

Trial #2 

λ-Cyhalothrin 

Trial #3 

Month May May May 

Day of Month 18 25 25 

Application time (24 h clock) 9 10 20 

Latitude 41.76°N 42.14°N 42.14°N 

Longitude 111.81°W 104.35°W 104.35°W 

Elevation (m) 1413 1272 1272 

Leaf Area Index 6 5.25 5.25 

Leaf length (m) 0.026 0.022 0.022 

Leaf thickness (m) 0.000230 0.000211 0.000211 

Warrior II with Zeon 

Technology ® Application 

Rate (g a.i. / acre) 

14 14 14 

 

Table 4.7 Details for the λ-cyhalothrin field dissipation trials and PeDAL model input 

values. 

Trial Sampling Times (h) 

Chlorpyrifos Trials #1-3 0.5, 2, 4, 8, 12, 16, 24, 48, 96, 168 

λ-Cyhalothrin Trial #1 0.5, 2, 4, 8, 12, 16, 24, 48, 96, 168 

λ-Cyhalothrin Trial #2 1, 4, 7, 10, 22, 28, 34, 46, 58, 70, 82, 100, 124, 148, 172 

λ-Cyhalothrin Trial #3 1, 6, 12, 18, 24, 36, 48, 60, 72, 90, 138, 162 

 

Table 4.8 Leaf sampling times for each case study. 
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concentration within the field. All leaf samples were collected from the upper portion of 

the alfalfa plant (top 10 cm). After collection, leaf samples were placed in pre-baked 

aluminum foil packets and stored on ice until transport to the laboratory where they were 

then placed in a freezer at -20 ºC until analysis. Baked foil packets were prepared for 

field sampling. Leaf samples were collected and placed into the foil packets which were 

then placed into individual plastic, sealable bags. All samples from a single time point 

were then placed into the same larger plastic, sealable bag. Latex gloves were changed in 

between each sample to ensure no cross-contamination. Field blanks were collected at the 

first and final time points by holding a bag open in the field for one minute so that the 

packets were open to the atmosphere. Background samples were also collected the same 

way one day prior to application. To ensure no contamination in the laboratory during 

extraction/analysis, laboratory blanks were run at the start and end of all extraction 

sequences. All field and laboratory blanks indicated that contamination did not occur. 

4.2.3.3 Extraction and Analysis 

Analytes were extracted from leaf samples following the extraction procedure 

used by Kinross et al.25 First, leaf samples were crushed in liquid nitrogen using a mortar 

and pestle. A portion of the crushed leaf sample was weighed and homogenized with DE 

to absorb moisture. Pressurized liquid extraction (PLE) using an ASE-350 (ThermoFisher 

Scientific, Massachusetts, USA) was used for analyte extraction. Florisil and GCB were 

used for in-cell cleanup. The PLE cells were packed from bottom to top (opposite to the 

extraction solvent flow direction) with a cellulose filter, 5 g of Florisil, 0.6 g of GCB, a 

cellulose filter, leaf (0.5 g) and DE (1.5 g) homogenate, sand (to remove dead space in 

the cell), and a glass fiber filter. The same isotopically labeled surrogates used in the 
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photodegradation studies were spiked into the PLE cell before extraction to account for 

loss during sample workup. The solvent was 25:75 (v/v) ethyl acetate:n-hexane and the 

PLE parameters were: 5 min heat time, 10 min static time, 50% solvent flush, 3 static 

cycles, 120 s purge, 80 °C and 1500 psi. The percent recoveries for the full sample 

preparation procedure for chlorpyrifos and λ-cyhalothrin was 79 ± 5% and 100 ± 7%, 

respectively. After extraction, extracts were concentrated to a volume of 300 µL using a 

Biotage Turbovap II. 

Quantification of field samples was conducted using a GC-MS-MS following the 

same procedures described for the photodegradation studies described in this manuscript.  

4.2.4 Honeybee Risk Assessment  

Honeybee risk exposure assessment was conducted for each field dissipation 

study using the pesticide concentrations in leaves predicted by the PeDAL model,9 

optimized for pesticide applications to alfalfa according to the description in the Results 

section. The selected effect level was the lethal dose for 50% of the population (LD50) for 

specific exposure routes (i.e. contact or oral). The LD50 values for each exposure route 

for honeybees were found in the Pesticide Properties Database (PPDB)105 and 

ECOTOXicology Knowledgebase (ECOTOX).106 When two LD50 values for the same 

compound and exposure route were listed, the smaller LD50 was used to represent a 

worst-case scenario. Bees in the field experience exposure through both contact and 

exposure pathways simultaneously, so the LD50s for both contact and oral exposure 

routes were combined using the approach described by Barmaz et al.98 The RQ was 

calculated with equation 4.2. 

RQ = 
TDIoral

Oral LD50
 + 

TDIcontact

Contact LD50
  (4.2) 
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where TDIoral is the total daily intake through the oral route and TDIcontact is the total daily 

intake through the contact exposure route. The TDIoral was calculated with equation 4.3. 

TDIoral = 𝐶plant ∙ 𝑀pollen  (4.3) 

where Cplant is the insecticide concentration in the plant tissue (µg/mg) and Mpollen is the 

mass of pollen consumed by honeybees daily (mg), which is 4.3 mg according to Barmaz 

et al.98 The TDIcontact was calculated with equation 4.4. 

TDIcontact = 𝐶plant,surface ∙ SAplant (4.4) 

where Cplant,surface is the insecticide concentration on the leaf surface (µg/cm2) and SAplant 

is the surface area of plant contacted by bees daily (cm2). The SAplant for honeybees is 5 

cm2 bee-1 according to Barmaz et al.98 
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4.3 Results and Discussion 

4.3.1 Foliar Photodegradation Studies 

During the photodegradation experiments for chlorpyrifos (both active ingredient 

and formulation) the irradiation chamber was kept at a consistent 21ºC; however, this was 

not cool enough to prevent significant amounts of volatilization. The dark controls for the 

active ingredient and the formulation contained <40% of the initial chlorpyrifos (Figure 

4.3A). No statistical difference was observed between the irradiated samples and the dark 

control removed from the solar simulator at the end of the experiment (t = 8 h). This 

demonstrates that photodegradation on alfalfa leaf surfaces is not a major dissipation 

pathway for chlorpyrifos, and that most of the dissipation is due to volatilization. This 

was also observed by Walia et al.,91 who observed only 30% degradation of chlorpyrifos 

on a soft-shield fern (Polystichum setiferum) after receiving 9 hours per day of simulated 

Figure 4.3 Foliar photodegradation of each compound on alfalfa leaves. Error bars 

represent standard deviation (n=3). c and c0 are the concentration at the sampling 

time and the initial concentration, respectively.  
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sunlight at a constant 1000 W m-2 for 25 days (dark control still had 95% of initial 

chlorpyrifos mass present).91 Due to the lack of significant difference between the dark 

control and irradiated samples at the end of the experiment, no photodegradation rate was 

calculated. In extreme scenarios in which photodegradation may be an important process, 

such as conditions of unusually strong sunlight and unusually low temperatures, 

preventing volatilization, the photodegradation rates measured by Walia et al.91 should be 

used. 

Table 4.9 Pseudo-first order foliar photodegradation rates for λ-cyhalothrin and 

indoxacarb on alfalfa leaves with 95% confidence intervals. 
 Pseudo-first order foliar photodegradation rate constants (h-1) 

Chemical Active ingredient Formulation 

λ-Cyhalothrin 0.042±0.017 0.056±0.018 

Indoxacarb 0.035±0.018 0.037±0.021 

The photodegradation rate constant for λ-cyhalothrin active ingredient was 0.042 

h-1 (Table 4.9). The change in concentration over time during the photodegradation 

experiments suggests that the λ-cyhalothrin in formulation photodegraded slightly faster 

than the active ingredient (Figure 4.3B) with a rate constant of 0.056 h-1 (Table 4.9); 

however, these rates are not statistically different. The photodegradation rate constant for 

indoxacarb active ingredient was 0.035 h-1 (Table 4.9). The change in concentration over 

time during the photodegradation experiments suggests that the indoxacarb in 

formulation photodegraded at a similar rate to the active ingredient (Figure 4.3C) with a 

rate constant of 0.037 h-1 (Table 4.9). There was no statistical difference between the rate 

of photodegradation for the active ingredient when compared to the commercial 

formulation. For both λ-cyhalothrin and indoxacarb, the concentrations in the dark 

controls were >90% of those in samples that received no irradiation (t = 0 h) indicating 

that the losses experienced in the irradiated samples can be predominantly attributed to 
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photodegradation. This was an expected result due to λ-cyhalothrin and indoxacarb’s low 

vapor pressures (Table 4.9).  

For all pesticides there was no statistically significant difference in the 

photodegradation rate of the pure active ingredient and the commercial formulation. 

While this has been observed for other pesticide active ingredient and formulations 

tested, formulation effects have also been shown to significantly increase 

photodegradation rate in some cases.100,107  Due to the uncertain effects of the additives in 

formulations, future experiments should be conducted with formulated pesticides to 

ensure the results are more useful for environmental modeling.  

 

4.3.2 Field Dissipation Studies and Model Optimization 

4.3.2.1 Chlorpyrifos 

 

Figure 4.4 Predicted and measured chlorpyrifos concentrations in leaves for each trial 

when using the scenario-specific inputs shown in Table 4.6 and weather inputs from 

the appendix along with the plant intercept percentage set to 95%, soil density set to 

2.4 kg/L, and the fraction of organic carbon set to 0.2 g/g. The numbers in the bottom 

left corner of each plot indicate the field trial number. For each scenario, the plant-

air partition coefficient (Kplant-air) was calculated using the predictive equation for 

clover from Komp and McLachlan.28 Error bars indicate standard deviation (n=3). 
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The PeDAL pesticide fate model was used to predict chlorpyrifos concentrations 

in leaves over a week for each field trial (Figure 4.4). The model did not accurately depict 

the dissipation shown by the measured concentrations when using default model inputs. 

The two obvious differences between the measured and predicted concentrations are the 

predicted initial concentration was higher than the measured concentration and the 

measured data shows a much faster decrease in concentration than the predicted data. 

Therefore, we had to optimize the model. The PeDAL model was previously shown to 

have good agreement between predicted and measured values of DT50 values,9 but has 

not been evaluated over a longer period of time. To produce predicted initial 

concentrations that were closer, we changed the plant intercept percentage. This input 

value specifies the amount of pesticide that is modeled to deposit on plants in the field 

rather than the soil. Whole number percentages were tested for each chlorpyrifos scenario 

to get good agreement between the predicted and measured initial concentrations for the 

three scenarios. An average value of 63% for the plant intercept percentage led to the best 

agreement between predicted and measured data. The predicted initial concentrations 

may have required adjustments due to the volatility of chlorpyrifos, which led to more 

volatilization during spraying, reducing the amount that landed on the target plants.  

To better match the rate of dissipation observed in the chlorpyrifos studies, the 

plant-air partition coefficient (Kplant-air) was also changed. The Kplant-air value due to the 

impact this factor has on volatilization, which is the main loss process for chlorpyrifos. In 

Chapter 3, it was noted that the lack of plant- and chemical-specific measured Kplant-air 

values was likely a source of error in the model.9 In Chapter 3, the Kleaf-air values were 

measured for the formulation we used in this work. The Kplant-air values, though, varied 
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between months. In an attempt to optimize the model and make it most applicable for 

future chlorpyrifos studies on alfalfa fields, we used an equation to predict the 

temperature-specific Kplant-air for each chlorpyrifos scenario. The trendline is given in 

equation 4.5. 

𝑦 = −0.0051𝑥 + 7.1  (4.5) 

where x is the input for temperature in Kelvin and y is the log Kplant-air value. This 

equation was the trendline for the plot of the average Kplant-air values at both 10 °C and 25 

°C vs the temperature they were measured at in Kelvin. The predicted concentrations and 

measured concentrations after modifying the PeDAL model are shown in Figure 4.5.  

