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ABSTRACT: Exposure assessment and risk assessment for imidacloprid were conducted for agricultural workers through
mixing/loading and application with a power sprayer in four kinds of crop fields. The spray suspension was prepared with 10%
wettable powder (250 g) for 5 min and applied on field crops for 1 h. A patch method and a personal air sampler with XAD-2
resin were used to monitor the dermal and inhalation exposure, respectively. In mixing/loading, the total dermal exposure on the
whole body was 0.2 (cucumber) to 2.0 (apple) mg and the most exposed part of body was the hand (48−100% of total
exposure). During the application of imidacloprid, whole dermal exposure was in the range of 2.9 (apple) to 9.5 (green pepper)
mg. The primary sites exposed to pesticides were legs (51−79% of total exposure) in cucumber, green pepper, and paddy fields,
whereas the primary sites were hands (35% of total exposure) in the apple field. The inhalation exposure was determined to be
0.2 (paddy) to 2.8 (cucumber) μg and 0.2 (paddy) to 3.0 (cucumber) μg during mixing/loading and application, respectively.
The absorbable quantity of exposure and the margin of safety were determined for risk assessment. Workers were exposed
through inhalation as 23−93 and 2−11% of the absorbable quantity of exposure during mixing and application, respectively. The
margin of safety of all cases was much higher than 1, indicating the lowest possibility of risk.
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■ INTRODUCTION

In agriculture, pesticides are indispensable for controlling many
insect pests, diseases, and weeds during cultivation and storage,
resulting in an important role in crop quality improvement as
well as a reduction in work load and time. However, direct
contact with pesticides by workers that handle and apply these
agents can lead to harmful effects depending on the level of
exposure and toxicity because pesticides are toxic compounds.1

Therefore, it is positively necessary to quantify the occupational
exposure to pesticides for safety evaluation of workers. The
level of exposure is affected by the properties of the compound,
but mainly by the type of work, the hygienic behavior of the
workers, the time of contact with the chemical, and the
equipment used for application of the pesticide.2−4

Passive dosimetry estimates the amount of pesticide adhering
to the surface of skin or entering the body by inhalation with
appropriate devices.5 Whole body dosimeters (WBDs), patches,
gloves, and socks were mainly used to measure dermal
exposure. In the patch method, the potential contamination
of the workers’ skin and clothing is measured using a variable
number of absorbent cloth or paper patches, attached to body
regions inside or outside of clothing.6 The glass tubes
containing solid absorbents attached to battery-powered
personal sampling pumps are generally used for monitoring
of inhalation exposure, for the sake of convenience, the
establishment of a standard respiratory rate, and the develop-
ment of various solid adsorbents.7,8 The pesticide exposure
estimated or monitored is then compared to the relevant risk

value, generally acceptable operator exposure level (AOEL), or
no observable (adverse) effect level [NO(A)EL].
Many exposure studies have been conducted for agricultural

workers such as mixer/loader and applicator in a greenhouse; in
orchards, including apple, mandarin, and mango orchards; and
in the paddy field.2,9−16

Imidacloprid is a neonicotinoid insecticide that has been used
for the control of many insect pests. It has a broad spectrum of
activity with long residual and systemic effect and low toxicity
to nontarget organisms. It is poorly soluble in water (solubility
of 61 mg/L) and is resistant to hydrolysis at pH 5−11. It acts as
an antagonist to insects by binding to postsynaptic nicotinic
receptors in the central nervous system after it is absorbed
through contact and stomach action. Toxicity to mammalian is
low as an LD50 (24 h, skin) of >5000 mg/kg, and the acceptable
daily intake (ADI) value is 0.057 mg (kg of body weight)−1

day−1.17

To the best of our knowledge, there are no previously
published studies comparing exposure patterns for workers
among various crop plants, including the paddy field, during the
application of imidacloprid. This study was conducted to
compare the pesticide exposure pattern of mixers/loaders and
applicators when imidacloprid was applied to fruit, upland, and
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paddy crops using a power sprayer. Major exposure character-
istics in different crop fields were compared, and related risk
assessments were conducted using the AOEL of imidacloprid.

