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Abstract
In this study, we present a novel atmospheric air plasma discharge for the generation of plasma-activated water (PAW), with the
aim of reducing pesticide residues on fresh fruit. For this purpose, a large discharge volume pin-to-plate cold plasma reactor was
employed. The pesticide-spiked grapes and strawberries were processed with varying PAW concentrations to study their effi-
cacies for pesticide degradation combined with an evaluation of any induced changes in key nutritional and quality attributes. The
results suggest that the reduction of chlorpyrifos was 79% on grapes and 69% on strawberries while that of carbaryl was 86% on
grapes and 73% on strawberries, respectively. The degradation of pesticides in PAW is due to the generation of metastable
reactive species including nitrates, nitrites, and hydrogen peroxide. The high oxidation potential and acidic environment of this
PAW are proposed as important actors for pesticide dissipation. In addition to the effective pesticide reductions obtained, there
were no significant changes in the key physical attributes (color and firmness) of the treated samples and only slight changes in
the ascorbic acid levels observed for both strawberries and grapes. This study points to the effective potential of PAW for
chemical decontamination of fruit while maintaining important quality and nutritional parameters.

Keywords Plasma . Plasma-activatedwater . Pesticide degradation . Quality

Introduction

Pesticides are chemical compounds which are widely used in
modern agriculture to control pests and delay crop spoilage.
Pesticides have become an integral part of agriculture facili-
tating increased food production which is required to keep
pace with the demand of growing global population and a
reduced agricultural workforce. However, extensive use of
pesticides poses a serious threat to both human health and
the environment. Even low levels of pesticide residues in
our food, particularly if consumed without washing or

inadequate processing, may result in toxicity (Kamrin 1997).
Consequently, effective methods of removing pesticide resi-
dues from fruits and plants are needed as intervention mea-
sures to prevent adverse effects on human health.

In order to minimize the potential risks associated with
residual pesticide consumption, several methods have
been used such as traditional flushing and chemical
washes including sodium hypochlorite (Fett 2002), other
chlorinated organic products (Allwood et al. 2004), hy-
drogen peroxide, organic acids (Yuk et al. 2006),
ozonated water (Selma et al. 2007), and surfactants.
However, these methods pose several disadvantages such
as low removal efficacies of fat-soluble pesticides with
traditional flushing, formation of by-products with chlori-
nated washes, which are potentially carcinogenic and mu-
tagenic, and residues on irregular surfaces with surfactants
(Han et al. 2006). Therefore, it is imperative to find an
efficient and sustainable method for the removal of pesti-
cide residues on fruits and fresh produce.

Recently, cold plasma has emerged as a novel process-
ing technology for food preservation (Thirumdas et al.
2015). The effectiveness of cold plasmas for bio-decon-
tamina t ion , food packaging , and process ing is
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increasingly being established (Sarangapani et al. 2018b).
As a novel treatment technology, plasma offers several
advantages by producing oxidizing species such as radi-
cals (e.g., •H, O2

-•, OH•), molecules (e.g., H2O2, O2), and
UV light (Sarangapani et al. 2017a). These species are
reported as the primary actors for decontamination and
removal of organic and inorganic substances. Even
though several trials have been carried out on fruit and
vegetables for microbial decontamination (Bourke et al.
2017; Misra et al. 2014b; Ziuzina et al. 2014), there are
limited reports on the degradation of pesticides with cold
plasma. Some studies of relevance include cold plasma
pesticide degradation on solid surfaces (Bai et al. 2010),
maize films (Feng et al. 2019), and fresh produce (Misra
et al. 2014a; Phan et al. 2018).