 

Using the measured leaf concentrations (Figure 4.5), CPL24 and the DT50 values 

were calculated (Table 4.10). The chlorpyrifos trials were conducted in different months 

to evaluate the model over a range of meteorological conditions. Trial 1 and trial 3 

showed similar measured CPL24 and DT50 values (77%, 78% and 0.31, 0.25 days, 

Figure 4.5. Predicted and measured chlorpyrifos concentrations in leaves for each 

trial after modifying the PeDAL model and when using the scenario-specific inputs 

shown in Table 4.6 and weather inputs from the appendix along with the soil density 

set to 2.4 kg/L, and the fraction of organic carbon set to 0.2 g/g. The numbers in the 

bottom left corner of each plot indicate the field trial number. Error bars indicate 

standard deviation (n=3). 
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respectively.) This was a surprising result because the meteorological conditions were 

most similar for chlorpyrifos trials 1 and 2 (average temperatures throughout the study 

was 22.2 °C and 22.8 °C, respectively) compared to trial 3 (average temperature was 13.0 

°C). The plant parameters leaf area index and leaf thickness, though, were more similar 

between trial 1 and 3 compared to trial 2 (Table 4.6). This suggests that the plant 

parameters, which likely impact leaf processes, has a strong effect on pesticide 

dissipation. Trials 1 and 2 had warmer temperatures throughout the study, which is 

expected to lead to more volatilization. However, the CPL24 and DT50 values calculated 

using measured data show the trial with the fastest pesticide dissipation was trial 3 (the 

September application) and the slowest dissipation was trial 2 (the August application).  

 

The leaf concentrations predicted by the optimized PeDAL model were also used 

to calculate the CPL24 and DT50 values (Table 4.10). The CPL24 and DT50 values from 

both the predicted and measured data were compared. Both values are similar for the 

chlorpyrifos trials, with all but one value having less than 15% difference between the 

values. For chlorpyrifos trial 2, though, the DT50 percent difference was 46%. The 

predicted and measured data for trial 2 (Figure 4.5), specifically the measured and 

predicted concentrations at Day 2, show the dissipation predicted by the model is faster 

Table 4.10 Cumulative percentage lost in 24 hours from plants (CPL24) and time to 

reach 50% of the initial plant concentration (DT50) in days calculated using both the 

predicted concentrations and the measured chlorpyrifos concentrations. 
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compared to the measured data. This difference in behavior is likely due to the Kplant-air 

value used since Chapter 3 showed that this value can vary by more than one log unit 

based on the plant growth stage. This hypothesis is supported due to the different leaf 

properties recorded for trial 2 compared to trials 1 and 3 (Table 4.6). Chlorpyrifos trial 2 

had similar leaf lengths to the other two trials, but leaves were not as thick for trial 2 and 

the leaf area index was higher for trial 2 than the other trials. This indicates that leaves 

were likely in different growth stages, which led to different volatilization behavior.  

However, the Kplant-air value used in the PeDAL model still produced similar predicted 

CPL24 and DT50 values for the other two trials (completed in July and September), so the 

Kplant-air value used is applicable for most of the trials. Also, even though percent 

difference was high for the DT50 of trial 2, the CPL24 had good agreement between the 

predicted and measured values, further indicating that PeDAL model is accurately 

describing the pesticide behavior after application, even when the application occurs in 

different months of the year.      
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4.3.2.2 λ-Cyhalothrin 

The PeDAL pesticide fate model was used to predict λ-cyhalothrin concentrations 

in leaves over a week for each field trial (Figure 4.6). The model did not accurately depict 

the dissipation shown by the measured concentrations. For λ-cyhalothrin, the predicted 

concentrations were closer to the measured concentrations than for chlorpyrifos, but after 

~2 days the measured concentrations were higher than the predicted concentrations. The 

main loss process for λ-cyhalothrin is photodegradation, so to reduce the loss due to this 

process and predict higher concentrations later in the modeled scenario using the PeDAL 

model, the leaf penetration rate was investigated. The PeDAL model considers any 

pesticide that has penetrated into the leaf unavailable for volatilization or 

photodegradation.9 This parameter was set in the model as a generic value of 0.002 h-1,89 

but this process is likely chemical- and plant-specific so it is unsurprising that this value 

is a source of error in the PeDAL model. Leaf penetration rates from 0.002-0.010 h-1 

Figure 4.6 Predicted and measured λ-cyhalothrin concentrations in leaves for each 

trial when using the scenario-specific inputs shown in Table S7 and weather inputs 

from the appendix along with the plant intercept percentage set to 95%, soil density 

set to 2.4 kg/L, and the fraction of organic carbon set to 0.2 g/g. The numbers in the 

bottom left corner of each plot indicate the field trial number. For each scenario, the 

plant-air partition coefficient (Kplant-air) was calculated using the predictive equation 

for clover from Komp and McLachlan.28 Error bars indicate standard deviation 

(n=3). 
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were tested for each scenario to find the rate that creates the best agreement between 

predicted and measured concentrations at the last sampling time. An average value of 

0.008 h-1 for the leaf penetration rate led to the best agreement between predicted and 

measured data for λ-cyhalothrin. The predicted concentrations and measured 

concentrations after modifying the PeDAL model are shown in Figure 4.7. 

Using the measured leaf concentrations (Figure 4.7), CPL24 and the DT50 were 

calculated (Table 4.11). For the λ-cyhalothrin trials, calculating the CPL24 and DT50 using 

the measured values were complicated due to several time points that had an increase in 

pesticide concentration over time. The main loss process for λ-cyhalothrin predicted by 

the model is photodegradation, so during the evening the model predicts very little loss. 

This minimal loss over time predicted as well as the variability in concentration may 

correspond to the measured pesticide concentration increases. This increase may also be 

due to other factors such as morning dew on the plants.  

Figure 4.7 Predicted and measured λ-cyhalothrin concentrations in leaves for each 

trial after modifying the PeDAL model and when using the scenario-specific inputs 

shown in Table S6 and weather inputs from the appendix along with the soil density 

set to 2.4 kg/L, and the fraction of organic carbon set to 0.2 g/g. The numbers in the 

bottom left corner of each plot indicate the field trial number. Error bars indicate 

standard deviation (n=3). 
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The λ-cyhalothrin trials were all completed in May, but were conducted on 

different alfalfa plot types (a seed plot and a hay plot), in different locations (Utah and 

Wyoming), and using different application times (morning and evening). The fastest 

dissipation occurred for trial 1, followed by trial 2 and the slowest dissipation study was 

trial 3. Comparing trial 1 and 2 (both were morning applications), trial 1 showed the 

fastest dissipation rate. This result could be due to several factors including the alfalfa 

plot type, the location of the study, or the leaf characteristics for this study (Table 4.7) 

since all of these factors vary between studies. Comparing trials 2 and 3 (both were 

conducted in Wyoming on hay plots), trial 2 showed faster dissipation. Trial 2 had an 

application time of 9:00am and trial 3 had an application time of 8:00pm. Trials 2 and 3 

were conducted on the same day on fields that were near each other so the meteorological 

conditions as well as leaf characteristics were all the same, indicating that the difference 

in dissipation behavior is due to the difference in application timing. The PeDAL model 

predicts that the main loss process for λ-cyhalothrin is photodegradation, so we 

hypothesized that an evening application would reduce degradation immediately after 

application, prolonging the efficacy time. The observed results support this hypothesis. 

This is an important result because many farmers do not plan spraying with the intent of 

avoiding photodegradation directly after application. However, it is unclear whether 

spraying at night would be detrimental to the efficacy (if pests are not on plants until 

middle of day). 
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Using the optimized PeDAL model data (Figure 4.7), CPL24 and the DT50 were 

calculated from the predicted leaf concentrations and compared to the CPL24 and the 

DT50 values calculated from measured values (Table 4.11). For several trials, the percent 

difference is ~20%. The CPL24 had better agreement between predicted and measured 

values for trial 2 and 3 when compared to the DT50 values, but trial 3 had better 

agreement for the DT50 values. Overall, based on the percent differences, the PeDAL 

model accurately predicted the pesticide concentration over time after application for all 

λ-cyhalothrin trials.  

 

4.3.3 Honeybee Risk Quotients 

Using the optimized model inputs for each scenario, the RQ was modeled based 

on predicted leaf concentrations over time (Figure 4.8). A RQ of one (Figure 4.8, red 

line) indicates that the field concentrations lead to bee exposure equal to the LD50 

concentration. The RQ graphs for the chlorpyrifos trials show that the predicted RQ drops 

below the threshold of one quickly but shows a consistent risk for the remainder of the 

seven days modeled. The RQ graphs for λ-cyhalothrin show that even for trial 1 and 2, 

which drop below the threshold of one, the predicted RQ remains very close to one even 

after seven days. In contrast to the other scenarios, λ-cyhalothrin trial 3 is predicted to not 

Table 4.11 Cumulative percentage lost in 24 hours from plants (CPL24) and time to 

reach 50% of the initial plant concentration (DT50) in days calculated using both the 

predicted concentrations and the measured λ-cyhalothrin concentrations. 
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reach a RQ of one during the seven days modeled. This supports the hypothesis that an 

evening application leads to higher pesticide concentrations compared to a morning 

appliation. However, this higher concentration over time is concerning because many 

farmers spray at night because they believe this is safer for bees. While this may be true 

in the sense that bees are not foraging during the evening, if the pesticide concentration 

poses a risk to honeybees longer than a morning application it overall would be more 

detrimental to bees to apply pesticide at night.   

 

 

Figure 4.8 RQs over time based on the predicted plant concentration. The red line 

shows when the RQ equals one and the gray link indicates the RQ based on field 

conditions. The numbers in the bottom left corner of each plot indicate the field trial 

number.  
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In this work we only calculate RQs for honeybees, but alfalfa leaf-cutting bees 

(M. rotundata) are generally used to pollinate alfalfa fields. Because LD50 values are not  

readily available for alfalfa leaf-cutting bees, we are unable to calculate a RQ using the 

method used in this work. However, alfalfa leaf-cutting bees are expected to be more 

vulnerable to pesticides than honeybees,108 so the time for a RQ to reach one would likely 

be even longer than our predicted values for the honeybee.  

 

To evaluate the optimized PeDAL model inputs, the time when the RQ equals one 

and the insecticide concentration in leaves at seven days after application was calculated 

using both the predicted and measured concentrations (Table 4.12). For chlorpyrifos trials 

the leaf concentration at seven days as well as the time when the RQ equals one do not 

agree for the predicted and measured data. For λ-cyhalothrin, though, there is good 

agreement between the predicted and measured data. We attribute the large percent 

differences for the chlopryrifos trials to an incorrect penetration rate. While this rate has 

minimal effect on the initial decrease of pesticide, which is described using the CPL24 

Table 4.12 Leaf concentration seven days after pesticide application and the time when 

the RQ equals one (in days) when using predicted leaf concentrations from the PeDAL 

model as well as the measured leaf concentrations. 
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and DT50, the predicted pesticide concentrations during the later days of the field trial is 

strongly affected by the penetration rate. The agreement of the predicted and mesured 

values for λ-cyhalothrin are likley due to the optimization of the penetration rate to match 

the measured values. This finding emphasizes the need to have accurate penetration rates, 

especially if we want to accurately predict pesticide behavior for longer periods of time, 

which is required when predicting RQs to inform decisions about pollinator management. 



102 

 

Chapter 5. Conclusion 

5.1 General Conclusions 

 Pesticide is critical to protect crops from insects, weeds, and diseases, which 

would decrease the crop yield. Although pesticide use is necessary, it still carries risks 

due to the concern for non-target organisms. Therefore, understanding how a pesticide 

moves through an environment after it is applied is necessary to determine the most 

efficient application practices. 