■ MATERIALS AND METHODS
Chemicals. Imidacloprid wettable powder (Conidor, WP, 10%,

Dongbu-hannong Chemical, Daejeon, Korea) was purchased from a
local vendor. The analytical standard of imidacloprid (99.8% pure) was
obtained from the manufacturing company and Rural Development
Administration (RDA), Korea. All solvents were high-performance
liquid chromatography (HPLC) grade and purchased from Fisher
Scientific Korea Ltd. (Seoul, Korea).
Dermal Exposure Matrices. The patch for dermal exposure

measurement was made by putting cellulose TLC (thin-layer
chromatography) paper (17CHR, 1 mm thickness, Whatman
International Ltd.) in the patch pocket (10 cm × 10 cm) with a
circular exposure part (50 cm2). The back of the TLC paper was
covered with aluminum foil to prevent contamination.1,2 The exposure
of hands and feet was monitored with cotton gloves and socks.18 The
exposure of faces was evaluated using square cotton masks (200
cm2).1,3

Personal Air Monitor. Inhalation exposure was measured using a
personal air monitor equipped with an air pump (GilAir-3, Sensidyne,
Clearwater, FL), a solid sorbent tube (ORBO 609 Amberlite XAD-2
400/200 mg, Supelco, Bellefonte, PA), and a glass fiber filter (type AE,
SKC, Eighty Four, PA). The solid sorbent tube is dual-layered and
contains one larger bed of absorbent (400 mg) followed by a smaller
back-up bed (200 mg) to capture any sample breakthrough. The beds
contain separators of glass wool to secure the beds in place. XAD-2
resin was used for trapping pesticides in air, whereas the glass fiber
filter in 37 mm open-faced cassettes was used for collecting particles of
the pesticide and filtering fine dust.
Fields and Application. The exposure studies were conducted in

an apple field (Taegu Apple Research Institute, Gunwi-myeon,
Gyeongbuk, Korea), a cucumber greenhouse (Pyongtaek, Gyeonggi,
Korea), a green pepper field (National Horticultural Research
Institute, Suwon, Korea), and a paddy field (College of Agricultural
Life and Science, Seoul National University, Suwon, Korea). In each
experiment, the temperature was monitored with a thermometer at the
start and end of mixing/loading or spraying activity, which lasted for
∼2 h. The relative humidity was also noted using a hygrometer. The
wind speed was obtained from the Korea Meteorological Admin-
istration by a mobile Internet system (Table 1). Workers for mixing/
loading and application wore protective garments (SP protective,
KleenGuard, Yuhan-Kimberly Korea Ltd., Seoul, Korea). The spray
suspension was prepared for 5 min by mixing 10% Conidor WP (250
g, 1 pack) with 500 L of water in a mixing tank and stirring the mixture
with a stick. The applicator sprayed the spray suspension using a
power sprayer for 1 h by stepping backward and moving the lance up
and down. Each trial was repeated twice.
Dermal and Inhalation Exposure Sampling. For dermal

exposure sampling, dermal patches were placed on the outer protective
garment over the body parts (forehead, front of neck, back of neck,
chest/abdomen, back, upper arm, forearm, thigh, and shin) of
workers,8 who wore cotton gloves, cotton socks, and masks. After
mixing/loading or spraying, exposure samples were removed for
analysis of the pesticide concentration. In the case of inhalation
exposure sampling, a glass fiber filter cassette and an XAD-2 resin tube
were attached in the breathing zone with a clip, and an air pump was
fastened on the belt. The air flow rate was 2 L/min. After mixing/
loading or spraying, the XAD-2 resin and filter were removed and
analyzed for pesticide content.
Extraction of Imidacloprid from Monitoring Matrices.

Imidacloprid on patches, gloves, socks, and masks was extracted
with 60, 300, 300, and 300 mL of acetone, respectively, when the
materials were shaken at 200 rpm for 1 h. Pesticide trapped on the
XAD-2 resin and filter was extracted with 10 mL of acetone. After the
extract had been concentrated with a nitrogen evaporator (Reacti-Vap,

Pierce, Rockford, IL) and dissolved in methanol, aliquots (10 μL) were
analyzed via HPLC.

Analytical Conditions. Imidacloprid was analyzed using HPLC
(Agilent 1100 series, Agilent Technologies Inc., Santa Clara, CA) with
a Luna C18 column (5 μm particle size, 4.6 mm × 250 mm,
Phenomenex, Torrance, CA). The mobile phase consisted of water
and acetonitrile [55:45 (v/v)], and the flow rate was 1.0 mL/min. A
variable-wavelength detector (Agilent Technologies Inc.) was used for
detection at 270 nm.