Our group’s research with atmospheric air plasma from
dielectric barrier discharges (DBDs) showed effective pes-
ticide degradation (Sarangapani et al. 2017c; Misra et al.
2014a). Misra et al. (2014a) reported that both direct and
indirect plasma treatments result in the degradation of or-
ganic compounds. However, researchers have also reported
that prolonged treatment times, especially with direct plas-
ma treatment, can affect the nutritional attributes of fruits
and vegetables (Picart-Palmade et al. 2018; Sarangapani
et al. 2018b). In addition to the use of plasma gas treatment,
cold plasma can also be used to generate plasma-activated
water (PAW). In such processes, the plasma species gener-
ated interact with water, leading to changes in the water’s
chemical composition. These chemical changes include
conductivity and redox potential, as well as the formation
of an acidic environment and the production of high levels
of reactive oxygen and reactive nitrogen species, resulting
in strong anti-microbial conditions (Thirumdas et al. 2018).
Boehm et al. (2016) reported on the relatively stable con-
centrations of reactive species in phosphate buffer saline
solutions over a storage time of several weeks in a closed
container. Based upon such findings, extensive research is
being carried out on the efficacy of PAW for microbial re-
ductions. Some studies have shown that the acidic environ-
ment is the primary driver for organic pollutant degradation,
while others suggest that oxidation is the significant chem-
ical step towards their degradation (Sarangapani et al.
2018a; Sarangapani et al. 2019). Importantly, the fluidity
of PAW enables flow into the pores and surface crevices
of agricultural products, allowing good contact with the tar-
get residue (Zheng et al. 2019). Thus, PAW is identified as a
potential alternative to existing chemical washes.

In this study, we employ a novel PAW wash water tech-
nology and evaluate its effectiveness for the removal of pesti-
cide residues of fresh fruit and also quantify any impact of the
treatment on the nutritional and quality attributes of the
produce.

Materials and Methods

Materials

Acetonitrile, methanol (≥ 99.9% capillary GC-grade),
metaphosphoric acid, acetic acid and high purity (> 99.5%)
carbaryl and chlorpyrifos standards (> 95%), gallic acid, and
pelargonidin-3-glucoside standard were obtained from Sigma-
Aldrich, Ireland. Fresh grapes and strawberries were pur-
chased from the local supermarket (Dunnes stores, Dublin,
Ireland) and stored under refrigerated conditions.

Plasma-Activated Water Generation

A novel large gap pin-to-plate plasma reactor was employed
for this study. The reactor employs two steel plates as elec-
trodes with the high voltage electrode consisting of a pin array
(11 × 8) and the ground electrode consisting of a flat plate
(PlasmaLeap Technologies, Sydney, Australia). The electrode
pins form a slight convex pattern with the central pins closer to
the ground electrode which supports a more homogenous
plasma discharge across the array. For this experiment, the
mean distance between the bottom of the pins and the ground
electrode was 7 cm (Fig. 1). A high voltage power supply
(Leap100, PlasmaLeap Technologies, Sydney, Australia)
was employed to generate a plasma discharge in atmospheric
air between the electrodes with a resonant frequency of
55.51 kHz and at a discharge voltage (Vpp) of 32 kV as shown
in Fig. 1. The duty cycle was kept at 72 μs with the discharge
frequency set to 1 kHz. The input power at these parameter
settings was 5.66 W. A detailed description of the working
principle of this pin reactor has been provided previously
(Scally et al. 2018). Optical emission spectroscopy was
employed to characterize the plasma discharge operating in
open air. For the generation of PAW, a petri dish containing
deionized water (25 mL) was placed directly in the discharge
on the ground electrode (Fig. 1) and subjected to plasma treat-
ments for 5, 10, 20, and 30 min and termed as PAW-5, PAW-
10, PAW-20, and PAW-30 respectively.

Physicochemical Property Measurement of PAW

The conductivity of the effluent was measured using a con-
ductivity meter (model CON-BTA, Vernier Software &
Technology Inc.) at ambient temperature (16 °C). The pH of
the samples was measured using a calibrated glass electrode
ORION pH meter (model 420A, Thermo Fisher Scientific
Inc.). Oxidation reduction potential was measured by using a
Hach Sension+ MM110, sensor. Reactive oxygen species
(ROS) and reactive nitrogen species (RNS) concentrations
were determined according to the procedure of Lu et al.
(2017).

1729Food Bioprocess Technol  (2020) 13:1728–1741



Exposure of Samples to Pesticides

Individual pesticide standards of both carbaryl and chlorpyri-
fos were prepared in methanol at 10 mg/L concentration. To
ensure a homogeneous distribution of the pesticides on the
sample surfaces, the samples were immersed into the pesticide
solution for 30 s as per the technique described by Misra et al.
(2014a). The samples were allowed to air dry under dark, and
this dipping procedure was repeated for 3 times to ensure
homogenous exposure to pesticides.