 In chapter 2, I described the development of an extraction method for extracting 

20 pesticides from both alfalfa and citrus leaves using the Accelerated Solvent Extractor 

(ASE). This method was modified for use with the Energized Dispersive Guided 

Extraction (EDGE) system. A comparison of extraction methods was conducted when 

packing the extraction cells with layered sorbent and leaf matrix as well as when the 

sorbents and leaf matrix was mixed before being added to the cell. The methods were 

compared in terms of lipid mass extracted, UV-Vis spectra of extract, percent recovery of 

pesticides, field concentrations measured, and extraction parameters such as extraction 

time and solvent volume used. There were no significant differences in the residual lipid 

mass extracted with each method. The UV-Vis data showed that while Florisil decreased 

the absorbance of the sample, GCB was required to remove most of the pigment from the 

samples.  

The layered sorbent ASE method had significantly higher percent recoveries than 

the layered sorbent EDGE method for alfalfa and the mixed sorbent ASE method had 

significantly higher percent recoveries than the mixed sorbent EDGE method for both 

alfalfa and citrus tests when considering the average recovery of all pesticides. This 
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indicates that the ASE has better recoveries of spiked pesticides. Even with these results, 

though, only a handful of individual pesticides had significantly different percent 

recoveries when considering the pesticides individually. The field concentrations 

calculated when extracting leaves using each method showed no significant difference 

between any methods. This suggests the ASE and EDGE produce similar pesticide 

concentration in leaf extracts. The use of labelled surrogates to account for any loss 

during the extraction process may have contributed to the lack of significant differences. 

The extraction time for the ASE was ~45 minutes, while the EDGE only required ~10 

minutes. This difference in extraction time can lead more efficient sample processing 

when using the EDGE. The ASE used slightly less solvent per extraction compared to the 

EDGE, but because no method development was performed on the EDGE the extra 

solvent may not be required to get the same percent recoveries.  

The results presented show that the methods developed for each instrument are 

adequate to use for pesticide extraction from leaves. However, for other sample matrices 

that require deeper solvent penetration for extraction the high pressures used by the ASE 

may be necessary. This work was the first to quantitatively compare the new EDGE 

instrument to a previously used, trusted extraction instrument. This work provided future 

researchers details about using the EDGE that can guide the extraction method chosen as 

well as give insight into what drawbacks this new instrument may have.  

 In chapter 3, I measured the leaf-air partition coefficients (Kleaf-air) for chlorpyrifos 

(both as active ingredient alone and in a formulation) on alfalfa leaves using different 

experimental conditions. At the end of each experiment, leaves were sequentially 

extracted to investigate the foliar penetration at the different conditions. The Kleaf-air 
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values decreased with increasing temperature, which was the expected result based the 

theory that an increase in temperature leads to an increase in the movement of molecules, 

which allows them to break the bonds on the surface of the leaf more easily and can more 

readily volatilize. The active ingredient alone, though showed more sensitivity to 

temperature change than the formulation. The added components of a formulation are 

often added to increase the residency time of the pesticide on the leaf, so it is likely that 

these also work to offset the expected increase in volatilization with increasing 

temperature.  

The foliar penetration was also affected by temperature. An increase in 

temperature led to more penetration, shown by a decrease in percentage on the leaf 

surface and an increase in the deeper leaf layers. This is expected because an increase in 

temperature results in more diffusion due to the increase in movement of the leaf waxes, 

which creates more space for pesticide to penetrate through. The results show that with 

increasing temperature, both volatilization and penetration increase. These two processes 

likely offset each other (more penetration means less pesticide on the surface to 

volatilize, but more volatilization reduces the amount of pesticide on the leaf available for 

penetration). For the active ingredient and formulation, the importance of these processes 

seems to be different since we observe different trends for the compounds. These trends 

were also different depending on the leaf growth stage, which is just another factor that 

complicates the measurement of Kleaf-air values.  

Kleaf-air and foliar penetration was tested for leaves that were collected during 

different months to assess the influence of leaf age/plant growth stage on these processes. 

Both processes were affected by the leaf collection date, but no noticeable trends were 
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observed. Leaf growth stage could have impacted the leaf size, thickness, and 

accumulation of different foliar tissues, causing the differences in measured values 

between months.  

The results from this work highlighted how complicated the interaction between 

pesticide and leaf surfaces are. This work can be used to guide researchers about what 

experimental conditions need to be investigated more using a broad range of chemicals 

(temperature and leaf age) and which should not be a high priority to evaluate (humidity). 

In future work researchers should do an in-depth study of the leaf properties that are 

affected by changing leaf stage such as the type of wax that is in the leaf cuticle. 

 In chapter 4, foliar photodegradation rates for two pesticides (both as active 

ingredients alone and as formulations) were measured and the formulation 

photodegradation rates were incorporated into a pesticide dissipation model. This model 

was then used to predict the pesticide concentration in plants after application to an 

alfalfa field for six field studies and compared to measured values from these studies. The 

chlorpyrifos tests were executed to evaluate the dissipation behavior in different months 

as well as evaluate the model predictions for different weather and crop conditions. The 

λ-cyhalothrin studies were conducted to evaluate the model at two different locations as 

well as evaluate the implications of applying a pesticide in the evening compared to the 

morning.  

After comparing the model-predicted pesticide concentrations in the leaves and 

the measured concentrations, the model was optimized to improve the agreement between 

the values. For the chlorpyrifos studies, the model’s plant-intercept percentage was 

adjusted to 63% to better match the starting measured concentrations. The volatilization 
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behavior predicted by the model showed improvement when the measured Kleaf-air values 

for chlorpyrifos formulation from chapter 3 were incorporated into the model. These 

changes led to good agreement between the predicted and measured pesticide 

concentrations for the chlorpyrifos field studies. The chlorpyrifos studies completed in 

July and September showed similar dissipation behavior, which was surprising because 

the temperatures were most similar between the July and August studies. The plant 

properties were similar for the July and September studies, so this may indicate that the 

leaf properties have more effect on the dissipation behavior than the meteorological 

conditions.  

The λ-cyhalothrin predicted concentration did not originally match the measured 

concentration after ~day 2 of the study. To adjust the model to better match the measured 

data, the foliar penetration rate was changed from 0.002 h-1 to 0.008 h-1. This led to good 

agreement between data. The agreement of data for all trials suggest that the model 

accurately predicts pesticide concentration at multiple locations. Comparing the 

Wyoming morning and evening application trials, we see that the morning application 

has a faster dissipation from the field. This supports the hypothesis that spraying λ-

cyhalothrin at night reduces the photodegradation of the compound, therefore decreasing 

the dissipation and extending the efficacy time. This information can give farmers insight 

about how spray timing can impact the efficacy time of the pesticide depending on the 

main loss process expected for the pesticide. 

Using the optimized model for each pesticide, risk quotients were calculated for 

honeybees. The chlorpyrifos data did not show good agreement between the predicted 

and measured data. λ-cyhalothrin, however, showed good agreement. This is likely due to 
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using the optimized foliar penetration rate for λ-cyhalothrin while the chlorpyrifos model 

used a generic penetration rate. This optimized penetration rate is critical to accurately 

predict pesticide fate when modeling for more than ~2 days. This highlights the need for 

more compound- and plant-specific penetration rates to accurately predict pesticide fate 

as well as accurately assess the risk pesticides pose to honeybees. Even if the fate model 

is not perfect, though, it can still guide farmer application choices because it allows them 

to compare different spray scenarios and find the best option based on meteorological 

conditions as well as pesticide being applied. 

In Chapter 3, it was shown that leaf properties have a strong impact on pesticide-

leaf interactions and different plant growth stage leads to different leaf-air partitioning 

behavior. In Chapter 4, it was shown that the Kleaf-air can greatly impact modelling results, 

and therefore impact risk quotient estimates made by the pesticide fate model. This work 

highlights some areas that need to be further investigated to accurately predict pesticide 

behavior after application to an alfalfa field. 

5.2 Future Recommendations 

 The ASE generally had better percent recoveries than the EDGE. However, no 

work was conducted to optimize the EDGE method. If the EDGE method had been 

optimized, the results may have been different. Therefore, future work evaluating the 

EDGE should also optimize the EDGE method to allow a more accurate comparison. 

Method optimization could be done by testing several different method parameters such 

as: extraction solvent, extraction time, or the number of extraction cycles used. Even 

without method optimization, the EDGE was shown to be an acceptable extraction 

instrument. However, it is still unknown whether the instrument can extract compounds 
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when they are more tightly bound (such as in fish or soil matrices). Future work should 

also evaluate the EDGE instrument using these matrices. 

 The Kleaf-air values measured as well as the foliar penetration showed a difference 

in behavior for both the active ingredient alone and the formulation as well as when the 

leaves were at a different growth stage. The difference in volatilization and penetration 

behavior for the active ingredient and formulation suggest that both processes are 

chemical-specific, and when multiple chemicals are applied to leaves together the 

interaction of the chemicals likely affect both processes. This emphasizes the need for more 

Kleaf-air values as well as foliar penetration data to be measured for a broad range of 

compounds, especially in the formulations since that is what is applied by farmers and what 

is most important for pesticide fate modeling. The differences in results based on the leaf 

growth stage suggests that these processes are growth stage specific. This suggests more 

studies on plant growth stage are needed, paying careful attention to leaf characteristics 

such as the type of waxes that make up the cuticle, leaf water content, leaf thickness, and 

leaf length. The type of waxes in the cuticle would be more difficult to measure compared 

to the other characteristics listed, but the types of waxes influence the interaction a pesticide 

has with the leaf as well as affect the penetration behavior, so this may be the most 

important characteristic to monitor. If leaf characteristics can be actively monitored over 

time while conducting volatilization and penetration studies, it may be possible to use the 

leaf characteristics to relate data from one plant species to another based on these 

measurable characteristics. Improvements in our ability to predict of Kleaf-air values could 

greatly improve fate models. 
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 The optimization of the pesticide fate models emphasized the importance of several 

processes: volatilization (predicted from the Kleaf-air) and pesticide penetration rates. As 

discussed previously, more plant-and chemical-specific Kleaf-air values are needed if we 

hope to accurately predict the pesticide behavior after application on an agricultural field. 

Previously in the fate model, the penetration rate was set at a generic value. It is not 

surprising that this is a source of error due to penetration being a diffusion process that is 

affected by chemical properties. The work presented in Chapter 3 with foliar penetration 

did not measure penetration over time, rather it focused more on how the pesticide 

equilibrates over a 16-h experiment. To measure pesticide penetration, leaves would need 

to be sampled over time to get the change in concentration in each leaf layer. More 

measurements of pesticide penetration rates when using chemicals with a broad range of 

chemical properties may allow for a predictive equation to be made that would better model 

the pesticide penetration rate based on the chemical. While this work did predict risk to 

honeybees based on pesticide concentrations, there was no comparison to measured 

pesticide concentrations in honeybees. Future work is needed to evaluate pesticide uptake 

for a foraging honeybee. Also, honeybees are not the only pollinator that is used by farmers. 

More bee species need to be considered in risk assessments to give those who manage bees 

the best information to reduce dangerous pesticide exposure to the bees they manage. More 

data is needed to accomplish this, though, such as the lethal dose for 50% of the population 

(LD50) for more bee species for more pesticides. The LD50s for alfalfa leaf-cutting bees are 

currently being measured for several pesticides by our collaborators to help expand the risk 

assessments that we can do. 
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Table A1. Weather conditions for pesticide dissipation studies. 

Chlorpyrifos Field Dissipation Trial 1 Chlorpyrifos Field Dissipation Trial 2 

Date, Time Air 

Temp. 

(°C) 

Wind 

Speed 

(m/s) 

Solar 

Intensity 

(W*m-2) 

Date, 

Time 

Air 

Temp. 

