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Abstract: In this study, the effect of non-thermal atmospheric plasma (NTAP) treatment on the
reduction of residual fludioxonil (C;2HgFaN»O», 4-(2,2-difluoro-1,3-benzodioxol-4-yl)-1H-pyrrole-
3-carbonitrile) was investigated through experimental simulation. Fludioxonil is known for its
high residual concentration on fruits and vegetables. To simulate residual fludioxonil reduction
in the storage location prior to consumption of fruits or vegetables by consumers, we designed an
experimental setup utilizing a gas distribution system and a cylindrical dielectric barrier discharge
(DBD) plasma source. A cylindrical DBD plasma source was adopted to produce the plasma activated
chemical species (O3). To evaluate the effect of plasma treatment on the reduction of residual
fludioxonil, experiments were performed under three different conditions: varying concentrations
and treatment times of O3, as well as the surface roughness of microscope slide glass. Based on the
results, 10 min plasma treatment with an O3 concentration of 11.89 puL/L, which showed a 58.5%
reduction rate, is recommended. The O3 concentration has a higher priority than the treatment time
for reduction rates of residual fludioxonil.

Keywords: fludioxonil; non-thermal plasma; ozone; residual pesticide reduction

1. Introduction

In a recent study, it was reported that the potential crop yield loss due to pre-harvest
pests and diseases ranges from 20% to 40% [1]. Pesticides have been used as one of the most
effective methods for pest control in order to reduce such pre-harvest losses. Pesticides
are chemical materials used to prevent the growth of undesirable organisms such as fungi,
weeds, or pests in agricultural fields. However, due to their potential toxicity to other
organisms, pesticides need to be used properly to ensure the safety of humans, the food
supply, and the environment. Nevertheless, as weed and pest resistance to pesticides has
increased, the amounts and frequencies of pesticide use have also increased, leading to
issues such as residual pesticides in crops [2].

Fludioxonil (C1,HgF2N»O,, 4-(2,2-Difluoro-1,3-benzodioxol-4-yl)-1H-pyrrole-3-carbonitrile)
is one of the most widely used fungicides that inhibits spore germination and stops mycelial
growth against Botrytis, Monilinia, Sclerotinia, Rhizoctonia and Alternaria species [3-5]. This
fungicide is known to not only have high residual concentrations on fruits and vegeta-
bles [6], but also exhibits high persistence in soils with a half-life of 200-300 days [7].
Moreover, it has been reported to have endocrine disruption potential, which is associated
with breast cancer [8-11]. As mentioned earlier, fludioxonil has a high residual concen-
tration in crops, particularly in fruits and vegetables that are commonly consumed by
the general public. Therefore, research is needed to find appropriate methods to reduce
residual amounts during storage and distribution after harvesting.

Physical-chemical methods and food processing are two conventional methods that
have been used to reduce residual pesticides [12,13]. Physical-chemical methods, such as
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Fenton oxidation, bio-treatment, or TiO, catalytic treatment, have been studied for the
removal of pesticides that are soluble in aqueous solutions. However, using an aqueous
method to treat crops can induce undesired microcracking on the surface of crops such
as apples [14]. Food processing, such as peeling or hot water blanching, is also used
as removal method for residual pesticides reduction. However, peeling or hot water
blanching may have a negative effect on the crops, such as quality deterioration or thermal
damage. Therefore, research on dry and non-thermal processing is needed to overcome the
drawbacks of these conventional methods.

Non-thermal atmospheric plasma (NTAP) has been studied as an alternative method
for reducing residual pesticides on crops in order to overcome the disadvantages of con-
ventional methods [2,15-22]. Bai, et al. studied the degradation of organophosphorus (OP)
pesticide induced by a 2-min treatment of oxygen plasma and found that oxygen plasma is
suitable for reducing OP pesticide [15]. Misra, et al. showed that in-package non-thermal
plasma is a novel technology for reducing pesticides, such as azoxystrobin, cyprodinil,
fludioxonil, and pyriproxyfen, on strawberries [16]. They found that the levels of pesticides
were decreased by a maximum of 69%, 45%, 71%, and 46%, respectively, with the conditions
of 5 min of treatment time with 80 kV. Zhou, et al. reported the removal of residual OP
pesticide on Lycium barbarum using gas-phase surface discharge plasma [21]. They observed
that 99.8% of dichlorvos was removed from the fruit surface without compromising the
quality of the food. These various studies have demonstrated that NTAP has the advantage
of being able to configure the apparatus to allow for dry and non-thermal treatment for
reducing residual pesticides on crops. Moreover, by effectively utilizing the advantage, we
can also apply it to reduce residual pesticides through dry and non-thermal treatments in
places like food storage. For instance, if residual pesticides on post-harvest crops can be
reduced while they are stored in a particular space, such as a refrigerator, it will be more
convenient to consume the crops safely by the general public.