PAW Treatment

In order to investigate the efficacy of PAW treatment, the
pesticide-spiked fruits were immersed in PAW water for 10
min. After soaking for 10 min, these samples were dipped into
100 mL of deionized water (DI) for 30 s followed by air
drying.

Extraction of Pesticides and Quantification

Briefly, 10 g of the homogenized fruit samples was weighed
into a 50-mL centrifuge tube to which 12 mL of acetonitrile
was added. These tubes were shaken for 5 min using a mini-
max to which 1 g NaCl and 4 g of magnesium sulfate were
added and shaken for 1 min. This mixture was then centri-
fuged for 5 min at 3500 rpm. The homogenate was decanted
into a 10-mL centrifuge tube to which 0.15 g PSA and 0.5 g of
C18 sorbent were added and vortexed for 1 min. After this, the
tubes were centrifuged for 5 min at 3500 rpm. Then, 1 mL of
supernatant was taken and filtered using a 0.2-μm PTFE sy-
ringe filter into glass vials for further analysis.

The quantification of pesticides was determined using a
Waters 600 HPLC system. The HPLC system was connected
to a Waters 996 PDA detector and Waters auto-sampler
(Waters, Ireland). The pesticide separation was carried out
on a Phenomenex Gemini-Nx C18 column (Phenomenex,

UK), 5 μm particle size (250 mm × 4.6 mm). The mobile
phase consisted of 70% acetonitrile and 30% water, with a
flow rate of 0.6 mL/min. The detector wavelength was set in
the range 210–400 nm. Chromatographic data was collected
and processed using the Empower2 software (Waters,
Ireland). GC–MS analysis was performed to analyze the inter-
mediate and final degradation products. A Varian 3800 GC
(JVA analytical Ltd. Ireland) with a 2200 Varian ion trap MS
was used to analyze the samples. The compounds present
were identified based on correlation with commercial NIST
libraries and spectral library of pure substances and available
literature.

Calibration Curve

Standard curves for the tested pesticides were established
using pesticide standard solutions ranging between 0.05 and
10 mg/L. The coefficients of determination (r2) were 0.997
and 0.998 for carbaryl and chlorpyrifos, respectively.

Evaluation of Quality Parameters of Fruits

Physical Quality Parameters

Firmness An Instron texture analyzer (Instron 4302 Universal
Testing Machine, Canton, MA, USA) was used to analyze the
firmness of control and treated samples. The texturometer was
mounted with a 500-N load cell and equipped with a 2-mm
flat head stainless steel cylindrical probe which punctures the
sample at a download speed of 200 mm/min over a distance of
10 mm. A single fruit was placed on the stage for each mea-
surement (Sarangapani et al. 2017c). The maximum force (N)
required to puncture the sample was used as an indication of
firmness. Data were analyzed using the Bluehill software
(Misra et al. 2014b). The firmness of 3 fruits from each was
individually measured and an average firmness value
reported.

Fig. 1 Schematic of experimental setup. a The pin-to-plate atmospheric plasma discharge in open air for the direct treatment of water. b The steps for
spiking and treatment of the fruit samples with the target pesticides
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Color Analysis, Total Soluble Solids, and Titratable Acidity
Fruit color was analyzed using a HunterLab spectrophotome-
ter using the parameters L* (lightness), a* (redness), and b*
(yellowness). A D65 illuminant was used as a light source
with d/8°geometry. A standard white plate was used to cali-
brate the spectrophotometer. A handheld refractometer (Brix
meter) (Delta refractometer code 20–50 range 0–15% sugar
w/w, Bellingham & Stanley Limited, England) was used to
determine the total soluble solid (TSS) concentrations of
fruits. For this purpose, a small amount of juice from the
representative fruit samples was placed on the refractometer
and the readings were taken. The titratable acidity (TA) was
determined through titration of 10 mL of juice from a repre-
sentative sample of fruits diluted in 50 mL of deionized water
with 0.1 N NaOH to an end point of pH 8.1. In the present
study, results were expressed as a percentage of citric acid
equivalents.