(°C) 

Wind 

Speed 

(m/s) 

Solar 

Intensity 

(W*m-2) 

7/13/2020 

9:00 

19.8 0.939 491 8/11/2020 

9:00 

21.1 1.028 627 

7/13/2020 

10:00 

21.8 0.849 790 8/11/2020 

10:00 

22.5 0.849 579 

7/13/2020 

11:00 

23.5 0.983 861 8/11/2020 

11:00 

25.4 0.983 889 

7/13/2020 

12:00 

25.4 0.939 1024 8/11/2020 

12:00 

27 0.715 643 

7/13/2020 

13:00 

26.5 1.073 1004 8/11/2020 

13:00 

28.4 1.118 509 

7/13/2020 

14:00 

27.5 1.028 935 8/11/2020 

14:00 

28.8 0.671 467 

7/13/2020 

15:00 

28.2 1.341 812 8/11/2020 

15:00 

30.6 1.565 723 

7/13/2020 

16:00 

28.6 1.207 654 8/11/2020 

16:00 

31.3 1.699 590 

7/13/2020 

17:00 

28.6 1.386 471 8/11/2020 

17:00 

30.9 1.654 398 

7/13/2020 

18:00 

27.8 1.609 273 8/11/2020 

18:00 

30.1 1.252 174 

7/13/2020 

19:00 

25.6 2.012 97 8/11/2020 

19:00 

25.6 0.76 11 

7/13/2020 

20:00 

24.1 1.654 5 8/11/2020 

20:00 

24.1 1.073 0 

7/13/2020 

21:00 

21.4 0.849 0 8/11/2020 

21:00 

23.3 1.162 0 

7/13/2020 

22:00 

19.8 0.671 0 8/11/2020 

22:00 

22.3 1.52 0 

7/13/2020 

23:00 

18.6 1.118 0 8/11/2020 

23:00 

21.1 1.922 0 

7/14/2020 

0:00 

18.3 1.699 0 8/12/2020 

0:00 

21.3 1.743 0 

7/14/2020 

1:00 

18 1.207 0 8/12/2020 

1:00 

18.6 1.073 0 

7/14/2020 

2:00 

15.8 0.894 0 8/12/2020 

2:00 

18.3 1.654 0 

7/14/2020 

3:00 

13.9 0.402 0 8/12/2020 

3:00 

16.8 0.671 0 

7/14/2020 

4:00 

13.6 1.028 0 8/12/2020 

4:00 

15.9 0.715 0 
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7/14/2020 

5:00 

11.7 0.447 9 8/12/2020 

5:00 

15.4 1.252 2 

7/14/2020 

6:00 

13.2 1.118 123 8/12/2020 

6:00 

13.8 0.268 48 

7/14/2020 

7:00 

16.3 1.162 338 8/12/2020 

7:00 

16.7 0.581 237 

7/14/2020 

8:00 

18.6 0.76 535 8/12/2020 

8:00 

19.9 0.805 445 

7/14/2020 

9:00 

20.2 0.671 717 8/12/2020 

9:00 

22.6 0.983 633 

7/14/2020 

10:00 

21.3 1.431 867 8/12/2020 

10:00 

25 1.028 767 

7/14/2020 

11:00 

22.8 1.475 975 8/12/2020 

11:00 

27.2 2.056 887 

7/14/2020 

12:00 

23.8 1.52 1021 8/12/2020 

12:00 

28.2 2.414 936 

7/14/2020 

13:00 

24.6 1.52 1008 8/12/2020 

13:00 

28.9 3.129 933 

7/14/2020 

14:00 

25.7 1.118 939 8/12/2020 

14:00 

29.1 3.532 869 

7/14/2020 

15:00 

26.2 1.386 822 8/12/2020 

15:00 

29.7 3.442 759 

7/14/2020 

16:00 

26.6 1.386 650 8/12/2020 

16:00 

28.1 2.235 580 

7/14/2020 

17:00 

26.8 1.073 479 8/12/2020 

17:00 

28.9 1.609 390 

7/14/2020 

18:00 

26.5 0.983 279 8/12/2020 

18:00 

28.9 2.906 194 

7/14/2020 

19:00 

25 0.402 101 8/12/2020 

19:00 

26.9 1.743 23 

7/14/2020 

20:00 

21.8 0.358 5 8/12/2020 

20:00 

23.8 1.252 0 

7/14/2020 

21:00 

19.6 0.581 0 8/12/2020 

21:00 

22.5 1.162 0 

7/14/2020 

22:00 

18.1 0.76 0 8/12/2020 

22:00 

20.2 0.983 0 

7/14/2020 

23:00 

16.8 1.162 0 8/12/2020 

23:00 

18 0.939 0 

7/15/2020 

0:00 

15.7 1.162 0 8/13/2020 

0:00 

17.2 0.76 0 

7/15/2020 

1:00 

14.1 0.536 0 8/13/2020 

1:00 

17.6 0.894 0 

7/15/2020 

2:00 

13.1 0.536 0 8/13/2020 

2:00 

15.8 0.402 0 

7/15/2020 

3:00 

11.8 0.536 0 8/13/2020 

3:00 

15.1 0.358 0 
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7/15/2020 

4:00 

11.2 0.402 0 8/13/2020 

4:00 

14.5 0.581 0 

7/15/2020 

5:00 

10.5 0.447 8 8/13/2020 

5:00 

13.8 0.626 2 

7/15/2020 

6:00 

10.4 0.089 122 8/13/2020 

6:00 

13.3 0.268 60 

7/15/2020 

7:00 

13.8 0.447 343 8/13/2020 

7:00 

16.2 0.492 254 

7/15/2020 

8:00 

16.1 0.671 542 8/13/2020 

8:00 

18.8 0.536 432 

7/15/2020 

9:00 

18.1 0.983 724 8/13/2020 

9:00 

20.8 0.715 652 

7/15/2020 

10:00 

20.2 0.849 875 8/13/2020 

10:00 

25.6 0.894 819 

7/15/2020 

11:00 

22.4 0.76 978 8/13/2020 

11:00 

27.4 1.386 641 

7/15/2020 

12:00 

24.6 0.805 1014 8/13/2020 

12:00 

27.3 1.878 470 

7/15/2020 

13:00 

26.6 1.296 1010 8/13/2020 

13:00 

28.7 2.235 885 

7/15/2020 

14:00 

27.5 1.296 943 8/13/2020 

14:00 

29.7 2.906 894 

7/15/2020 

15:00 

28.3 1.52 826 8/13/2020 

15:00 

30.3 2.459 754 

7/15/2020 

16:00 

28.6 1.699 668 8/13/2020 

16:00 

30.7 2.593 592 

7/15/2020 

17:00 

28.5 1.475 481 8/13/2020 

17:00 

30.7 3.398 397 

7/15/2020 

18:00 

28.3 0.626 282 8/13/2020 

18:00 

29.4 2.772 193 

7/15/2020 

19:00 

26.3 0.268 101 8/13/2020 

19:00 

27.6 1.743 33 

7/15/2020 

20:00 

23.5 1.207 5 8/13/2020 

20:00 

24.3 1.162 0 

7/15/2020 

21:00 

21.7 0.939 0 8/13/2020 

21:00 

22.1 0.581 0 

7/15/2020 

22:00 

19.7 0.671 0 8/13/2020 

22:00 

20 0.715 0 

7/15/2020 

23:00 

17.9 0.536 0 8/13/2020 

23:00 

19.2 1.207 0 

7/16/2020 

0:00 

17 0.626 0 8/14/2020 

0:00 

19.1 1.788 0 

7/16/2020 

1:00 

15.7 0.447 0 8/14/2020 

1:00 

16.9 1.341 0 

7/16/2020 

2:00 

14.9 0.268 0 8/14/2020 

2:00 

15.7 0.76 0 
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7/16/2020 

3:00 

13.4 0.268 0 8/14/2020 

3:00 

14.2 0.536 0 

7/16/2020 

4:00 

12.9 0.447 0 8/14/2020 

4:00 

13.5 0.671 0 

7/16/2020 

5:00 

11.7 0.358 9 8/14/2020 

5:00 

13.3 0.805 2 

7/16/2020 

6:00 

12.9 0.447 119 8/14/2020 

6:00 

13.5 0.805 61 

7/16/2020 

7:00 

15.9 0.581 334 8/14/2020 

7:00 

14.7 0.358 255 

7/16/2020 

8:00 

17.3 0.805 531 8/14/2020 

8:00 

17.4 0.894 453 

7/16/2020 

9:00 

19.4 0.715 713 8/14/2020 

9:00 

20 1.475 642 

7/16/2020 

10:00 

21.7 0.76 864 8/14/2020 

10:00 

23.3 0.805 799 

7/16/2020 

11:00 

23.9 0.894 964 8/14/2020 

11:00 

26.1 1.028 906 

7/16/2020 

12:00 

25.9 1.118 1008 8/14/2020 

12:00 

27.3 1.341 948 

7/16/2020 

13:00 

27.7 1.207 1001 8/14/2020 

13:00 

28.1 1.922 893 

7/16/2020 

14:00 

29.3 1.162 930 8/14/2020 

14:00 

28.9 2.101 862 

7/16/2020 

15:00 

30.4 1.073 808 8/14/2020 

15:00 

29.8 2.861 735 

7/16/2020 

16:00 

30.9 1.475 652 8/14/2020 

16:00 

29.8 2.727 577 

7/16/2020 

17:00 

31 1.207 467 8/14/2020 

17:00 

29.8 2.593 388 

7/16/2020 

18:00 

30.7 0.983 273 8/14/2020 

18:00 

28.7 2.369 191 

7/16/2020 

19:00 

28.7 0.447 100 8/14/2020 

19:00 

26.5 0.849 34 

7/16/2020 

20:00 

25.9 1.52 4 8/14/2020 

20:00 

23.6 0.805 0 

7/16/2020 

21:00 

24.2 1.52 0 8/14/2020 

21:00 

21.8 0.849 0 

7/16/2020 

22:00 

23.2 1.296 0 8/14/2020 

22:00 

19.9 0.894 0 