In this study, we investigated the possibility of using NTAP activated chemical species
as a reduction method for residual fludioxonil on post-harvest crops through experimental
simulation. To simulate residual fludioxonil reduction in the storage location prior to
consumption of fruits or vegetables by consumers, we designed an experimental setup
utilizing a gas distribution system and a cylindrical dielectric barrier discharge (DBD)
plasma source. We evaluated the reduction of residual pesticides based on three different
factors: the concentration and treatment time of plasma activated chemical species, and the
surface roughness of microscope slide glass. According to previous research, it has been
found that the OH radical or O3 are effective in reducing residual pesticides [16]. Misra
et al. investigated the reduction mechanism of residual fludioxonil using a total ion scan,
which resulted in the detection of an unidentified peak at 6.51 min with a high abundance
of 201 m/z ion fragment. Based on the results, they proposed a reaction pathway for
the formation of the final product (2,2-difluorobenzo[d][1,3]dioxole-4-carboxylic acid) of
fludioxonil, which is assigned to the peak at 6.51 min, and suggested that O3 plays a key
role in the fludioxonil reduction mechanism, as the reaction is initiated by the conversion
of the “1H-pyrrole-3-carbonitrile” to a ‘5-dioxoprolidine-3-carbonitrile” by Os. Therefore,
O3 was chosen as the main plasma activated chemical species in this study. Based on the
report that the antimicrobial effect of NTAP varies depending on the roughness of the fruit
surface [23], we selected microscope glass slides with various degrees of roughness as a
factor to investigate its correlation between NTAP and pesticide reduction. The results
of the investigation aim to suggest the most efficient treatment conditions for reducing
residual pesticides on post-harvest crops in a specific storage space, as mentioned earlier.

2. Experimental Preparation

The cylindrical DBD plasma source with a gas distribution system was used to pro-
duce plasma activated chemical species in this study. Ozone (Os3) was selected as the
plasma activated chemical species because it is a representative long-lived reactive oxygen
species (ROS). Fludioxonil was coated on microscope slide glass samples with varying
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surface roughness, which were used as models for different types of agri-foods. Liquid
chromatography-mass spectrometry (LC-MS/MS) analysis was conducted to evaluate the
reduction of pesticide residue after plasma treatment.

2.1. Cylindrical DBD Plasma Source Installed Gas Distribution System

The cylindrical atmospheric pressure DBD plasma source installed gas distribution
system for residual pesticide reduction is depicted in Figure 1a. The system was used to set
four different O3 concentration conditions simultaneously, which were non-treated, low,
middle, and high value. The system consisted of a cylindrical DBD plasma source, a flow
control part with eight mass flow controllers (MFCs), four different treatment chambers, an
O3 analyzer, a data logger, and a PC.
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Figure 1. (a) Cylindrical atmospheric pressure DBD plasma source installed gas distribution system
for residual fludioxonil reduction and (b) Vertical cross-section diagram of cylindrical DBD plasma

source used in this study.

2.1.1. Cylindrical DBD Plasma Source

The vertical cross-section diagram of the cylindrical DBD plasma source used in this
study is shown in Figure 1b. The plasma source consists of an outer quartz tube (outer
diameter (OD): $30, inner diameter (ID): $26) and an inner quartz tube (OD: $24.5, ID:
$23.5), as well as a grounded cylindrical copper (Cu) electrode (OD: $23.5, ID: $8). A
conductive Cu foil tape (width = 10 mm) was attached to the outside of the outer quartz
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tube, and high voltage was applied to the tape to generate the plasma in the discharge
gap (Eg = 1.5 mm) between the outer and inner quartz tubes. Gas was injected into the
discharge gap and ionized by the plasma. The total length of the cylindrical DBD plasma
source, excluding the assembly parts at both ends, was 200 mm.