Method Validation. Aliquots of standard solutions at concen-
trations from 0.001 to 1 mg/L were analyzed to determine their limits
of detection (LODs) before their limits of quantitation (LOQs) were
calculated. The method limit of quantitation (MLOQ) is a practical
LOQ of the total analytical method and is usually calculated using the
LOQ, injection volume, and extract solvent volume via an analytical
method.19 The coefficient of variation (CV) of the integrated peak
area was calculated after two (0.1 and 1 mg/L) standard solutions had
been analyzed five times by HPLC to check the repeatability of
analysis. For the calibration curve linearity test, various standard
solutions (LOD level of ∼10 mg/L) were analyzed and the linearity of
the curve was investigated after preparation for 1 and 3 days. In a
recovery test, three (MLOQ, 5 MLOQ, and 10 MLOQ level) standard
solutions were spiked in control exposure samples to measure the
recovery of pesticide from various matrices. For the field recovery test,
a certain level (5 MLOQ) of pesticide was spiked on patches, gloves,
socks, masks, and XAD-2 resin in field. Matrices were exposed to the
outdoors for a period of time equivalent to the duration of the spray
application to simulate field study conditions. A trapping efficiency test
was conducted by spiking a 100 MLOQ level of a standard solution on
the bottom of a U-shaped glass tube (Daejung Chemical, Daejeon,
Korea) and passing air through the system at a rate of 2 L/min for 4 h.
The U-shaped glass tube was heated to 70 °C to help volatilization of

Table 1. Field Characteristics, Application, and
Meteorological Conditions

apple cucumber
green
pepper paddy

field
application area
(m2)

1600 630 742.5 2240

age of plants
(years)

6 − − −

plant growth
stage

fruiting stage

planting
densitya

dense dense very dense very
dense

plant height
(cm)

300 150 100−120 70

inner row
distanceb (cm)

70 25 40 10

row distancec

(cm)
390 150 100 16

application
application
method

power sprayer

lance length
(m)

1.8 1.0 1.0 1.0

boom length
(m)

7 1 1 8

climate
temperature
(°C)

26 24−27 26−27 28

relative
humidity (%)

62−64 51−57 57 60

wind speed
(m/s)

1.0−1.9 − 1.6−3.3 1.6

aThe density at which plants are planted in a cultivated plot. bThe
distance between plants in a row. cThe distance between rows in
planting.
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compounds. The residue in the U-shaped glass tube and the amount
trapped in the XAD-2 resin were analyzed, and the mass balance was
calculated. A breakthrough test was conducted by adding a 10 MLOQ
level of a standard solution in the primary resin part of the solid
sorbent tube and passing air through the tube at a rate of 2 L/min for
4 h. One primary and secondary part of the resin were analyzed
separately. All analyses and tests were repeated three times.
Exposure Calculation. The dermal exposure intensity (micro-

grams per square centimeter) was calculated by dividing the amount
(micrograms) of imidacloprid on the exposure matrix by the area
(square centimeters) of the matrix. The dermal exposure amount
(micrograms) per body part for Korean adult males was calculated by
extrapolating the exposure intensity (micrograms per square
centimeter) to the body surface area (square centimeter).18 The
inhalation exposure amount (nanograms) was determined by
extrapolating the amount of pesticide trapped in the XAD-2 resin
and filter (nanograms) to the total respiration volume during work
activity using the working respiration rates (1270 L/min) for Korean
adult males.18

Risk Assessment. Risk assessment was conducted with total
exposure per day for agricultural workers. The potential dermal and
inhalation exposure (PDE and PIE, respectively) per day were
obtained by multiplying the corresponding exposure amount (micro-
grams) with five working activities because workers generally mix/load
and apply the pesticide suspension five times per day using a powder
sprayer. The actual dermal exposure (ADE) for the mixer/loader and
applicator was calculated on the basis of rates of penetration through
clothes of 1 and 10%, respectively,18,20 and the assumption of 8% skin
absorption.21 The AQE (absorbable quantity of exposure, in
milligrams per day) was obtained by adding ADE and PIE because
inhalation exposure (PIE) is usually considered to be 100%
absorbed.2,22,23 The margin of safety (MOS)24 for workers was
calculated using following modified formula: MOS = AE/AQE.
Acceptable exposure (AE) is obtained by multiplying the AOEL of
imidacloprid (0.08 mg kg−1 day−1)21 by body weight. The body weight
for an average Korean adult male (70 kg) was obtained from
KNHANES 2008−201025−27 with SAS (Statistical Analysis System
version 9.1.3, SAS Institute Inc., Cary, NC).