7/16/2020 

23:00 

21.7 1.609 0 8/14/2020 

23:00 

19.4 0.671 0 

7/17/2020 

0:00 

18.9 0.492 0 8/15/2020 

0:00 

18.1 0.805 0 

7/17/2020 

1:00 

18.2 0.805 0 8/15/2020 

1:00 

16.7 0.581 0 
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7/17/2020 

2:00 

17.5 0.671 0 8/15/2020 

2:00 

15.5 0.447 0 

7/17/2020 

3:00 

16.4 0.626 0 8/15/2020 

3:00 

14.6 0.581 0 

7/17/2020 

4:00 

15.7 0.76 0 8/15/2020 

4:00 

13.8 0.626 0 

7/17/2020 

5:00 

15.9 1.028 9 8/15/2020 

5:00 

13 0.313 2 

7/17/2020 

6:00 

15.3 0.581 113 8/15/2020 

6:00 

12.5 0.224 57 

7/17/2020 

7:00 

18.2 0.536 322 8/15/2020 

7:00 

15.4 0.224 251 

7/17/2020 

8:00 

20.6 0.447 518 8/15/2020 

8:00 

16.9 0.939 450 

7/17/2020 

9:00 

23.3 0.536 702 8/15/2020 

9:00 

19.3 0.76 642 

7/17/2020 

10:00 

26.8 0.536 851 8/15/2020 

10:00 

21.8 0.581 805 

7/17/2020 

11:00 

30.5 1.699 959 8/15/2020 

11:00 

24.6 0.805 913 

7/17/2020 

12:00 

31.9 4.068 1008 8/15/2020 

12:00 

27.3 0.849 946 

7/17/2020 

13:00 

32.4 4.202 1009 8/15/2020 

13:00 

29.6 0.849 795 

7/17/2020 

14:00 

32.9 3.979 859 8/15/2020 

14:00 

30.7 0.983 875 

7/17/2020 

15:00 

33.8 4.292 834 8/15/2020 

15:00 

31.5 0.805 736 

7/17/2020 

16:00 

34.1 3.934 661 8/15/2020 

16:00 

31.6 1.341 578 

7/17/2020 

17:00 

33.8 3.085 462 8/15/2020 

17:00 

31.8 0.715 385 

7/17/2020 

18:00 

32.1 1.743 166 8/15/2020 

18:00 

30.7 0.671 190 

7/17/2020 

19:00 

28.7 0.447 81 8/15/2020 

19:00 

27.1 0.76 35 

7/17/2020 

20:00 

26.1 1.118 3 8/15/2020 

20:00 

24.2 1.162 0 

7/17/2020 

21:00 

25.1 1.833 0 8/15/2020 

21:00 

23.1 1.207 0 

7/17/2020 

22:00 

24 0.76 0 8/15/2020 

22:00 

21.6 1.073 0 

7/17/2020 

23:00 

22.7 0.849 0 8/15/2020 

23:00 

19.7 0.536 0 

7/18/2020 

0:00 

21.3 0.402 0 8/16/2020 

0:00 

18.8 0.805 0 
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7/18/2020 

1:00 

19.6 0.626 0 8/16/2020 

1:00 

17.4 0.536 0 

7/18/2020 

2:00 

18.2 0.626 0 8/16/2020 

2:00 

15.9 0.671 0 

7/18/2020 

3:00 

17.4 0.492 0 8/16/2020 

3:00 

15.6 0.671 0 

7/18/2020 

4:00 

16.9 0.581 0 8/16/2020 

4:00 

14.6 0.76 0 

7/18/2020 

5:00 

16.6 0.492 8 8/16/2020 

5:00 

13.8 0.671 2 

7/18/2020 

6:00 

16.8 0.224 111 8/16/2020 

6:00 

13.1 0.536 63 

7/18/2020 

7:00 

19.7 0.671 319 8/16/2020 

7:00 

16.1 0.134 263 

7/18/2020 

8:00 

20.9 0.849 514 8/16/2020 

8:00 

18.2 0.581 414 

7/18/2020 

9:00 

23.8 0.849 695 8/16/2020 

9:00 

20.1 0.894 562 

7/18/2020 

10:00 

26.4 1.207 847 8/16/2020 

10:00 

22.7 0.76 723 

7/18/2020 

11:00 

27.9 1.475 952 8/16/2020 

11:00 

24.7 0.76 797 

7/18/2020 

12:00 

28.9 1.296 998 8/16/2020 

12:00 

26.7 0.76 861 

7/18/2020 

13:00 

29.6 1.431 988 8/16/2020 

13:00 

28.6 0.805 822 

7/18/2020 

14:00 

30.1 1.341 916 8/16/2020 

14:00 

30.6 0.894 776 

7/18/2020 

15:00 

30.7 1.341 799 8/16/2020 

15:00 

31.6 0.76 616 

7/18/2020 

16:00 

31 1.073 643 8/16/2020 

16:00 

31.9 0.715 455 

7/18/2020 

17:00 

30.9 1.207 459 8/16/2020 

17:00 

30.7 0.134 284 

7/18/2020 

18:00 

30.3 0.76 260 8/16/2020 

18:00 

28.9 0.447 174 

7/18/2020 

19:00 

28.6 0.536 85 8/16/2020 

19:00 

26.2 0.894 17 

7/18/2020 

20:00 

25.8 0.492 4 8/16/2020 

20:00 

25.8 0.805 0 

7/18/2020 

21:00 

24.3 0.805 0 8/16/2020 

21:00 

24.3 0.671 0 

7/18/2020 

22:00 

22.7 1.743 0 8/16/2020 

22:00 

22.3 0.626 0 

7/18/2020 

23:00 

21.7 2.056 0 8/16/2020 

23:00 

20.8 0.671 0 
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7/19/2020 

0:00 

19.9 0.581 0 8/17/2020 

0:00 

20.1 0.536 0 

7/19/2020 

1:00 

19.1 0.447 0 8/17/2020 

1:00 

18.8 0.76 0 

7/19/2020 

2:00 

17.8 0.268 0 8/17/2020 

2:00 

17.5 0.581 0 

7/19/2020 

3:00 

16.7 0.492 0 8/17/2020 

3:00 

16.7 0.447 0 

7/19/2020 

4:00 

15.7 0.671 0 8/17/2020 

4:00 

15.9 0.671 0 

7/19/2020 

5:00 

14.8 0.492 9 8/17/2020 

5:00 

15.6 0.805 1 

7/19/2020 

6:00 

15.5 0.358 111 8/17/2020 

6:00 

15 0.492 56 

7/19/2020 

7:00 

18.2 0.268 317 8/17/2020 

7:00 

17.6 0.313 246 

7/19/2020 

8:00 

19.5 0.671 516 8/17/2020 

8:00 

20.3 0.626 444 

7/19/2020 

9:00 

21.3 0.536 700 8/17/2020 

9:00 

22.9 0.76 634 

7/19/2020 

10:00 

23.4 0.626 849 8/17/2020 

10:00 

24.8 1.609 785 

7/19/2020 

11:00 

25.7 1.028 947 8/17/2020 

11:00 

27.2 1.431 890 

7/19/2020 

12:00 

27.7 1.073 1000 8/17/2020 

12:00 

29.8 0.939 919 

7/19/2020 

13:00 

28.6 1.431 986 8/17/2020 

13:00 

32.2 1.073 772 

7/19/2020 

14:00 

29.3 1.073 921 8/17/2020 

14:00 

34 1.341 853 

7/19/2020 

15:00 

30.1 1.028 806 8/17/2020 

15:00 

34.7 0.849 716 

7/19/2020 

16:00 

30.6 0.983 646 8/17/2020 

16:00 

35.2 0.894 558 

7/19/2020 

17:00 

30.4 1.475 460 8/17/2020 

17:00 

35.2 0.224 368 

7/19/2020 

18:00 

29.8 1.252 265 8/17/2020 

18:00 

32.8 0.134 170 

7/19/2020 

19:00 

27.2 0.313 85 8/17/2020 

19:00 

29.1 0.939 22 

7/19/2020 

20:00 

23.9 0.849 4 8/17/2020 

20:00 

27.6 1.073 0 

7/19/2020 

21:00 

22.4 1.296 0 8/17/2020 

21:00 

26.7 0.626 0 

7/19/2020 

22:00 

20.9 1.296 0 8/17/2020 

22:00 

23.9 0.581 0 
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7/19/2020 

23:00 

19.8 1.341 0 8/17/2020 

23:00 

23.1 0.939 0 

7/20/2020 

0:00 

19.1 1.475 0 8/18/2020 

0:00 

22.2 1.073 0 

7/20/2020 

1:00 

17.3 1.207 0 8/18/2020 

1:00 

21.4 0.983 0 

7/20/2020 

2:00 

15.4 0.626 0 8/18/2020 

2:00 

19.8 0.715 0 

7/20/2020 

3:00 

14.6 0.447 0 8/18/2020 

3:00 

18.7 0.671 0 

7/20/2020 

4:00 

14 0.581 0 8/18/2020 

4:00 

17.4 0.626 0 

7/20/2020 

5:00 

13.3 0.581 8 8/18/2020 

5:00 

16.9 0.626 1 

7/20/2020 

6:00 

13.8 0.492 111 8/18/2020 

6:00 

16.7 0.536 52 

7/20/2020 

7:00 

16.8 0.626 324 8/18/2020 

7:00 

18.8 0.894 223 

7/20/2020 

8:00 

18.2 1.028 522 8/18/2020 

8:00 

22.2 1.028 432 

7/20/2020 

9:00 

20.8 0.447 709 8/18/2020 

9:00 

24.1 0.939 623 

 

Chlorpyrifos Field Dissipation Trial 3 λ-Cyhalothrin Field Dissipation Trial 1 

Date, Time Air 

Temp. 

(°C) 

Wind 

Speed 

(m/s) 

Solar 

Intensity 

(W*m-2) 

Date, 

Time 

Air 

Temp. 

(°C) 

Wind 

Speed 

(m/s) 

Solar 

Intensity 

(W*m-2) 