In order to maintain the desired O3 concentration conditions and ensure the durability
of the DBD source, a sinusoidal waveform with a tripping signal of a certain period T was
applied. The sinusoidal high voltage was applied to the cylindrical DBD plasma source
using a high voltage amplifier (Trek-20/20C-HS, Trek Inc., Lockport, NY, USA) and two
signal generators (AFG3021C, Tektronix, Beaverton, OR, USA). One generator was used to
generate the sinusoidal signal with a frequency of 1.5 kHz and a voltage of 12 V;,.,, while
the other was used as a tripping signal with a period of 5 s and a duty cycle of 12%. The
generated signal was amplified up to 2000 times by the high voltage amplifier.

The applied voltage and the discharge current were measured using two different
1000:1 high voltage probes (P6015A, Tektronix, Beaverton, OR, USA) and a current probe
(110A, Pearson Electronics, Palo Alto, CA, USA). One of the high voltage probes (V1) was
connected to the conductive Cu foil electrode, and the other (V;) was connected to the
dummy capacitor Cp,, which has a capacitance of 2.16 nF for the calculation of dissipated
power. The current probe was placed on the ground wire. The traces of the applied voltage
and discharge current were recorded on an oscilloscope (DPO4104B-L, Tektronix, Beaverton,
OR, USA).

2.1.2. Gas Distribution System Set-Up

In order to generate a high concentration of O3 dominant gas, high-purity oxygen
(O7) gas with a purity of 99.995% was injected into the cylindrical DBD plasma source at a
flow rate of 2 L/min. The O, gas was then discharged as it passed through the discharge
gap of the cylindrical DBD plasma source. The ejected gas was split into four treatment
chambers, each with a volume of 20 L, at flow rates set by each of the eight mass flow
controllers (MFCs). MFC 1, 3, 5, and 7 were set up to flow at rates of 1, 0.25, 0.05, and
0 L/min, respectively. To achieve the desired O3 concentrations in the treatment chambers,
compressed dry air (CDA) with a purity of 99.99% was used as a dilution gas. CDA was
injected into MFC 2, 4, 6, and 8 at flow rates of 0, 0.75, 0.95, and 1 L/min, respectively. The
gas concentrations in the treatment chambers were evaluated using an O3 analyzer (GM-
6000PRO, Anseros, Tiibingen, Germany) and the measured concentrations were recorded
by a data logger (GL-840, Graphtec, Yokohama, Japan) and saved on a PC.

2.2. Microscope Slide Glass Samples with Different Surface Roughnesses

Microscope slide glass (Marienfeld, Lauda-Konigshofen, Germany) samples were
prepared as a model for different agri-foods that have different surface roughnesses. The
samples had four different roughnesses and had a dimension of 76 x 26 x 1 mm?. Three
different grits of silicon carbide sandpaper (Daesung, Sejong, Republic of Korea) were
used to scratch the microscope slide glass samples, with grit values of 2000, 1000, and 400.
The upper diagram in Figure 2 shows that the samples were scratched on their top side
only with a constant force vertically and horizontally in both directions. A non-treated
sample was also used as microscope slide glass itself for the experiment. Stereo microscope
(Leica S8 APO, Leica Microsystems, Wetzlar, Germany) images of microscope slide glass
samples were taken at the middle of the samples with the same magnification condition.
The number of scratch lines per unit area increased as the grit value of the sandpaper
decreased, indicating an increase in the surface roughness of the microscope slide glass.
The lower images in Figure 2 show the different surface roughnesses of the microscope
slide glass samples.
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Figure 2. Schematic diagram of scratching the microscope slide glass sample by sandpaper (upper)
and their Stereo Microscope images (lower) (a) Non-scratched (b) Grit 2000 (c) Grit 1000 (d) Grit 400.