Chemical Quality Parameters

Extraction of Bioactive Compounds The extraction of poly-
phenols from fruit samples was performed according to the
procedure of Sarangapani et al. (2017b) with minor modifica-
tions. Briefly, 100 g of each fruit (grapes and strawberries)
samples was blended for 1 min using a commercial hand
blender (Nutribullet, UK). The blended fruits were placed in
a conical flask containing 200 mL of 90%methanol as extrac-
tion solvent. This mixture was stirred for 20 min at room
temperature using a magnetic stirrer. Subsequently, the sam-
ples were then filtered and centrifuged for 15min at 4750 rpm.
The supernatant was filtered and stored in the refrigerator at 3
°C. After 3 h, the crude extracts were collected and stored at 4
°C in the dark.

The determination of total phenolic content was analyzed to
investigate any changes in chemical quality attributes of the treat-
ed produce. The determination of the total phenolic content of the
fruits as described by Singleton et al. (1999) was followed in this
study. A calibration curve was prepared using a standard solution
of gallic acid (0–10 ug/mL). The results are expressed on a fresh
weight (FW) basis as mg gallic acid equivalents (GAE)/100 g
sample. The total flavonoid contents of fruits were determined
using the method developed by Zhishen et al. (1999). A calibra-
tion curve was prepared using a standard solution of catechin.
The results are expressed on a fresh weight (FW) basis as mg
catechin equivalents (CEQ)/100 g samples. The ascorbic acid
contents of the fruits were analyzed by HPLC using the method
described by Misra et al. (2015).

Statistical Analysis

The results were statistically analyzed by two-way ANOVA
using SPSS (IBM statistical analysis version 19), and the sig-
nificance among the samples was compared at p < 0.05 by the

least significant difference post hoc comparison, SPSS 19 ver-
sion. All the results represent the average of three separate
experiments.

Results and Discussion

Optical Emission Spectroscopy

As observed from the optical emission spectroscopy (OES)
spectra (Fig. 2), the discharge is principally dominated by
the nitrogen N2(C–B) second positive system and N2

+ (B
−X) first negative system (300–400 nm) which is expected
as air is used as the discharge gas. In addition, a small peak
near (306–309 nm) was also observed which corresponds to
OH(A-X) which is formed due to the dissociation of water
molecules. During the plasma discharge, the RNS species
generated may have synergistic effects with ROS (Lu et al.
2017). These results indicate that the discharge and generated
PAW is a source of both RNS and ROS.

Evaluation of the Physicochemical Properties of PAW

The pH of the solution is considered to be an important pa-
rameter governing the degradation process. It can be observed
from Fig. 3a that the pH of the PAW is significantly different
(p < 0.05) to the control, with values falling from 6.16 to 2.86
after 30 min plasma treatment. This is attributed to the forma-
tion and accumulation of strong acids such as nitric acids,
nitrous acid, and other carboxylic acids. It is known that at-
mospheric air plasma generates numerous oxygen species
such as O3, •OH, and H2O2 by electron disassociation of ox-
ygen and water molecules, followed by subsequent chemical
reactions during the treatment and post treatment. It was also
found that the conductivity increased with the treatment expo-
sure due to generation of ionic species in the PAW. The con-
ductivity of DI water was found to be 25 μS/cm which grad-
ually increased (p < 0.05) to 325μS/cm after 30min of plasma
treatment (Fig. 3b). Furthermore, the oxidation reduction po-
tential was employed to evaluate the presence of reactive spe-
cies and the oxidation properties of the PAW. The oxidation
reduction potential (ORP) value of the DI water was 175 mV
with the 5 min PAW sample recording a value of 331 mV.
Further, an increase in treatment exposure from 10 to 30 min
increased the value by 35% (Fig. 3c). From these results, it can
be concluded that the formed PAW consists of oxidative spe-
cies in water post plasma treatment. Overall, the results of pH,
ORP, and conductivity also support the OES results.