■ RESULTS AND DISCUSSION
Selection of Crops and Pesticide. Apple, cucumber,

green pepper, and rice were selected to represent orchard

(apple), upland field (green pepper), paddy field (rice), or
greenhouse (cucumber) and short crop (cucumber, green
pepper, and rice) versus tall crop (apple). Imidacloprid was
registered for all subject crops, and wettable powder (WP) was
used because the powder usually drifts to contaminate workers
during mixing/loading.

Method Validation. The LOD was set at 0.5 ng for
imidacloprid with a signal-to-noise ratio of >3. The LOQ was
defined as 2.5 ng (=5 LOD). These were low enough to detect
the trace level of imidacloprid. MLOQ levels for imidacloprid
were determined to be 15, 75, 75, 75, and 2.5 μg for patches,
gloves, socks, masks, and XAD-2 resin, respectively. The
repeatability as the precision of analysis was good (CV < 3%).
Calibration curves of imidacloprid were derived in the range of
0.05−10 mg/L. The linearity was consistent for 3 days (R2 >
0.9999). The selectivity was excellent because no other
interfering peaks were observed at the retention time of
imidacloprid. The matrix extraction efficiency (Recovery) was
in the range of 94−115%, and the RSD was <10% (Figure 1),
indicating the reasonable extraction efficiencies. Field recovery
values were 101−113% (CV = 0.5−4.0%), indicating any losses
of pesticides due to transfer, storage, transit conditions, and
exposure to light were not significant (Figure 1). A trapping
efficiency test was conducted to measure the efficiency of the
XAD-2 resin in trapping pesticides. The mass balance was 96.3
± 11.5%, and <0.5% evaporated (Table 2). Therefore, the
XAD-2 resin was shown to be useful for trapping those
pesticides in air. A breakthrough test was used to evaluate the
adsorption ability of the XAD-2 resin. Only 1% of imidacloprid
was passed through to the secondary part of the resin (Table
2), indicating that the first resin part has a good holding
capacity.

Dermal Exposure during Mixing/Loading. The dermal
exposure to imidacloprid was 0.2 mg (cucumber) to 2.0 mg
(apple) for mixing/loading (Table 3). The ratios of dermal
exposure to total prepared active ingredient (a.i.) ranged from
0.001% (cucumber) to 0.008% (apple) and were within the
range of 0.0007−0.59% as reported in previous studies.2,13,15,28

The highest level of exposure was observed on hands (48.3−
100.0% of total dermal exposure), being similar to the report
(19.0−99.9%) with fenvalerate and methomyl,2,15 because
hands for the mixer/loader were contaminated by the direct
contact with the powder when the containers were torn open
and the pesticide powder was poured into the reservoir to make
a suspension. It is well-known that the level of exposure of
hands is usually higher than that of other body parts, especially
during the mixing/loading steps.2,15,29−31 Therefore, recent
studies had measured only exposure on hands as major
exposure parts to evaluate the dermal exposure during mixing/
loading,28,32,33 as suggested by the national guideline of RDA.34

Dermal Exposure during Application. Machado-Neto3

mentioned that ≥99% of total exposure occurred by the dermal
route, and it was reported that the greatest level of potential
exposure is through the dermal absorption during spraying
operations.35

In this study, during imidacloprid application, dermal
exposure was in the range of 2.9 mg (apple) to 9.5 mg

Figure 1. Recovery and field recovery of imidacloprid from matrices
used in this study.