The surface roughness of the microscope slide glass samples was evaluated using the
non-contact 3D surface profiler (NV-2300, Nanosystem, Daejeon, Republic of Korea) and
the surface roughness R, was calculated [24]. The averaged R, values of the grit 2000, 1000,
and 400 were 58.07 £ 6.84, 70.68 £ 14.21, and 107.37 + 21.78 nm, respectively, as shown
in Table 1 and Figure 2. A total of 40 microscope slide glass samples were scratched per
surface roughness condition, and among them, 24 samples per surface roughness condition
were selected for the experiment based on the average R, value.

Table 1. Measured surface roughness R, of microscope slide glass samples depending on different
grit values of sandpaper were listed. # Different letters indicate a significant difference (p < 0.05).

R, (um)
Grit Value
Average Std. Dev.
Non-scratched N/A N/A
2000 58.07 @ +6.84
1000 70.68 P +14.21

400 107.37 € +21.78
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2.3. Pesticide Preparation and Analysis

The pesticide used in this study was fludioxonil (C1oHgF;N»O;) and its standard
(99.9% purity) was obtained from Kemidas Co., Ltd. (Gunpo, Republic of Korea). Flu-
dioxonil was prepared in acetonitrile (ACN, CH3CN, Daejung Chemicals & Metals Co.,
Ltd., Siheung, Republic of Korea) at a concentration of 20 pug/mL. In order to obtain a
homogeneous distribution of fludioxonil on the scratched microscope slides, the immersion
method was adopted. The samples were dipped into the fludioxonil solution for 5 min and
dried at room temperature for 3 min.

Each of the 20 L chambers contains a small 0.5 L chamber where samples coated with
fludioxonil were positioned. The system was designed to permit the LID of the internal 0.5 L
chamber to be opened from outside the 20 L chamber. Once the O3 concentration inside
the 20 L chamber reached a desired level, the LID of the internal 0.5 L small chamber was
opened to start the treatment. After plasma treatment, each treated sample was dissolved
in 5 mL acetonitrile and collected in a 50 mL tube. The dissolving process was performed
on the top-side of the scratched microscope slide glass sample using a micro pipet.

The treated fludioxonil samples were subjected to the QUEChERS method for LC—
MS/MS (Agilent 1200 HPLC with Agilent 6410 triple-quadrupole MS, Santa Clara, CA,
USA) analysis. The aim was to quantitatively analyze the reduction rate of plasma treated
fludioxonil, using the conditions specified in Table 2. The analytical column used was a
YMC-Pack pro C18 RS (150 x 3.0 mm L.D. 5-3 um, 8§ nm, YMC, Kyoto, Japan). A 5 uL volume
of the collected sample solvent was injected at a flow rate of 0.4 mL/min. The mobile phase
contained 0.1% formic acid and 5 nM ammonium formate in water and ACN, with a ratio of
15:85. The analysis was performed in multiple reaction monitoring (MRM) mode.

Table 2. LC-MS/MS conditions for quantitative analysis of the reduction rate of plasma treated

fludioxonil.
Instrument Agilent 1200 HPLC with Agilent 6410 triple-quadrupole MS
Column YMC-Pack Pro C18 RS 150 x 3 mm i.d S-3 um, 8 nm, YMC, Japan
bile Ph A: Water with 0.1% Formic Acid and 5 mM Ammonium Formate
Mobile Phase B: ACN with 0.1% Formic Acid and 5 mM Ammonium Formate
Time (min) A (%) B (%)
Gradient Time 0 15 85
10 15 85
Flow Rate 0.4 mL/min Ionspray Voltage 4kV
Column 40°C Nebulizer Gas 40 psi
Temperature Pressure
Injection Volume 5uL Gas Flow 10 L/min
Ionization Mode ESI Positive Gas Temperature 300 °C
Scan Type MRM Run Time 10 min

2.4. Statistical Analysis

All experiments were repeated three times. The experimental results were subjected to
a one-way analysis of variance (ANOVA) followed by Duncan’s multiple range test using
SPSS statistics 24 software (SPSS Inc., Chicago, IL, USA) with a significance level of p < 0.05
to compare the effect of the O3 concentration and surface roughness on the reduction of
fludioxonil. The results, depending on treatment times were analyzed using the student
t-test. All data were presented in the form of mean =+ standard deviation.