RNS (nitrates and nitrites) and ROS (H2O2) concentrations
in the PAW were also quantified and are presented in Fig. 4.
The reactive species generated during plasma treatment un-
dergo several chemical reactions to form ROS such as •OH
and H2O2 (Sarangapani et al. 2016). The concentrations of

1731Food Bioprocess Technol  (2020) 13:1728–1741



Fig. 3 Variations in a pH, b conductivity, and cORP of plasma-activated water treated for 5,10, 20, and 30 min. Note: PAW-5, PAW-10, PAW-20, and
PAW-30 refer to plasma-activated water (PAW) subjected to plasma treatment for 5, 10, 20, and 30 min respectively

Fig. 2 Optical emission
spectroscopy of plasma discharge
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H2O2 significantly increased (p < 0.05) with respect to PAW
generation time. The retention of reactive species in the gas
phase in contact with liquids results in high amounts of H2O2.
Our group’s earlier work achieved stable levels of H2O2 in
PBS solutions for several weeks in a closed container (Boehm
et al. 2016). Similarly, the amount of RNS (nitrates and ni-
trites) in PAW significantly (p < 0.05) increased with PAW
generation from 5 to 30 min. Such increases in RNS and ROS
in water result in a significant pH drop. Several authors have
reported that the oxidative ability of RNS is lower than ROS,
as these react with stronger oxidant •OH to form HNO3 (Jiang
et al. 2014).

Pesticide Degradation Efficacy of PAW

To study the efficacy of PAW for pesticide degradation, the
samples were treated with PAW for 10 min and analyzed
using HPLC. The initial concentrations of pesticides observed
on the grape samples were found to be 8.78 mg/L for chlor-
pyrifos and 9.35 mg/L for carbaryl. Similarly, the initial con-
centrations of pesticides observed on the strawberry samples
were found to be 7.45 mg/L for chlorpyrifos and 8.45 mg/L

for carbaryl. The removal efficiency by DI water was also
compared with PAW treatment. From Fig. 5, it is evident that
the removal efficiency was lower for DI water compared with
PAW. Comparably, the concentration of residual pesticide
concentration decreased significantly with exposure to
PAW. For instance, treatment with PAW-30 resulted in a sub-
stantially more effective removal compared with PAW-5
treatment. The maximum removal efficiency of the pesticides
after PAW-30 treatment of the grapes was found to be 79% for
chlorpyrifos and 86% for carbaryl. Likewise, the maximum
removal efficiencies on strawberries were found to be 69% for
chlorpyrifos and 73% for carbaryl. The difference in the re-
moval of pesticides is due to differences in the chemical struc-
tures of pesticides (Jiang et al. 2014; Sarangapani et al.
2018b). It is known that carbaryl belongs to carbamates where
chlorpyrifos is an organophosphate pesticide. Several studies
have reported that the chemical structure of pesticide is the
dominant factor for the persistence because it influences the
chemical stability during the degradation reaction. The differ-
ence in degradation is due to difference in electronegativity
and bond energies. Also, the difference in the surfaces be-
tween the grapes and strawberries will influence the process

Fig. 4 Variation of nitrate, nitrites, and H2O2 concentrations in plasma-
activated water (PAW) treated for 5,10, 20, and 30min. Mean values (n =
3) with the different superscript letters are significantly different (p <
0.05) and with the same superscript letters are not significantly different

(p ≥ 0.05). Note: PAW-5, PAW-10, PAW-20, and PAW-30 refer to
plasma-activated water (PAW) subjected to plasma treatment for 5, 10,
20, and 30 min respectively
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(Lozowicka et al. 2016). The high degradation rates obtained
in this work are due to the effective generation of large quan-
tities of active species such as H2O2, NO2, and NO3. These
species react selectively with certain functional groups specif-
ically attacking the high electron density carbon double bond,
activated aromatic acid, and non-protonated amines (Mousavi
et al. 2016). Lukes et al. (2012) reported that the reactive
nitrogen species generated during air-water plasma treatment
can also react with pesticides leading to the formation of ni-
tration and nitrozation compounds. The degradation of a con-
taminant by plasma is reported to depend on many factors
such as the target’s concentration, sample volume, electrode
gap, sample chemistry, reactor type, discharge gas, and sam-
ple viscosity (Gao et al. 2013).