9/25/2020 

10:00 

16.2 0.849 548 5/18/2020 

9:00 

23.4 5.23 566 

9/25/2020 

11:00 

18.8 1.073 730 5/18/2020 

10:00 

23.9 5.543 682 

9/25/2020 

12:00 

22 1.565 739 5/18/2020 

11:00 

23.9 5.677 559 

9/25/2020 

13:00 

22.7 2.548 678 5/18/2020 

12:00 

24.6 5.454 673 

9/25/2020 

14:00 

23.8 2.146 451 5/18/2020 

13:00 

24.9 4.873 598 

9/25/2020 

15:00 

24.3 2.772 411 5/18/2020 

14:00 

26.6 4.873 841 

9/25/2020 

16:00 

23.4 3.174 167 5/18/2020 

15:00 

27.4 5.946 741 

9/25/2020 

17:00 

22.6 2.325 80 5/18/2020 

16:00 

27.2 5.901 643 

9/25/2020 

18:00 

21.7 1.118 13 5/18/2020 

17:00 

25.7 5.052 258 
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9/25/2020 

19:00 

20.6 0.939 0 5/18/2020 

18:00 

24.1 2.235 64 

9/25/2020 

20:00 

17.3 0.805 0 5/18/2020 

19:00 

23.7 2.146 25 

9/25/2020 

21:00 

16 0.894 0 5/18/2020 

20:00 

22.5 1.341 0 

9/25/2020 

22:00 

14.7 0.894 0 5/18/2020 

21:00 

21.6 1.073 0 

9/25/2020 

23:00 

14.1 0.581 0 5/18/2020 

22:00 

19.4 1.654 0 

9/26/2020 

0:00 

13.3 1.073 0 5/18/2020 

23:00 

14.6 1.699 0 

9/26/2020 

1:00 

14.5 1.073 0 5/19/2020 

0:00 

12.2 1.565 0 

9/26/2020 

2:00 

15.1 1.118 0 5/19/2020 

1:00 

11.1 1.922 0 

9/26/2020 

3:00 

16.9 0.849 0 5/19/2020 

2:00 

10.5 1.743 0 

9/26/2020 

4:00 

17.1 0.76 0 5/19/2020 

3:00 

9.8 1.654 0 

9/26/2020 

5:00 

16.9 0.581 0 5/19/2020 

4:00 

9.1 0.983 0 

9/26/2020 

6:00 

15.6 0.447 1 5/19/2020 

5:00 

8.4 0.358 12 

9/26/2020 

7:00 

16.4 1.252 28 5/19/2020 

6:00 

8.6 0.268 138 

9/26/2020 

8:00 

16.3 1.207 58 5/19/2020 

7:00 

10.9 0.894 341 

9/26/2020 

9:00 

15.6 2.056 70 5/19/2020 

8:00 

12.4 0.671 535 

9/26/2020 

10:00 

15.7 1.609 235 5/19/2020 

9:00 

14.1 1.207 707 

9/26/2020 

11:00 

16.3 1.743 281 5/19/2020 

10:00 

16.2 1.073 848 

9/26/2020 

12:00 

16.1 0.849 146 5/19/2020 

11:00 

18.7 1.341 935 

9/26/2020 

13:00 

16.6 0.894 213 5/19/2020 

12:00 

21.1 1.922 979 

9/26/2020 

14:00 

17.7 1.654 586 5/19/2020 

13:00 

22.7 1.609 873 

9/26/2020 

15:00 

17.4 1.699 331 5/19/2020 

14:00 

22.4 4.649 559 

9/26/2020 

16:00 

17.3 1.431 189 5/19/2020 

15:00 

20.9 5.186 350 

9/26/2020 

17:00 

16.4 0.939 53 5/19/2020 

16:00 

19.4 4.917 237 
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9/26/2020 

18:00 

15.2 0.76 8 5/19/2020 

17:00 

17.7 5.588 258 

9/26/2020 

19:00 

14.5 0.76 0 5/19/2020 

18:00 

16.3 4.336 135 

9/26/2020 

20:00 

13.3 0.313 0 5/19/2020 

19:00 

13.7 2.638 20 

9/26/2020 

21:00 

12 0.402 0 5/19/2020 

20:00 

12.4 1.431 0 

9/26/2020 

22:00 

10.3 0.492 0 5/19/2020 

21:00 

11.6 1.296 0 

9/26/2020 

23:00 

9.2 0.626 0 5/19/2020 

22:00 

11.1 0.581 0 

9/27/2020 

0:00 

9 0.805 0 5/19/2020 

23:00 

11.1 0.671 0 

9/27/2020 

1:00 

7.9 0.849 0 5/20/2020 

0:00 

10.9 0.715 0 

9/27/2020 

2:00 

7.4 0.447 0 5/20/2020 

1:00 

10.6 1.296 0 

9/27/2020 

3:00 

7.2 0.76 0 5/20/2020 

2:00 

8.8 1.386 0 

9/27/2020 

4:00 

6.6 0.715 0 5/20/2020 

3:00 

6.9 0.313 0 

9/27/2020 

5:00 

5.6 0.492 0 5/20/2020 

4:00 

6.1 0.492 0 

9/27/2020 

6:00 

5.2 0.626 6 5/20/2020 

5:00 

6.1 0.492 11 

9/27/2020 

7:00 

5.4 0.492 72 5/20/2020 

6:00 

7.3 0.536 145 

9/27/2020 

8:00 

8.9 0.313 322 5/20/2020 

7:00 

11.2 2.325 334 

9/27/2020 

9:00 

11.3 1.341 507 5/20/2020 

8:00 

12.6 3.621 548 

9/27/2020 

10:00 

12.2 1.386 653 5/20/2020 

9:00 

12.1 3.666 346 

9/27/2020 

11:00 

13.5 1.699 744 5/20/2020 

10:00 

10.8 3.666 202 

9/27/2020 

12:00 

14.9 2.638 769 5/20/2020 

11:00 

11.6 4.157 771 

9/27/2020 

13:00 

15.9 2.772 755 5/20/2020 

12:00 

10.8 4.157 262 

9/27/2020 

14:00 

16.5 2.906 668 5/20/2020 

13:00 

11.8 4.157 529 

9/27/2020 

15:00 

16.8 2.593 546 5/20/2020 

14:00 

9.9 3.219 104 

9/27/2020 

16:00 

16.9 1.967 372 5/20/2020 

15:00 

9.6 1.654 268 



138 

 

9/27/2020 

17:00 

16.4 2.056 167 5/20/2020 

16:00 

10.4 1.922 248 

9/27/2020 

18:00 

14.6 1.609 25 5/20/2020 

17:00 

8.1 3.04 100 

9/27/2020 

19:00 

11.6 0.313 0 5/20/2020 

18:00 

8.3 1.341 125 

9/27/2020 

20:00 

10.3 0.536 0 5/20/2020 

19:00 

8.2 0.447 15 

9/27/2020 

21:00 

10.1 0.671 0 5/20/2020 

20:00 

7.3 2.235 0 

9/27/2020 

22:00 

8.4 0.626 0 5/20/2020 

21:00 

6.9 1.967 0 

9/27/2020 

23:00 

6.9 0.715 0 5/20/2020 

22:00 

7.7 2.414 0 

9/28/2020 

0:00 

6.2 0.581 0 5/20/2020 

23:00 

6.4 0.671 0 

9/28/2020 

1:00 

5.6 0.536 0 5/21/2020 

0:00 

6.2 0.849 0 

9/28/2020 

2:00 

4.4 0.626 0 5/21/2020 

1:00 

6.9 3.576 0 

9/28/2020 

3:00 

4 0.402 0 5/21/2020 

2:00 

7.2 3.219 0 

9/28/2020 

4:00 

3.7 0.671 0 5/21/2020 

3:00 

7 2.503 0 

9/28/2020 

5:00 

2.9 0.447 0 5/21/2020 

4:00 

7.5 1.565 0 

9/28/2020 

6:00 

2.6 0.447 7 5/21/2020 

5:00 

7.9 1.699 10 

9/28/2020 

7:00 

3.3 0.402 72 5/21/2020 

6:00 

7.6 0.402 48 

9/28/2020 

8:00 

5.9 0.983 317 5/21/2020 

7:00 

7.8 0.447 75 

9/28/2020 

9:00 

8.3 1.118 505 5/21/2020 

8:00 

9.4 0.805 436 

9/28/2020 

16:00 

18 0.849 350 5/21/2020 

9:00 

10.4 1.028 413 

9/28/2020 

17:00 

17.8 0.715 159 5/21/2020 

10:00 

11.4 1.341 738 

9/28/2020 

18:00 

14.9 0.671 18 5/21/2020 

11:00 

13.1 1.922 826 

9/28/2020 

19:00 

13.3 1.296 0 5/21/2020 

12:00 

14.2 2.503 910 

9/28/2020 

20:00 

12.7 1.386 0 5/21/2020 

13:00 

14.8 3.532 986 

9/28/2020 

21:00 

10.9 0.626 0 5/21/2020 

14:00 

15.3 3.71 742 
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9/28/2020 

22:00 

9.4 0.715 0 5/21/2020 

15:00 

16.1 3.621 737 

9/28/2020 

23:00 

8.4 0.402 0 5/21/2020 

16:00 

16.9 3.576 534 

9/29/2020 

0:00 

7.3 0.671 0 5/21/2020 

17:00 

17.3 3.353 359 

9/29/2020 

1:00 

6.9 0.492 0 5/21/2020 

18:00 

17.4 2.369 233 

9/29/2020 

2:00 

5.5 0.447 0 5/21/2020 

19:00 

16.3 0.983 55 

9/29/2020 

3:00 

5.3 0.894 0 5/21/2020 

20:00 

13.8 1.341 1 

9/29/2020 

4:00 

4.8 0.581 0 5/21/2020 

21:00 

12.9 0.671 0 

9/29/2020 

5:00 

3.9 0.492 0 5/21/2020 

22:00 

11.3 0.76 0 

9/29/2020 

6:00 

3.4 0.268 4 5/21/2020 

23:00 

10.6 0.983 0 

9/29/2020 

7:00 

3.6 0.358 61 5/22/2020 

0:00 

8.9 0.76 0 

9/29/2020 

8:00 

7.3 0.492 321 5/22/2020 

1:00 

8.6 1.431 0 

9/29/2020 

9:00 

9.7 0.805 504 5/22/2020 

2:00 

7.8 2.325 0 

9/29/2020 

10:00 

12.2 0.894 653 5/22/2020 

3:00 

7.3 2.325 0 

9/29/2020 

11:00 

14.9 0.983 748 5/22/2020 

4:00 

6.8 1.967 0 

9/29/2020 

12:00 

17.4 0.983 782 5/22/2020 

5:00 

7.2 2.325 11 

9/29/2020 

13:00 

19.1 0.805 756 5/22/2020 

6:00 

7.7 2.056 76 

9/29/2020 

14:00 

20.4 0.894 668 5/22/2020 

7:00 

8.2 0.715 150 

9/29/2020 

15:00 

21.6 0.76 532 5/22/2020 

8:00 

8.9 1.162 268 

9/29/2020 

16:00 

22.1 0.715 351 5/22/2020 

9:00 

10.1 0.939 320 

9/29/2020 

17:00 

21.8 0.313 160 5/22/2020 

10:00 

11.4 1.296 446 

9/29/2020 

18:00 

17.7 0.805 17 5/22/2020 

11:00 

12.4 0.849 544 

9/29/2020 

19:00 

16.8 1.028 0 5/22/2020 

12:00 

15.5 1.52 607 

9/29/2020 

20:00 

14.6 0.626 0 5/22/2020 

13:00 

16.2 3.353 310 
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9/29/2020 

21:00 

13.5 1.118 0 5/22/2020 

14:00 

15.9 2.638 326 

9/29/2020 

22:00 

12.2 0.671 0 5/22/2020 

15:00 

14.8 3.353 399 

9/29/2020 

23:00 

10.1 0.76 0 5/22/2020 

16:00 

11.4 4.605 181 

9/30/2020 

0:00 

9.7 0.626 0 5/22/2020 

17:00 

8.8 3.308 70 

9/30/2020 

1:00 

8.3 0.671 0 5/22/2020 

18:00 

7.3 2.772 23 

9/30/2020 

2:00 

7.3 0.402 0 5/22/2020 

19:00 

6.1 2.146 7 

9/30/2020 

3:00 

6.6 0.626 0 5/22/2020 

20:00 

5.3 1.922 0 

9/30/2020 

4:00 

5.9 0.447 0 5/22/2020 

21:00 

4.7 1.654 0 

9/30/2020 

5:00 

5.4 0.492 0 5/22/2020 

22:00 

4.4 0.402 0 

9/30/2020 

6:00 

4.9 0.492 4 5/22/2020 

23:00 

4.5 0.089 0 

9/30/2020 

7:00 

4.9 0.313 59 5/23/2020 

0:00 

4.9 0.76 0 

9/30/2020 

8:00 

8.8 0.536 314 5/23/2020 

1:00 

4.6 1.609 0 

9/30/2020 

9:00 

11 1.028 496 5/23/2020 

2:00 

2.1 2.325 0 

9/30/2020 

10:00 

13.7 1.162 645 5/23/2020 

3:00 

0.3 0 0 

9/30/2020 

11:00 

16.4 0.849 739 5/23/2020 

4:00 

0.7 0 0 

9/30/2020 

12:00 

19.2 0.626 774 5/23/2020 

5:00 

1.3 0 10 

9/30/2020 

13:00 

21.6 0.805 750 5/23/2020 

6:00 

1.9 0.268 66 

9/30/2020 

14:00 

23 0.894 663 5/23/2020 

7:00 

2.7 0.849 194 

9/30/2020 

15:00 

23.8 0.983 517 5/23/2020 

8:00 

4.4 0.894 441 

9/30/2020 

16:00 

24.2 0.715 335 5/23/2020 

9:00 

5.7 0.939 362 

9/30/2020 

17:00 

23.2 0.179 129 5/23/2020 

10:00 

5.7 0.849 127 

9/30/2020 

18:00 

19.2 1.028 12 5/23/2020 

11:00 

5.6 1.296 129 

9/30/2020 

19:00 

17.2 1.028 0 5/23/2020 

12:00 

5.9 2.28 126 
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9/30/2020 

20:00 

16.4 1.073 0 5/23/2020 

13:00 

6.4 0.894 169 

9/30/2020 

21:00 

14.4 0.939 0 5/23/2020 

14:00 

6.6 0.671 197 

9/30/2020 

22:00 

12.6 0.939 0 5/23/2020 

15:00 

7.4 0.715 292 

9/30/2020 

23:00 

12.2 1.073 0 5/23/2020 

16:00 

8.1 0.983 411 

10/1/2020 

0:00 

10.9 0.76 0 5/23/2020 

17:00 

9 1.296 438 

10/1/2020 

1:00 

9.9 0.671 0 5/23/2020 

18:00 

9.3 0.76 229 

10/1/2020 

2:00 

9.1 0.805 0 5/23/2020 

19:00 

8.7 0.715 62 

10/1/2020 

3:00 

8.1 0.715 0 5/23/2020 

20:00 

6.4 1.386 1 

10/1/2020 

4:00 

6.9 0.849 0 5/23/2020 

21:00 

5.7 1.565 0 

10/1/2020 

5:00 

6.5 0.894 0 5/23/2020 

22:00 

4.6 0.849 0 

10/1/2020 

6:00 

5.8 0.76 4 5/23/2020 

23:00 

4.2 1.296 0 

10/1/2020 

7:00 

5.9 0.402 59 5/24/2020 

0:00 

3.2 0.402 0 

10/1/2020 

8:00 

9.6 0.268 304 5/24/2020 

1:00 

3.5 0.313 0 

10/1/2020 

9:00 

12.1 0.983 484 5/24/2020 

2:00 

4 0.313 0 

10/1/2020 

10:00 

14.5 0.671 631 5/24/2020 

3:00 

4 0.402 0 

10/1/2020 

11:00 

17.1 0.671 712 5/24/2020 

4:00 

4.1 0.179 0 

10/1/2020 

12:00 

19.6 0.402 756 5/24/2020 

5:00 

4.4 0.179 4 

10/1/2020 

13:00 

21.9 0.671 715 5/24/2020 

6:00 

5 1.073 146 

10/1/2020 

14:00 

23.4 0.581 638 5/24/2020 

7:00 

6.3 0.715 239 

10/1/2020 

15:00 

24.6 0.581 489 5/24/2020 

8:00 

7.6 0.849 535 

10/1/2020 

16:00 

24.7 0.402 286 5/24/2020 

9:00 

9.3 1.252 602 

10/1/2020 

17:00 

22.3 0.134 116 5/24/2020 

10:00 

10.4 1.699 809 

10/1/2020 

18:00 

18.9 1.073 8 5/24/2020 

11:00 

11.6 1.922 983 



142 

 

