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Abstract
In this study, various food processing techniques, including high-temperature processes (pasteurization/sterilization and boiling),
low-temperature processes (freezing), mechanical processing (peeling and juicing), and water-based processes (washing with tap
water and ultrasonic washing) were used to identify the most effective way to remove contamination of 5 fungicides (cyprodinil,
difenoconazole, fluopyram, tebuconazole, and fludioxonil). The most effective processes were juicing and freezing in the range
between 63 and 100% and from 52 to almost 100%, respectively. Ultrasonic washing and boiling also significantly removed
pesticide residues ranging from 79 to 84% and from 72 to 78%, respectively. The same trend was observed by peeling process
where maximum reduction of 80% was achieved almost for all fungicides. Washing with tap water decreased the concentration
levels in the range of 35–38%. This study demonstrated that the least effective and unpredictable method of decontamination of
pesticides was sterilization and pasteurization, due to the large variation in pesticide levels during the process.
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Introduction

High quality of food is determined by the balanced composi-
tion, where components cannot contain artificial additives;
they are only processed to the necessary extent and produced
without the use of genetically modified organisms. They
should not contain residues of agricultural chemistry too,
i.e., pesticides.

Currently, pesticides are widely used in agriculture to en-
sure good yields and proper harvesting as well as minimal
storage losses. Active substances of the applied pesticides

have a diversified mode of action and contact with the plant.
Systemic pesticides are absorbed by the tissues that cover the
plants, and they circulate inside them and are transported
through the vascular system inside the plant. On the other
hand, contact pesticides are only used on the surface of plants;
they are not absorbed by the plants and they do not move
inside them; they protect the plant surface against the attack
of pathogenic fungi and harmful insects connected with direct
contact with the pest (Tano 2011). The correct use of pesti-
cides and the allowed maximum residue levels (MRLs) of
these substances in food are regulated by the law (Labels-
instructions for use on plant protection products n.d.,
Register of plant protection products, Regulation (EC) No
396/2005 (n.d.; n.d.). However, it must be remembered that
excessive and/or inappropriate use of pesticides may accumu-
late their active substances in the environment and may accu-
mulate indirectly in plants. Pesticides are inherently toxic.
Migration, durability, and synergistic effects make pesticides,
as a result of long-term impact on the human body, contribute
to internal organ damage and cancer, and lead to mutagenic
and teratogenic changes (Makles and Domański 2008; Nowak
et al. 2015).

People can enjoy eating apples almost all year round. In
addition to being delicious and widely used in cooking, apples
also rich in nutrients and perfectly nourish our entire body and
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they contribute to our health condition. Hence they are still an
important component of our diet. Apples are known to be the
main source of polyphenols (especially flavonoids)
(Kschonsek et al. 2018) and antioxidants and dietary fiber
(Boyer and Liu 2004; Gheyas et al. 1997); the source of vita-
mins C, E, and K; and the source of B-group vitamins, carot-
enoids, and other nutritional compositions (Lee 2012). In ad-
dition, the content of acid and sugar determines the attractive-
ness of the fruit. Many epidemiological studies on the health-
promoting properties were done in order to reduce the risk of
developing some chronic diseases (Boyer and Liu 2004) such
as cardiovascular disease (Knekt et al. 2000; Sesso et al.
2003), cancer (Feskanich et al. 2000; Le Marchand et al.
2000), asthma (Woods et al. 2003), and diabetes (Knekt
et al. 2002). Moreover, apple consumption was also positively
associated with increased lung function (Tabak et al. 2001)
and increased weight loss (de Oliviera et al. 2003).

However, apple growing is inextricably connected with the
use of chemical plant protection products against several fun-
gal diseases such as apple scab (Venturia inaequalis), apple
powdery mildew (Podosphaera leucotricha), brown rot
(Monilinia spp.), and the disease complex of flyspeck and
sooty blotch (Holb 2009) as well as insect pests such as cod-
ling moth (Cydia pomonella L.) or leafrollers (Tortricidae)
(Jones and Wiman 2008).