3. Experimental Results and Discussion
3.1. Characteristics of the Cylindrical DBD Plasma Source Installed Gas Distribution System

The electrical characteristics of the cylindrical DBD plasma source were measured,
and the results are shown in Figure 3. The applied voltage (right side of Figure 3) had
a frequency of 1.5 kHz and a voltage of 24 kV, and was applied to the high voltage
conductive Cu foil tape electrode triggered by the trip signal (left side of Figure 3), which
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Voltage (kV)

had a period of 5 sec (0.2 Hz) and a 12% duty cycle. The power dissipated by the cylindrical
DBD plasma source was calculated using the Q-V curve method [25] based on the measured
voltage of the dummy capacitor Cp,. The calculated dissipated power was 2.36 W, but this
value is not shown in the figure.
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Figure 3. Applied sinusoidal waveform which has 24 kVp,, and 1.5 kHz was tripped by trip signal
which has 0.2 Hz and 12% duty.

The measured three different O3 concentration conditions of three different treatment
chambers (chamber 1, 2, and 3) are shown in Figure 4. The chamber 4, which was set for the
control concentration condition, was excluded due to O3 concentration in chamber 4 not being
detected. At the 40-min mark after plasma ignition, the High, Middle, and Low concentration
conditions increased up to 44.5, 11.5, and 1.81 uL/L, respectively, and then remained stable
without significant variation until the end of measurement. The values in the legend of the
graph represent the averaged concentration value of each condition from 40 to 60 min. That
values for the High, Middle, and Low conditions were 46.46, 11.89, and 1.85 uL/L, respectively.
The treatment of the fludioxonil-coated microscope slide glass samples began after the treatment
chambers were saturated with the desired three different O3 concentrations.

60
—0O— Low (1.85 pL/L)
T 50| - O Middle (11.89 pL/L)
% --{\ - High (46.46 pL/L)
T 401
o 1
= 30
5 |
S 20
o
g |
o 10-.
O o
0 10 20 30 40 50 60
Time (min)

Figure 4. O3 concentration variations depending on different plasma treatment conditions that were
measured. The values in the legend of the graph represent the averaged concentration value of each
condition from 40 to 60 min.
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3.2. Reduction of Residual Pesticides on Microscope Slide Glass

Concentrations of plasma treated fludioxonil depending on different conditions were
analyzed by LC-MS/MS and are depicted in Figure 5. The results showed that concen-
trations of fludioxonil were varied differently according to different conditions of O3
concentrations and surface roughness R,, and treatment time. However, it was difficult
to find significant differences in reduction rates depending on the treatment time. For
example, at the conditions of 10 min treatment with an O3 concentration of 46.46 uL/L,
the concentration of fludioxonil, which was coated on the sample that had a R, value
of 58.07 pm, decreased from 66 + 1.98 to 27.8 & 3.08 pg/L. At the condition of 80 min
treatment, it decreased to 29.3 £ 5.86 ug/L, which showed a similar variation.

70

60
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30

204

10 4

10 min. Treatment

CTL (0)

Low (1.85)
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O, Concentration (uL/L)
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Figure 5. Measured concentrations of plasma treated fludioxonil depending on different R, values,
O3 concentrations and (a) 10 min and (b) 80 min treatment time conditions are depicted. All values
represent the mean and error bars represent the standard deviation of three repeated measurements.

These results can be seen more clearly when classified by the averaged reduction rate
depending on the different conditions as follows. In Figure 6a, averaged reduction rates
according to treatment time are depicted. As shown in the results, the averaged reduction
rates at the conditions of 10 and 80 min were 50.06 £ 14.4 and 55.18 £ 10.3%, respectively.
The difference of reduction rates between the 10 and 80 min treatment conditions was
only about 5%, and its significance probability was 0.254. Although treatment time was
increased from 10 to 80 min, an increase of a factor of eight, no significant differences in
reduction rates were observed between the two treatment time values.