10/1/2020 

19:00 

17.7 1.162 0 5/24/2020 

12:00 

13.2 2.012 1073 

10/1/2020 

20:00 

16.3 1.475 0 5/24/2020 

13:00 

13.6 2.548 873 

10/1/2020 

21:00 

14.9 1.207 0 5/24/2020 

14:00 

13.7 2.772 661 

10/1/2020 

22:00 

13.6 0.671 0 5/24/2020 

15:00 

14.1 2.101 481 

10/1/2020 

23:00 

12.8 0.492 0 5/24/2020 

16:00 

14.5 2.235 562 

10/2/2020 

0:00 

10.9 0.536 0 5/24/2020 

17:00 

14.4 1.341 318 

10/2/2020 

1:00 

9.8 0.671 0 5/24/2020 

18:00 

14.3 1.833 203 

10/2/2020 

2:00 

9.1 0.581 0 5/24/2020 

19:00 

13.1 0.983 72 

10/2/2020 

3:00 

8.7 0.626 0 5/24/2020 

20:00 

10.8 0.983 2 

10/2/2020 

4:00 

7.9 0.626 0 5/24/2020 

21:00 

9.6 1.252 0 

10/2/2020 

5:00 

6.7 0.313 0 5/24/2020 

22:00 

8.3 0.939 0 

10/2/2020 

6:00 

6.7 0.536 3 5/24/2020 

23:00 

7.9 0.715 0 

10/2/2020 

7:00 

7.4 0.536 63 5/25/2020 

0:00 

6.7 0.626 0 

10/2/2020 

8:00 

8.4 0.492 166 5/25/2020 

1:00 

5.6 0.447 0 

10/2/2020 

9:00 

10.4 0.715 267 5/25/2020 

2:00 

4.7 0.447 0 

10/2/2020 

10:00 

12.4 0.671 344 5/25/2020 

3:00 

4.2 0.358 0 

10/2/2020 

11:00 

14.5 0.671 631 5/25/2020 

4:00 

3.6 0.581 0 

10/2/2020 

12:00 

17.1 0.671 712 5/25/2020 

5:00 

3.1 0.492 12 

10/2/2020 

13:00 

19.6 0.402 756 5/25/2020 

6:00 

4.2 0.492 147 

10/2/2020 

14:00 

21.9 0.671 715 5/25/2020 

7:00 

6.6 0.849 354 

10/2/2020 

15:00 

23.4 0.581 638 5/25/2020 

8:00 

9.1 1.073 541 

10/2/2020 

16:00 

24.6 0.581 489 5/25/2020 

9:00 

11.1 1.028 721 
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λ-Cyhalothrin Field Dissipation Trial 2 λ-Cyhalothrin Field Dissipation Trial 3 

Date, Time Air 

Temp. 

(°C) 

Wind 

Speed 

(m/s) 

Solar 

Intensity 

(W*m-2) 

Date, 

Time 

Air 

Temp. 

(°C) 

Wind 

Speed 

(m/s) 

Solar 

Intensity 

(W*m-2) 

5/25/2021 

10:00 

19.69 3.487 787.8 5/25/2021 

20:00 

15.74 0.424 3.265 

5/25/2021 

11:00 

20.87 3.299 892 5/25/2021 

21:00 

11.9 0.697 0.114 

5/25/2021 

12:00 

21.61 2.99 953 5/25/2021 

22:00 

10.42 0.368 0.085 

5/25/2021 

13:00 

22.19 3.014 923 5/25/2021 

23:00 

9.37 0.216 0.031 

5/25/2021 

14:00 

22.89 2.652 846 5/26/2021 

0:00 

9.68 0.683 0.015 

5/25/2021 

15:00 

23.34 2.127 737.1 5/26/2021 

1:00 

10.3 1.094 0.014 

5/25/2021 

16:00 

23.84 1.638 623.1 5/26/2021 

2:00 

9.74 0.494 0.031 

5/25/2021 

17:00 

24.04 1.271 429.5 5/26/2021 

3:00 

9.67 0.762 0.014 

5/25/2021 

18:00 

23.92 0.9 261.1 5/26/2021 

4:00 

9.31 0.88 0.025 

5/25/2021 

19:00 

20.83 0.824 69.13 5/26/2021 

5:00 

9.19 0.99 18.27 

5/25/2021 

20:00 

15.74 0.424 3.265 5/26/2021 

6:00 

10.45 1.681 84.7 

5/25/2021 

21:00 

11.9 0.697 0.114 5/26/2021 

7:00 

11.52 2.912 153.6 

5/25/2021 

22:00 

10.42 0.368 0.085 5/26/2021 

8:00 

13.56 3.172 281.2 

5/25/2021 

23:00 

9.37 0.216 0.031 5/26/2021 

9:00 

16.15 3.716 532.4 

5/26/2021 

0:00 

9.68 0.683 0.015 5/26/2021 

10:00 

17.22 4.163 477.2 

5/26/2021 

1:00 

10.3 1.094 0.014 5/26/2021 

11:00 

20.32 4.378 832 

5/26/2021 

2:00 

9.74 0.494 0.031 5/26/2021 

12:00 

22.75 6.434 645.1 

5/26/2021 

3:00 

9.67 0.762 0.014 5/26/2021 

13:00 

22.22 5.576 284.5 

5/26/2021 

4:00 

9.31 0.88 0.025 5/26/2021 

14:00 

22.43 3.437 375.9 

5/26/2021 

5:00 

9.19 0.99 18.27 5/26/2021 

15:00 

23.67 2.881 475.7 
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5/26/2021 