To understand the reduction mechanism of pesticide res-
idues on grapes and strawberries, GC-MS/MS was
employed to analyze the transformation products. It was
observed from several intermediate products which were
identified in MS/MS spectra and were further analyzed by
comparison with the literature to identify their molecular
structures. It cannot be overruled that the degradation path-
ways of these intermediate products may follow multiple
routes due to presence of several reactive sites in the parent

compound but in this study, the occurrence of oxidation
mechanisms was only proposed. The intermediate com-
pounds identified on reaction of carbaryl with PAW were
1,2-napthoquione, 1,4-napthaoquinone, and 2-hydroxy-
1,4-napthoquinone. Based on the identified intermediate
compounds, a degradation pathway is proposed and present-
ed in Fig. 6. The oxidation of carbaryl into naphthoquinones
is likely a subsequent reaction with reactive nitrogen and
oxygen species. During PAW treatment, the carbaryl resi-
dues under highly oxidative environment undergo hemolyt-
ic cleavage of carbon oxygen bonds to produce napthoxyl
radicals (Brahmia and Richard 2003). The reactive oxygen
species particularly superoxide anions or peroxyradicals
combine with radical cations or with 1-nathoxy radicals
(IV) to from naphthoquinones (III) (Xu 2000). The mecha-
nism of degradation involved direct attacks of hydroxyl rad-
icals or hydrogen peroxide on benzene rings of carbaryl
leading to the formation of hydroxylated products (II) and
other carboxylic acids. Furthermore, the hydroxy-1,4-
napthoquinone compounds identified are likely to second-
ary oxidation products arising from 1,4-nathoquinone.
Similar fragments were also identified as degradation prod-
ucts of carbaryl upon photolysis (Xu 2000).

Fig. 5 The concentration of pesticide residues on fruits after exposure to
plasma activated for 10 min. a Chlorpyrifos residues on strawberries. b
Chlorpyrifos residues on grapes. c Carbaryl residues on strawberries. d
Carbaryl residues on strawberries. Mean values (n = 3) with the different

superscript letters are significantly different (p < 0.05) and with the same
superscript letters are not significantly different (p ≥ 0.05). Note: PAW-5,
PAW-10, PAW-20, and PAW-30 refer to plasma-activated water (PAW)
subjected to plasma treatment for 5, 10, 20, and 30 min respectively
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These authors proposed chlorpyrifos degradation was
primarily dependent on exposure to PAW. Several trans-
formation products of chlorpyrifos were identified in MS/
MS spectrum and proposed pathway is presented in Fig.
7. The reaction pathway followed was similar to that of
other organophosphorus pesticides such as malathion and
parathion containing S=P. Firstly, oxidation species de-
stroy S=P double of chlorpyrifos to form P=O. This sub-
stitution reactions with phosphoryl group (P=O) lead to
formation of chlorpyrifos oxon (II). Further oxidation of
chlorpyrifos oxon dissociated into fragments of 3,5,6-
trichloropyridinol (III) and 3,5,6-trichloro-2-pyridinol
(IV). These products were further fragmented to form
diethyl phosphate (V) and diethyl phosphorothioate (VI).
Similar pathway has been proposed by Zheng et al. (2019)

on reduction of phoxim residues on grape by plasma-
activated water. Several authors have also reported oxida-
tion of organophophate pesticides by breaking P=S, S–P,
and S–C bonds of pesticide molecules by active species
such as atomic oxygen and hydroxyl radicals on radio
frequency plasma jet treatment (Bai et al. 2010; Zhu
et al. 2010). These authors report that the oxidation of
pesticides involved by ROS attack. Likewise to the pres-
ent study, Ranjitha Gracy et al. (2019) also identified
similar degraded products on low-pressure non-thermal
DBD plasma treatment for chlorpyrifos reduction on to-
matoes. Their findings agree with current study regarding
presence of ROS in both PAW and plasma discharge as
observed in OES. Accordingly, we believe the contribu-
tion of PAW to pesticide degradation mainly depends on

Fig. 6 Proposed degradation pathway of carbaryl
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the outstanding capability of ROS to destroy the pesticide
molecule by its abundant oxidation capability.