Table 2. Breakthrough Test and Trapping Efficiency Test for
the XAD-2 Resin

test treated level recovery (%)a

breakthrough 10 MLOQ
(25 μg)

primary XAD secondary
XAD

total

99.0 ± 1.2 1.0 ± 0.9 100.1 ± 2.0
trapping
efficiency

100 MLOQ
(250 μg)

residue XAD total

95.8 ± 12.0 0.5 ± 0.4 96.3 ± 11.5
aThe mean of three repeated tests was reported with the standard
deviation.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf403169t | J. Agric. Food Chem. 2013, 61, 10642−1064810644



(green pepper), corresponding 0.007% (paddy) to 0.038%
(green pepper), respectively, of the total applied a.i. (Table 4),
being similar to the report (0.015−0.048%) with fenvalerate,
methomyl, and acetamiprid.2,15,28 In general, legs (thighs and
shins) showed higher levels of exposure than upper body parts
such as head, face, back, and arms.
The exposure patterns were similar among cucumber, green

pepper, and paddy fields, which shows legs are the most
exposed parts (51.2−78.8% of total exposure). In the green
pepper field, exposure on legs was observed on both thighs and
shins (48.2 and 30.6% of total exposure, respectively) while
exposure was detected mainly on shins (36.9−41.8% of total
exposure) in cucumber and paddy fields (Figure 2). Such
exposure on the lower half of the body occurred because of the
contamination through direct contact with the plants. In
particular, the highest exposure in the green pepper field among

various crop fields was due to the greatest contact frequency
with the very dense foliage of green peppers.14,36 In contrast to
those three fields, most exposure was observed on hands
(34.8% of total exposure) for the applicator in the apple field,
the plants of which are taller than other crops (green pepper,
cucumber, and rice) (Figure 2), because the applicator had to
spray by lifting the spray lance over the head. In such cases,
hands grabbing the spray lance must be contaminated with the
spray suspension that streamed down the lance from nozzles.
Only 26.7% of total dermal exposure was observed on legs in
the apple field because of the wider row distance and lower
foliar contact frequency.

Table 3. Dermal Exposure during Mixing/Loading

field body (mg) hands (mg) total (mg) hand ratioa (%) ratio to prepared a.i.b (%)

apple 0.7 ± 0.1 1.3 ± 1.6 2.0 ± 1.6 48.3 ± 39.3 0.008 ± 0.007
cucumber 0.02 ± 0.01 0.2 ± 0.1 0.2 ± 0.1 88.8 ± 8.8 0.001 ± 0.001
green pepper 0.7 ± 0.5 1.1 ± 0.8 1.7 ± 1.3 60.0 ± 3.0 0.007 ± 0.005
paddy ndc 0.7 ± 1.0 0.7 ± 1.0 100.0 ± 0.0 0.003 ± 0.004

aRatio of hand exposure to whole body exposure, including hands. bRatio of total dermal exposure to prepared active ingredient. cNot detected.

Table 4. Dermal Exposure on Body Parts during Application

apple cucumber green pepper paddy

body part amount (mg)
intensity
(μg/cm2) amount (mg)

intensity
(μg/cm2) amount (mg)

intensity
(μg/cm2) amount (mg)

intensity
(μg/cm2)

head 0.1 ± 0.0 0.2 ± 0.0 0.03 ± 0.04 0.06 ± 0.08 0.01 ± 0.00 0.03 ± 0.00 0.04 ± 0.01 0.1 ± 0.0
face 0.03 ± 0.01 0.06 ± 0.02 0.2 ± 0.3 0.5 ± 0.6 0.03 ± 0.01 0.06 ± 0.01 0.02 ± 0.00 0.04 ± 0.01
front of neck 0.02 ± 0.01 0.1 ± 0.0 0.01 ± 0.01 0.06 ± 0.05 0.006 ± 0.000 0.02 ± 0.00 0.01 ± 0.00 0.05 ± 0.01
back of neck 0.02 ± 0.01 0.1 ± 0.0 0.007 ± 0.001 0.04 ± 0.01 0.007 ± 0.002 0.04 ± 0.01 0.01 ± 0.00 0.04 ± 0.01
chest/abdomen 0.4 ± 0.1 0.1 ± 0.0 0.5 ± 0.6 0.2 ± 0.2 0.7 ± 0.2 0.2 ± 0.0 0.2 ± 0.1 0.06 ± 0.03
back 0.2 ± 0.1 0.06 ± 0.03 0.1 ± 0.0 0.04 ± 0.01 0.4 ± 0.3 0.1 ± 0.1 nda nda