Knowledge about pesticide residues in apples and their
potential impact on human health is very important for con-
sumers nowadays. Over the last few years, numerous studies
have described the occurrence of multiple and multiclass pes-
ticide residues in apples (Lozowicka 2015; Mladenova and
Shtereva 2009; Mutengwe et al. 2016; Poulsen et al. 2017;
Szpyrka et al. 2013). An effective way to reduce exposure to
toxic pesticides is to develop the efficient and low-cost
methods for pesticide removal from commodities. One of
the practicable solutions is the use of processing methods.
Food processing techniques imply the set of methods and
techniques used to transform raw ingredients into food or to
transform food into other forms for consumption by humans
or animals either at home or in the food processing industry
(Kaushik et al. 2009).

Various food processing techniques such as washing,
blanching, peeling, pasteurization, cooking, roasting, frying,
boiling, and freezing at industrial or home level have been
found in most food materials (Đorđević and Đurović-Pejčev
2016). In literature, we can find some information about
changes of pesticide residue levels during these processes
(Bajwa and Sandhu 2014; Kaushik et al. 2009; Tomer and
Sangha 2013) in raw fruit (Bonnechère et al. 2012a, b;
Lozowicka et al. 2016; Rawn et al. 2008; Shabeer et al.
2015) and vegetables (Bonnechère et al. 2012a, c). The au-
thors show that the reduction in the content of pesticides is
present in most techniques. Changes of pesticide residue
levels are caused by processes such as the following: thermal

degradation (decomposition), dissolving, hydrolysis, oxida-
tion and reduction, photolysis, volatilization, enzymatic deg-
radation, changes in pesticide residue levels due to weight
changes and the partitioning properties of the pesticides
(Đorđević and Đurović-Pejčev 2016).

The aim of the study was to evaluate the efficiency of seven
processing methods for removal of five fungal pesticides in
apples, determine processing factors, and explain the relation-
ship between the properties of pesticides and the reduction of
their concentration in fruit.

Materials and methods

Samples

The field research was carried out in a commercial orchard
with implementation of the principles of integrated produc-
tion. The orchard of a land area of six hectares was located
in Rzeszów (south-eastern Poland, administrative division of
Podkarpackie Voivodeship). Two separate treatments were
performed using the following preparations recommended in
Poland for apple protection: combination of Score 250 EC
(dose 0.2 L/ha, active substance—difenoconazole) and
Switch 62.5 WG (dose 0.75 kg/ha, active substances—
cyprodinil, fludioxonil) and the second treatment with Luna
Experience 400 SC (dose 0.75 L/ha, active substances—
tebuconazole, fluopyram). The choice of pesticides used by
farmers was based on the highest utility in the orchard for
farmers at that time. Apple samples (variety Gala) were col-
lected the next day after application of formulations (ESM 1
contains data on pesticides which have been used in the
experiment). Each sample consisted of apples randomly cho-
sen from a row of apple trees. The weight of collected samples
of ripe apples was ≥ 1 kg, as required by the national regula-
tion (Regulation 2013). Samples were packed in polyethylene
bags and transported to a laboratory.

Analytical samples, respectively collected after each treat-
ment, were divided into a few parts (subsample, depending on
the number of processing techniques; Fig. 1 shows the pro-
cesses used in the samples). One of them was not subjected to
any process, but it was used to assess the initial concentrations
of pesticide residues in the samples. Each sample was ana-
lyzed in three replicates.

Food processing techniques

The processing conditions of the samples were connected with
the standard fruit processing conditions in households or food
processing. Test samples were subjected to further steps de-
pending on the type of processing:
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Washing with tap water

In total, 250 g of apple samples was washed in running water
for 1 min. Water temperature was 21 °C with hardness of
260 mg CaCO3/l and a flow rate of 5 l/min.

Ultrasonic washing

In total, 250 g of apple samples was washed in an Ultrasonic
cleaner (Bandelin Sonorex RK 52, Germany) in 1 l of distilled
water for 1, 5, and 15 min. Water temperature was 21 °C,
ultrasonic frequency 35,000 Hz, and ultrasonic power 240 W.

Boiling

In total, 250 g of apple samples was immersed in 0.5 l of
distilled water for 1, 5, and 15 min at the temperature of
100 °C.