Evaluation of Quality Parameters

The effect of PAW on the visual appearance, that is, surface
color was assessed. It was observed from a visual inspection
that there were no signs of physical damage or visual change
in either the color of the treated grapes or strawberries. The
instrumental color analysis showed (Table 1) a slight decrease
in the lightness of strawberries; however, the changes were not
significant when compared with the control samples. Such
changes in color parameters are attributed to the presence of
strong acids and oxidizing agents such as H2O2 which can
react with surface carotenoids and phenolics. Zheng et al.
(2019) also demonstrated no significant color changes after
PAW treatment of grapes. These results agree with our previ-
ous work that direct cold plasma treatment for short exposures

resulted to no significant changes in the color of strawberries
and cherry tomatoes.

The firmness of PAW-treated grapes and strawberries is
presented in Table 1. A significant decrease (p < 0.05) in the
firmness was observed between the control and PAW 30-min
treated sample. The firmness value of the strawberry control
sample was found to be 3.8 N and 1.76 N for grapes respec-
tively. Firmness of both samples significantly decreased for
both PAW 30-min treated samples. Similar decreases in firm-
ness were reported in the direct plasma treatment of cherry
tomatoes and blueberries (Lacombe et al. 2015; Misra et al.
2014b). This decrease in firmness is attributed to a surface
softening or damage to external cells (Tappi et al. 2016). A
study by Lacombe et al. (2015) reported on the loss of firm-
ness for dry air plasma-treated blueberries which was attribut-
ed to a mechanical damage and/or an increase in temperature
during treatment. However, there was no increase in the PAW
temperature as this study was not carried out in situ. There was
a significant increase (p < 0.05) in TSS values which were

Fig. 7 Proposed degradation pathway of chlorpyrifos
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Fig. 8 Changes in total phenolic
content a strawberries and b
grapes after treatment after
exposure to plasma activated for
10 min. Mean values (n = 3) with
the different superscript letters are
significantly different (p < 0.05)
and with the same superscript
letters are not significantly
different (p ≥ 0.05). Note: PAW-
5, PAW-10, PAW-20, and PAW-
30 refer to plasma-activated water
(PAW) subjected to plasma treat-
ment for 5, 10, 20, and 30 min
respectively

Table 1 Physical quality parameters (color and firmness) of PAW-treated fruit

L* a* b* Firmness (N) Total soluble solids (° Brix) Titratable acidity (%)

Strawberries

Control 41.45 ± 1.34a 38.45 ± 1.44a 25 ± 0.98 a 3.89 ± 0.11a 8.60 ± 0.32a 0.525 ± 0.03a

PAW-5 42.43 ± 1.45a 38.12 ± 0.74a 24.56 ± 0.45a 3.76 ± 0.76a 8.84 ± 0.12a 0.535 ± 0.05a

PAW-10 40.95 ± 0.79a 37.97 ± 2.09a 23.45 ± 1.78a 3.78 ± 0.67a 8.95 ± 0.21a 0.524 ± 0.12a

PAW-20 40.14 ± 2.34a 38.12 ± 1.87a 23.45 ± 1.34a 3.56 ± 0.12a 9.30 ± 0.32 b 0.582 ± 0.12a

PAW-30 39.45 ± 0.97a 37.56 ± 1.78a 24.01 ± 1.56b 3.36 ± 0.11b 9.56 ± 0.44b 0.593 ± 0.32a

Grapes

Control 39.45 ± 1.72a 25.67 ± 0.67a 8.36 ± 0.98a 1.76 ± 0.11a 15.34 ± 0.32a 0.499 ± 0.32a

PAW-5 37.57 ± 1.09a 24.78 ± 1.56a 8.26 ± 0.25a 1.62 ± 0.76b 15.26 ± 0.44a 0.511 ± 0.12a

PAW-10 38.56 ± 0.98a 25.67 ± 2.13a 8.78 ± 0.85a 1.54 ± 0.67bc 16.23 ± 0.24b 0.542 ± 0.25a

PAW-20 38.54 ± 1.11a 25.56 ± 1.67a 8.56 ± 2.41a 1.45 ± 0.12c 16.46 ± 0.36b 0.543 ± 0.15a

PAW-30 38.13 ± 0.97a 24.45 ± 0.99a 8.46 ± 1.02a 1.29 ± 0.11d 16.76 ± 0.52b 0.552 ± 0.54a

All the data are expressed as mean ± standard deviation. Mean values (n = 3) with the different superscript letters differ significantly (p < 0.05)
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observed in PAW-treated and control samples. The TSS value
of fruit samples was enhanced post plasma treatment with the
highest value of 9.56 and 16.76° Brix for strawberries and
grapes, respectively, after exposure to PAW 30 min for 10
min. It was also observed that there was no significant differ-
ence (p > 0.05) for titratable acidity (TA) in the PAW-treated
samples. Similarly, Alencar et al. (2013) found no significant
differences for titratable acidity in control and in ozonated
water-treated bananas.