6:00 

10.45 1.681 84.7 5/26/2021 

16:00 

25.19 3.732 483.3 

5/26/2021 

7:00 

11.52 2.912 153.6 5/26/2021 

17:00 

25.76 4.108 376.6 

5/26/2021 

8:00 

13.56 3.172 281.2 5/26/2021 

18:00 

23 5.285 142.9 

5/26/2021 

9:00 

16.15 3.716 532.4 5/26/2021 

19:00 

18.64 4.354 45.67 

5/26/2021 

10:00 

17.22 4.163 477.2 5/26/2021 

20:00 

16.58 1.611 4.789 

5/26/2021 

11:00 

20.32 4.378 832 5/26/2021 

21:00 

13.57 1.613 0.081 

5/26/2021 

12:00 

22.75 6.434 645.1 5/26/2021 

22:00 

11.62 2.197 0.116 

5/26/2021 

13:00 

22.22 5.576 284.5 5/26/2021 

23:00 

10.6 2.152 0.105 

5/26/2021 

14:00 

22.43 3.437 375.9 5/27/2021 

0:00 

9.82 1.48 0.078 

5/26/2021 

15:00 

23.67 2.881 475.7 5/27/2021 

1:00 

8.01 0.564 0.038 

5/26/2021 

16:00 

25.19 3.732 483.3 5/27/2021 

2:00 

5.665 0.509 0.037 

5/26/2021 

17:00 

25.76 4.108 376.6 5/27/2021 

3:00 

5.184 0.505 0.113 

5/26/2021 

18:00 

23 5.285 142.9 5/27/2021 

4:00 

4.87 1.122 0.102 

5/26/2021 

19:00 

18.64 4.354 45.67 5/27/2021 

5:00 

4.944 0.686 12.91 

5/26/2021 

20:00 

16.58 1.611 4.789 5/27/2021 

6:00 

7.032 1.643 122.1 

5/26/2021 

21:00 

13.57 1.613 0.081 5/27/2021 

7:00 

9.32 2.218 281.9 

5/26/2021 

22:00 

11.62 2.197 0.116 5/27/2021 

8:00 

11.57 2.671 473.4 

5/26/2021 

23:00 

10.6 2.152 0.105 5/27/2021 

9:00 

13.84 2.717 650.8 

5/27/2021 

0:00 

9.82 1.48 0.078 5/27/2021 

10:00 

15.55 3.376 810 

5/27/2021 

1:00 

8.01 0.564 0.038 5/27/2021 

11:00 

16.72 3.535 896 

5/27/2021 

2:00 

5.665 0.509 0.037 5/27/2021 

12:00 

17.85 3.563 773.8 

5/27/2021 

3:00 

5.184 0.505 0.113 5/27/2021 

13:00 

19.46 3.35 957 

5/27/2021 

4:00 

4.87 1.122 0.102 5/27/2021 

14:00 

20.73 3.735 874 
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5/27/2021 

5:00 

4.944 0.686 12.91 5/27/2021 

15:00 

21.41 2.782 725.8 

5/27/2021 

6:00 

7.032 1.643 122.1 5/27/2021 

16:00 

21.1 2.64 497.4 

5/27/2021 

7:00 

9.32 2.218 281.9 5/27/2021 

17:00 

20.62 3.349 445.7 

5/27/2021 

8:00 

11.57 2.671 473.4 5/27/2021 

18:00 

17.63 4.792 261.1 

5/27/2021 

9:00 

13.84 2.717 650.8 5/27/2021 

19:00 

13.95 4.567 94.1 

5/27/2021 

10:00 

15.55 3.376 810 5/27/2021 

20:00 

10.03 2.452 4.044 

5/27/2021 

11:00 

16.72 3.535 896 5/27/2021 

21:00 

7.959 2.004 0.056 

5/27/2021 

12:00 

17.85 3.563 773.8 5/27/2021 

22:00 

6.41 1.459 0.061 

5/27/2021 

13:00 

19.46 3.35 957 5/27/2021 

23:00 

5.186 0.165 0.09 

5/27/2021 

14:00 

20.73 3.735 874 5/28/2021 

0:00 

4.655 0.377 0.112 

5/27/2021 

15:00 

21.41 2.782 725.8 5/28/2021 

1:00 

5.414 0.251 0.115 

5/27/2021 

16:00 

21.1 2.64 497.4 5/28/2021 

2:00 

5.923 1.61 0.121 

5/27/2021 

17:00 

20.62 3.349 445.7 5/28/2021 

3:00 

6.589 1.957 0.022 

5/27/2021 

18:00 

17.63 4.792 261.1 5/28/2021 

4:00 

6.928 3.381 0.05 

5/27/2021 

19:00 

13.95 4.567 94.1 5/28/2021 

5:00 

6.878 3.026 4.902 

5/27/2021 

20:00 

10.03 2.452 4.044 5/28/2021 

6:00 

7.24 3.254 49.42 

5/27/2021 

21:00 

7.959 2.004 0.056 5/28/2021 

7:00 

7.954 3.347 166.3 

5/27/2021 

22:00 

6.41 1.459 0.061 5/28/2021 

8:00 

9.34 3.277 344.7 

5/27/2021 

23:00 

5.186 0.165 0.09 5/28/2021 

9:00 

11.14 2.972 604.1 

5/28/2021 

0:00 

4.655 0.377 0.112 5/28/2021 

10:00 

13.76 2.14 766.7 

5/28/2021 

1:00 

5.414 0.251 0.115 5/28/2021 

11:00 

16.24 1.925 887 

5/28/2021 

2:00 

5.923 1.61 0.121 5/28/2021 

12:00 

18.76 1.752 939 

5/28/2021 

3:00 

6.589 1.957 0.022 5/28/2021 

13:00 

21.38 2.027 869 
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5/28/2021 

4:00 

6.928 3.381 0.05 5/28/2021 

14:00 

23.32 2.278 747.6 

5/28/2021 

5:00 

6.878 3.026 4.902 5/28/2021 

15:00 

24.61 3.077 756.9 

5/28/2021 

6:00 

7.24 3.254 49.42 5/28/2021 

16:00 

24.17 3.17 447.9 

5/28/2021 

7:00 

7.954 3.347 166.3 5/28/2021 

17:00 

23.94 3.035 299.8 

5/28/2021 

8:00 

9.34 3.277 344.7 5/28/2021 

18:00 

23.95 3.547 259.1 

5/28/2021 

9:00 

11.14 2.972 604.1 5/28/2021 

19:00 

21.58 2.639 27.61 

5/28/2021 

10:00 

13.76 2.14 766.7 5/28/2021 

20:00 

19.51 3.205 2.611 

5/28/2021 

11:00 

16.24 1.925 887 5/28/2021 

21:00 

17.98 3.179 0.058 

5/28/2021 

12:00 

18.76 1.752 939 5/28/2021 

22:00 

15.92 2.397 0.016 

5/28/2021 

13:00 

21.38 2.027 869 5/28/2021 

23:00 

14.15 1.953 0.046 

5/28/2021 

14:00 

23.32 2.278 747.6 5/29/2021 

0:00 

13.05 2.306 0.114 

5/28/2021 

15:00 

24.61 3.077 756.9 5/29/2021 

1:00 

12.91 2.687 0.113 

5/28/2021 

16:00 

24.17 3.17 447.9 5/29/2021 

2:00 

12.14 2.767 0.115 

5/28/2021 

17:00 

23.94 3.035 299.8 5/29/2021 

3:00 

10.72 2.03 0.099 

5/28/2021 

18:00 

23.95 3.547 259.1 5/29/2021 

4:00 

10.14 1.335 0.054 

5/28/2021 

19:00 

21.58 2.639 27.61 5/29/2021 

5:00 

10.78 1.361 1.64 

5/28/2021 

20:00 

19.51 3.205 2.611 5/29/2021 

6:00 

11.38 1.374 27.62 

5/28/2021 

21:00 

17.98 3.179 0.058 5/29/2021 

7:00 

12.45 2.228 132.8 

5/28/2021 

22:00 

15.92 2.397 0.016 5/29/2021 

8:00 

13.52 3.437 260.1 

5/28/2021 

23:00 

14.15 1.953 0.046 5/29/2021 

9:00 

15.34 2.941 466.2 

5/29/2021 

0:00 

13.05 2.306 0.114 5/29/2021 

10:00 

16.22 2.675 605.5 

5/29/2021 

1:00 

12.91 2.687 0.113 5/29/2021 

11:00 

17.84 1.992 892 

5/29/2021 

2:00 

12.14 2.767 0.115 5/29/2021 

12:00 

19.4 2.29 837 
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5/29/2021 

3:00 

10.72 2.03 0.099 5/29/2021 

13:00 

20.57 2.792 719.1 

5/29/2021 

4:00 

10.14 1.335 0.054 5/29/2021 

14:00 

20.67 2.948 547.6 

5/29/2021 

5:00 

10.78 1.361 1.64 5/29/2021 

15:00 

21.17 2.438 471.9 

5/29/2021 

6:00 

11.38 1.374 27.62 5/29/2021 

16:00 

21 2.758 413.2 

5/29/2021 

7:00 

12.45 2.228 132.8 5/29/2021 

17:00 

19.46 4.178 211.2 

5/29/2021 

8:00 

13.52 3.437 260.1 5/29/2021 

18:00 

14.24 4.3 56.24 

5/29/2021 

9:00 

15.34 2.941 466.2 5/29/2021 

19:00 

13 1.834 49.76 

5/29/2021 

10:00 

16.22 2.675 605.5 5/29/2021 

20:00 

13.12 1.264 2.838 

5/29/2021 

11:00 

17.84 1.992 892 5/29/2021 

21:00 

12.56 0.472 0.108 

5/29/2021 

12:00 

19.4 2.29 837 5/29/2021 

22:00 

12.88 1.435 0.114 

5/29/2021 

13:00 

20.57 2.792 719.1 5/29/2021 

23:00 

12.74 0.966 0.114 

5/29/2021 

14:00 

20.67 2.948 547.6 5/30/2021 

0:00 

12.72 0.573 0.109 

5/29/2021 

15:00 

21.17 2.438 471.9 5/30/2021 

1:00 

12.74 1.69 0.111 

5/29/2021 

16:00 

21 2.758 413.2 5/30/2021 

2:00 

12.31 2.225 0.113 

5/29/2021 

17:00 

19.46 4.178 211.2 5/30/2021 

3:00 

11.94 2.684 0.112 

5/29/2021 

18:00 

14.24 4.3 56.24 5/30/2021 

4:00 

11.34 2.758 0.1 

5/29/2021 

19:00 

13 1.834 49.76 5/30/2021 

5:00 

9.16 3.947 2.321 

5/29/2021 

20:00 

13.12 1.264 2.838 5/30/2021 

6:00 

8.93 2.955 7.576 

5/29/2021 

21:00 

12.56 0.472 0.108 5/30/2021 

7:00 

8.78 1.602 14.77 

5/29/2021 

22:00 

12.88 1.435 0.114 5/30/2021 

8:00 

8.93 0.271 62.7 

5/29/2021 

23:00 

12.74 0.966 0.114 5/30/2021 

9:00 

9.65 0.782 172.2 

5/30/2021 

0:00 

12.72 0.573 0.109 5/30/2021 

10:00 

10.98 0.805 366.2 

5/30/2021 

1:00 

12.74 1.69 0.111 5/30/2021 

11:00 

12.7 0.534 590.5 
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5/30/2021 

2:00 

12.31 2.225 0.113 5/30/2021 

12:00 

14.47 0.873 745.2 

5/30/2021 

3:00 

11.94 2.684 0.112 5/30/2021 

13:00 

15.08 1.393 532.1 

5/30/2021 

4:00 

11.34 2.758 0.1 5/30/2021 

14:00 

15.98 1.946 846 

5/30/2021 

5:00 

9.16 3.947 2.321 5/30/2021 

15:00 

16.78 1.884 670.1 

5/30/2021 

6:00 

8.93 2.955 7.576 5/30/2021 

16:00 

16.59 2.777 370.2 

5/30/2021 

7:00 

8.78 1.602 14.77 5/30/2021 

17:00 

15.79 2.799 149.6 

5/30/2021 

8:00 

8.93 0.271 62.7 5/30/2021 

18:00 

15.59 2.577 143.4 

5/30/2021 

9:00 

9.65 0.782 172.2 5/30/2021 

19:00 

14.57 1.689 38.22 

5/30/2021 

10:00 

10.98 0.805 366.2 5/30/2021 

20:00 

12.87 1.706 4.509 

5/30/2021 

11:00 

12.7 0.534 590.5 5/30/2021 

21:00 

11.52 1.19 0.109 

5/30/2021 

12:00 

14.47 0.873 745.2 5/30/2021 

22:00 

9.61 0.14 0.043 

5/30/2021 

13:00 

15.08 1.393 532.1 5/30/2021 

23:00 

8.31 0.054 0.02 

5/30/2021 

14:00 

15.98 1.946 846 5/31/2021 

0:00 

6.942 0.124 0.119 

5/30/2021 

15:00 

16.78 1.884 670.1 5/31/2021 

1:00 

6.419 0.054 0.114 

5/30/2021 

16:00 

16.59 2.777 370.2 5/31/2021 

2:00 

5.18 0.002 0.11 

5/30/2021 

17:00 

15.79 2.799 149.6 5/31/2021 

3:00 

5.287 0.55 0.099 

5/30/2021 

18:00 

15.59 2.577 143.4 5/31/2021 

4:00 

4.183 0.045 0.119 

5/30/2021 

19:00 

14.57 1.689 38.22 5/31/2021 

5:00 

3.92 0.031 13.09 

5/30/2021 

20:00 

12.87 1.706 4.509 5/31/2021 

6:00 

6.087 0.201 135.5 

5/30/2021 

21:00 

11.52 1.19 0.109 5/31/2021 

7:00 

9.31 0.349 303.3 

5/30/2021 

22:00 

9.61 0.14 0.043 5/31/2021 

8:00 

12.94 0.551 480.2 

5/30/2021 

23:00 

8.31 0.054 0.02 5/31/2021 

9:00 

15.41 3.247 648.5 

5/31/2021 

0:00 

6.942 0.124 0.119 5/31/2021 

10:00 

16.77 3.592 712.1 
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5/31/2021 

1:00 

6.419 0.054 0.114 5/31/2021 

11:00 

17.9 3.77 768.9 

5/31/2021 

2:00 

5.18 0.002 0.11 5/31/2021 

12:00 

18.64 3.584 809 

5/31/2021 

3:00 

5.287 0.55 0.099 5/31/2021 

13:00 

19.43 3.368 941 

5/31/2021 

4:00 

4.183 0.045 0.119 5/31/2021 

14:00 

20 3.411 883 

5/31/2021 

5:00 

3.92 0.031 13.09 5/31/2021 

15:00 

20.42 2.982 769.7 

5/31/2021 

6:00 

6.087 0.201 135.5 5/31/2021 

16:00 

20.61 3.353 624.1 

5/31/2021 

7:00 

9.31 0.349 303.3 5/31/2021 

17:00 

20.55 3.407 453.6 

5/31/2021 

8:00 

12.94 0.551 480.2 5/31/2021 

18:00 

19.81 3.268 273.8 

5/31/2021 

9:00 

15.41 3.247 648.5 5/31/2021 

19:00 

17.84 2.402 101.7 

5/31/2021 

10:00 

16.77 3.592 712.1 5/31/2021 

20:00 

13.78 2.052 4.006 

5/31/2021 

11:00 

17.9 3.77 768.9 5/31/2021 

21:00 

11.76 1.979 0.106 

5/31/2021 

12:00 

18.64 3.584 809 5/31/2021 

22:00 

11.07 2.213 0.088 

5/31/2021 

13:00 

19.43 3.368 941 5/31/2021 

23:00 

10.18 1.079 0.054 

5/31/2021 

14:00 

20 3.411 883 6/1/2021 

0:00 

8.89 0.775 0.033 

5/31/2021 

15:00 

20.42 2.982 769.7 6/1/2021 

1:00 

7.744 0.551 0.023 

5/31/2021 

16:00 

20.61 3.353 624.1 6/1/2021 

2:00 

7.667 1.335 0.009 

5/31/2021 

17:00 

20.55 3.407 453.6 6/1/2021 

3:00 

7.507 1.066 0.003 

5/31/2021 

18:00 

19.81 3.268 273.8 6/1/2021 

4:00 

7.77 1.296 0.029 

5/31/2021 

19:00 

17.84 2.402 101.7 6/1/2021 

5:00 

8.22 1.077 2.03 

5/31/2021 

20:00 

13.78 2.052 4.006 6/1/2021 

6:00 

9.1 1.511 11.68 

5/31/2021 

21:00 

11.76 1.979 0.106 6/1/2021 

7:00 

10.96 2.323 215.1 

5/31/2021 

22:00 

11.07 2.213 0.088 6/1/2021 

8:00 

12.96 2.053 425.3 

5/31/2021 

23:00 

10.18 1.079 0.054 6/1/2021 

9:00 

15.12 1.626 549.7 
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6/1/2021 0:00 8.89 0.775 0.033 6/1/2021 

10:00 

18.28 1.227 778.4 

6/1/2021 1:00 7.744 0.551 0.023 6/1/2021 

11:00 

20.53 1.207 774.3 

6/1/2021 2:00 7.667 1.335 0.009 6/1/2021 

12:00 

21.66 1.809 614.7 

6/1/2021 3:00 7.507 1.066 0.003 6/1/2021 

13:00 

22.97 2.99 742.5 

6/1/2021 4:00 7.77 1.296 0.029 6/1/2021 

14:00 

23.96 3.525 830 
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6/1/2021 9:00 15.12 1.626 549.7 
    

6/1/2021 

10:00 

18.28 1.227 778.4 
    

6/1/2021 

11:00 

20.53 1.207 774.3 
    

6/1/2021 

12:00 

21.66 1.809 614.7 
    

6/1/2021 

13:00 

22.97 2.99 742.5 
    

6/1/2021 

14:00 

23.96 3.525 830 
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