upper arms 0.2 ± 0.1 0.1 ± 0.1 0.3 ± 0.2 0.2 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.04 ± 0.01
forearms 0.1 ± 0.0 0.07 ± 0.03 0.1 ± 0.0 0.1 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 0.04 ± 0.01 0.03 ± 0.01
thighs 0.3 ± 0.1 0.1 ± 0.0 0.3 ± 0.0 0.1 ± 0.0 4.6 ± 1.1 1.7 ± 0.4 0.3 ± 0.2 0.1 ± 0.1
shins 0.5 ± 0.1 0.2 ± 0.1 1.3 ± 0.2 0.6 ± 0.1 2.9 ± 0.2 1.3 ± 0.1 0.6 ± 0.5 0.3 ± 0.2
hands 1.0 ± 0.8 1.1 ± 0.8 0.1 ± 0.1 0.1 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.3 ± 0.1
feet 0.1 ± 0.0 0.05 ± 0.01 0.1 ± 0.0 0.05 ± 0.02 0.02 ± 0.01 0.01 ± 0.01 0.03 ± 0.01 0.03 ± 0.01
total 2.9 ± 0.3 − 3.1 ± 0.7 − 9.5 ± 1.6 − 1.7 ± 0.9 −
ratio to applied
a.i.b (%)

0.011 ± 0.001 − 0.013 ± 0.003 − 0.038 ± 0.006 − 0.007 ± 0.004 −

aNot detected. bActive ingredient (25 g of imidacloprid).

Figure 2. Distribution of dermal exposure on body parts during
application.

Figure 3. Ratio of inhalation exposure to dermal exposure during
mixing/loading and application.
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In the case of the cucumber field, relatively higher exposure
was observed on upper parts of the body such as head, face,
chest, back and arms, similar to the data for the apple field,
indicating a spray pattern higher than that in the green pepper
field and rice paddy (Figure 2). Because the apple is usually
more elevated than the cucumber, dermal exposure was higher
on the head than on the face in the apple field whereas
exposure was higher on the face than on the head in the
cucumber field (Table 4). Face exposure and its intensity (0.5
± 0.6 μg/cm2) are the highest in the cucumber greenhouse,
compared with other fields (Table 4), because the cucumber is
taller than rice and green pepper, and indoor spray droplets can
persist for significantly greater periods of time than under
similar outdoor conditions5 because of the lack of wind.
In conclusion, the primary factors for determining applicator

exposure are the contact frequency with crops, foliar density,
crop height, worker height, application habit of the worker,37

and the location [outdoor or indoor field (greenhouse)].
Inhalation Exposure. Potential inhalation exposure occurs

when airborne spray droplets or vapor is present in working
areas resulting from mixing/loading or application of pesticides.
The inhalation exposures during mixing/loading procedures
were 0.5 ± 0.1, 2.8 ± 0.7, 1.7 ± 1.7, and 0.2 ± 0.1 μg in apple,
cucumber, green pepper, and paddy fields, respectively, while
those during application were determined to be 1.9 ± 0.6, 3.0 ±
0.1, 1.5 ± 0.1, and 1.1 ± 0.5 μg, respectively. Considering the
working time (5 min for mixing/loading and 1 h for
application) and respiration rate (1270 L/min), the exposure
(nanograms) per unit respiration (cubic meters) was
determined to be higher during mixing/loading [75.0 ± 16.5
ng/m3 (apple), 445.8 ± 104.9 ng/m3 (cucumber), 262.5 ±
268.7 ng/m3 (green pepper), and 34.5 ± 14.1 ng/m3 (rice

paddy)] than during application [24.6 ± 7.9 ng/m3 (apple),
39.1 ± 1.1 ng/m3 (cucumber), 20.3 ± 1.2 ng/m3 (green
pepper), and 13.9 ± 6.1 ng/m3 (rice paddy)]. These results
indicated that higher levels of vapor or particles of the pesticide
were found in working areas during mixing/loading procedures,
but the total inhalation exposure was lower because of the
shorter working time. The inhalation exposure was 2−13 times
higher in the cucumber greenhouse than in other fields during
mixing/loading and application. Therefore, it was demonstrated
that the highest inhalation exposure occurred indoors (green-
house) because of the closed system that lacked wind.
However, inhalation exposure during application was <0.1%
of dermal exposure (Figure 3), as reported in previous
studies.1−3