Figure 8 shows the changes in the total phenolic con-
tent (TPC) of the PAW-treated strawberries and grapes.
The TPC of both samples increased significantly (p <
0.05) for the PAW-20-treated sample compared with the
untreated samples. There was a slight reduction in TPC of

PAW-20 samples for strawberries. However, no signifi-
cant decreases were found for the grapes. The results in
this study agree with reports of Sarangapani et al. (2017c)
and Zheng et al. (2019), where the authors also reported a
reduction of TPC of blueberries exposed to direct plasma
treatment. The increase in TPC can be attributed to the
activation of the key enzymes in the synthesis of phenolic
compounds (Wang et al. 2012). Another study attributed
the activation of the phenylalanine ammonialyase enzyme
in fruits to the observed variations in the phenolic content
of the treated fruits (Brandenburg et al. 2007). Exposure
to a rich oxidative environment can lead to depolymeriza-
tion and dissolution of cell wall polysaccharides, which
facilitates higher extraction or degradation of the

Fig. 9 Changes in total flavonoid
content a strawberries and b
grapes after treatment after
exposure to plasma activated for
10 min. Mean values (n = 3) with
the different superscript letters are
significantly different (p < 0.05)
and with the same superscript
letters are not significantly
different (p ≥ 0.05)
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conjugated phenolic compounds (Alothman et al. 2010;
Grzegorzewski et al. 2011). A significant variation in total
flavonoid content was observed for strawberries (see Fig.
9); however, no significant difference in TFC was ob-
served after PAW treatment of grapes.

Ascorbic acid is considered one of the important nutritional
parameters of fresh fruits. The ascorbic acid contents of the
control and PAW-treated samples are shown in Fig. 10.
Increasing PAW exposure time induced significant effects (p
< 0.05) on the ascorbic acid content of the strawberries. The
ascorbic acid content of the control was 25.01 mg/100 g,
whereas exposure to PAW-30 decreased the content to 18.5
mg/100 g. There was no significant difference in ascorbic
content of the grape samples due to the fruit’s protective skin.
Many authors have reported that ascorbic acid is thermolabile
and highly sensitive to various processing and storage condi-
tions (Tiwari et al. 2008). Plasma treatment induces similar
losses ascorbic acid in cut carrots, cucumbers, and pears
(Wang et al. 2012).

Conclusion

The results obtained from this study indicate that PAW can
significantly degrade pesticides on grapes and strawberries.
The degradation of pesticides was found to be dependent on
the chemical structure of the pesticide and also the surface
properties of the fruit. The maximum pesticide degradation
achieved was 86% for carbaryl and 74% for chlorpyrifos on
the grape samples with a slightly lower degradation achieved
for strawberries. The degradation of the pesticides is attributed
to the chemical-induced effects of the reactive species (e.g.,
nitrites, nitrates, and hydrogen peroxide) and high oxidation
potential of PAW. No adverse changes were observed in the
nutritional quality of the tested samples. In conclusion, these
results indicated that PAW can be potential active wash water
technology for fruit processing and could replace existing
chemical washes. The approach may also offer the additional
benefits of produce safety and shelf-life extension due to the
known anti-microbial nature of PAW. Future studies should

Fig. 10 Changes in ascorbic acid
content a strawberries and b
grapes after treatment after
exposure to plasma activated for
10 min. Mean values (n = 3) with
the different superscript letters are
significantly different (p < 0.05)
and with the same superscript
letters are not significantly
different (p ≥ 0.05). Note: PAW-
5, PAW-10, PAW-20, and PAW-
30 refer to plasma-activated water
(PAW) subjected to plasma treat-
ment for 5, 10, 20, and 30 min
respectively
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focus on evaluating the decontamination efficacy of the tech-
nology over a wider range of pesticides, including combina-
tions of pesticides on different food commodities.
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