Similarly, no significant differences in reduction rates were found between the condi-
tions of Middle and High O3 concentrations. As O3 concentration was increased from 1.85
(Low) to 11.89 (Middle) uL/L, averaged reduction rates were increased from 41.45 + 11.8 to
56.8 & 8.8% and then reached up to 59.62 £ 6.6% at 46.46 (High) uL./L as shown in Figure 6b.
A notable result was the difference in increase between Low-Middle and Middle-High Os
concentration conditions. The significance probability between the conditions of Low and
Middle O3 concentrations was 0.001, however, between the conditions of Middle and High
O3 concentrations was 0.519. Thus, the O3 concentration higher than about 11.89 uL/L
is an overuse of plasma treatment reduction of fludioxonil under the conditions of room
temperature and atmospheric pressure.

Figure 6¢ shows the averaged reduction rates depending on different R, values. Flu-
dioxonil was reduced as much as 44.5 + 10.35, 55.32 4+ 17.56, 55.79 + 11.5, and 54.86 + 8.4%
at the Ra values of 0, 58.7, 70.68, and 107.37 um, respectively. The significance probabilities
of the averaged reduction rates between the 0 and 58.7 pm conditions was 0.031, however,
between 58.7 and 70.68 um was 0.007, and between 70.68 and 107.37 um was 0.022. It was
difficult to find significant differences depending on the surface roughness at the range from
58.7 to 107.37 um. Contrary to previous research results [24] that showed the antimicrobial
effect of NTAP varies depending on the surface roughness, we had difficulty observing
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significant changes in residual pesticide reduction rates according to surface roughness.
The difference between the two studies is that the previous study used pre-made sandpaper
as a modeled sample, while in this study, scratched microscope slide glasses were used.
Further research is necessary to gain a more precise understanding of the underlying causes
of these results.
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Figure 6. Averaged reduction rates of plasma treated fludioxonil depending on different (a) treatment
times, (b) O3 concentrations, and (c) R, values. All values represent the mean and error bars represent
the standard deviation of three repeated measurements.

In order to understand which factor has higher priority for reduction rates between
treatment time and O3 concentration, the CT value (O3 concentration x Treatment time)
was calculated and evaluated by statistical analysis.

As shown in Figure 7, as the CT value was increased, the trend of reduction rates
increased. However, according to the statistical analysis of results, it was hard to find
significant differences among CT values except the condition of 18.5 pL/L-min. The
reduction rate at the CT value of 118.9 uL/L-min was 58.5%, which was a 6.4 times higher
O3 concentration than that of the 18.5 uL./L-min condition. It was also about 9% higher
than that of the CT value of 148 uL./L-min, which had a treatment time eight times longer
than that of the 18.5 uL/L-min condition. Therefore, at the same CT value, O3 concentration
has a higher priority than treatment time in reducing residual fludioxonil.
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Figure 7. Averaged reduction rates of plasma treated fludioxonil according to the calculated CT value.
All values represent the mean, and error bars represent the standard deviation of three repeated
measurements.

4. Conclusions

The effects of non-thermal atmospheric pressure (NTAP) dielectric barrier discharge
(DBD) plasma on the reduction of residual fludioxonil was investigated through exper-
imental simulation. Fludioxonil is known for its high residual concentration on fruits
and vegetables. To simulate residual fludioxonil reduction in the storage location prior to
consumption of fruits or vegetables by consumers, an experimental setup which consisted
of a gas distribution system and a cylindrical DBD plasma source was used. In order to
evaluate the effects of plasma treatment on the reduction of fludioxonil, three different
factors were analyzed: treatment time; concentration of O3; and surface roughness of
microscope slide glass.

1. The surface roughness does not have a significant impact on the reduction efficiency
of fludioxonil.

2. A 10 min treatment is sufficient to reduce residual fludioxonil.

3. Anamount of 11.89 uL/L of ozone is sufficient to reduce residual fludioxonil.

4. At the same CT value (O3 concentration x treatment time), O3 concentration has
higher priority than treatment time to reduction rates of residual fludioxonil.

Based on the results, plasma treatment with a treatment time of 10 min and an O3
concentration of 11.89 uL/L is recommended, and O3 concentration is a higher priority
than treatment time in reducing residual fludioxonil. Further research based on these
results is necessary to develop plasma technology that enables continuous reduction of
residual pesticides during the storage stage before consumers consume crops.
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