Risk Assessment. Numerous default assumptions concern-
ing the persistence of the chemical on the source, contact
transfer, and the distribution of the dose on humans, clothing
penetration, and day-to-day activity are required to transform
experimental data into reliable estimates of the actual dose for
exposure and risk assessment. It takes 20 min to prepare the
spray suspension by filling a mixing tank with 500 L of water
and mixing it with the pesticide product, while it takes 1 h for
application of 500 L of a pesticide suspension with a power
sprayer. Therefore, agricultural workers could conduct mixing/
loading and application approximately five times a day because
the feasible working duration is 6−7 h per day.
PDE and PIE were determined by extrapolating exposure

amount to five working events per day. The actual dose (AQE)
was calculated from ADE and PIE (Table 5). For the mixer/
loader, AQE was in the range from 0.004 mg/day (paddy) to
0.02 mg/day (green pepper). The ratio of PIE to AQE during
mixing/loading was 22.7% (apple) to 93.4% (cucumber)

Table 5. Determination of MOS Values for Mixer/Loaders and Applicators Spraying Imidacloprid on Various Cropsa

worker field PDEb (mg/day) ADEc (mg/day) PIEb (mg/day) AQE (mg/day) MOS

mixer/loader apple 10.1 ± 8.2 0.01 ± 0.01 0.002 ± 0.001 0.01 ± 0.01 640.6 ± 370.5
cucumber 1.2 ± 0.6 0.001 ± 0.000 0.01 ± 0.00 0.02 ± 0.00 381.8 ± 96.4
green pepper 8.7 ± 6.6 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 622.0 ± 563.5
paddy 3.5 ± 4.8 0.003 ± 0.004 0.001 ± 0.000 0.004 ± 0.003 2294.3 ± 1989.4

applicator apple 20.4 ± 2.4 0.2 ± 0.0 0.01 ± 0.00 0.2 ± 0.0 31.8 ± 2.6
cucumber 26.1 ± 5.8 0.2 ± 0.0 0.02 ± 0.00 0.2 ± 0.0 24.5 ± 4.8
green pepper 47.7 ± 7.8 0.4 ± 0.1 0.01 ± 0.00 0.4 ± 0.1 14.6 ± 2.3
paddy 10.4 ± 5.8 0.1 ± 0.0 0.01 ± 0.00 0.1 ± 0.0 70.2 ± 33.7

aAbbreviations: PDE, potential dermal exposure; ADE, actual dermal exposure; PIE, potential inhalation exposure; AQE, absorbable quantity of
exposure; MOS, margin of safety. bCalculated assuming a working number: mixing/loading and application are conducted five times a day with PS.
cADE = [PDE × 1% (mix/loader) or 10% (applicator) of penetration rate through clothes] × 8% of skin absorption.

Figure 4. Contribution of ADE and PIE to AQE during mixing/loading and application. Abbreviations: ADE, actual dermal exposure; PIE, potential
inhalation exposure; AQE, absorbable quantity of exposure.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf403169t | J. Agric. Food Chem. 2013, 61, 10642−1064810646



(Figure 4), indicating inhalation is the major route for pesticide
exposure in a closed environment like a greenhouse. Mean-
while, AQEs for the applicator ranged from 0.1 mg/day
(paddy) to 0.4 mg/day (green pepper), and 2.0% (green
pepper) to 10.6% (cucumber) of AQE occurred through
inhalation (Figure 4). Because inhalation is the critical exposure
route in a closed environment like a greenhouse, workers
should wear protective equipment such as a mask to reduce the
probability of inhalation exposure.
In risk assessment, AQE, the pesticide exposure estimated,

was then compared to AE, the value obtained by multiplying
the AOEL of imidacloprid21 by body weight. AOEL is usually
derived from NOAEL, from the most relevant toxicity study,
divided by the appropriate safety or uncertainty factor.38 In
general, workers are considered at risk when they are exposed
to a level higher than the AOEL. In this study, the MOS was
determined to be much higher than 1, indicating all activities in
all crop fields, including mixing/loading and application, are
considered to be safe from imidacloprid exposure (Table 5).
This was due to the low frequency of exposure, the low a.i.
content of pesticide products (10%), the low toxicity (AOEL,
0.08 mg/kg), and the low skin absorption (8%) of imidacloprid.
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