Pasteurization and sterilization

In total, 250 g of apple samples was put into an incubator in a
twisted glass jar (Binder GmbH, Germany) for 1, 5, and
15 min at the temperature of 120 °C.

Peeling

In total, 250 g of apple samples was peeled to a depth of 1–
1.5 mm with a knife. Both peeled parts and skins were sub-
jected to further testing.

Juicing

In total, 250 g of apple sample was subjected to pressing in
order to obtain juice (Hurom, model HH 2G, rotational speed
40 rpm, power 150 W; South Korea).

Freezing

In total, 250 g of apple samples was put into a freezer and
stored at − 25 °C with monitored conditions (Electrolux
EUF2047AOW, Sweden).

Processed and unprocessed samples were extracted and
cleaned with the use of multiresidue method (QuEChERS)
and next analyzed with gas chromatography equipped with
electron capture and nitrogen-phosphorus detection
(GC-μECD/NPD).

Processing factor

Processing factors (PFs) for all processing methods were cal-
culated as a ratio concentration of pesticide residues in proc-
essed and raw fruit, according to Eq. 1.

PF ¼ Ca=Cb ð1Þ
where

Ca concentration of pesticide in processed apples
(mg/kg)

Cb concentration of pesticide in raw apples (mg/kg)
PF <
1

it means the reduction of pesticide concentration in
apples

PF >
1

it means the increase of pesticide residue
concentration in apples

Chemical and reagents

The analytical-grade acetonitrile and petroleum ether were
purchased from Honeywell (Germany). The QuEChERS sor-
bent kits for sample preparation were supplied by Perlan
Technologies (Poland).

Certified pesticide analytical standards were provided by
LGC Standards (UK). Stock solutions and intermediate

cyprodinil
difenoconazole

fludioxonil

fluopyram
tebuconazole 

-washing with tap water at 21°C
-peeling 
-pasteurization and sterilization at 120 °C 
for 5, 30, 60 min.
-juicing
-freezing
-unprocessed

-washing with tap water at 21°C
-ultrasonic washing for 1, 5, 15 min.
-peeling
- pasteurization and sterilization at 120 °C 
for 5, 30, 60 min.
-juicing
-boiling at 100 °C for 1, 5, 15 min.
-unprocessed

Fig. 1 Scheme of assigning
individual processing to apple
samples
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standards were prepared by dilution with acetone. Working
standards were prepared by dilutions of the appropriate vol-
umes of the intermediate standardwith acetone and with blank
sample extracts (containing 1 g of sample per 1 ml of petro-
leum ether solvent) to calibrate the GC-μECD/NPD system
and to spike the apple samples in recovery experiments.

Sample preparation procedure

Preparation of apple sample was based on the QuEChERS
procedure (Lehotay et al. 2010; PN-EN 15662 2008).
However, in order to allow the final determination of pesticide
residues with the use of selective detectors such as μECD and
NPD, the procedure was modified by solvent exchanged to
petroleum ether directly before GC analysis (Słowik-
Borowiec and Szpyrka 2018). The analytical procedure of
sample preparation is presented in Fig. 2.

GC-μECD/NPD analysis

The quantitative and qualitative analyses of apple samples were
carried out with the use of the Agilent Technologies 7890A gas
chromatograph (USA) equipped with a microelectron capture
(μEC) and a nitrogen phosphorus (NP) detector. Details of chro-
matographic parameters are included in Table 1.

Method validation

Before the experiments, a number of quality control tests were
carried out to ensure the reliability and robustness of the pesticide
residue determination process. The following parameters were
assessed: trueness, precision, selectivity, limits of quantification
(LOQs), and measurement of uncertainty. The results of valida-
tion were interpreted according to the criteria adopted in Europe,
recommended by the European Commission and published in
document SANTE/11813/2017 (2017).

All analyses were done in an accredited laboratory accord-
ing to the PN-EN ISO/IEC 17025 (2005) standard. There was
used a multiresidue analytical method based on the extraction
of organic solvent and further cleanup with the use of disper-
sive solid-phase extraction (Lehotay et al. 2010; PN-EN
15662 2008; Słowik-Borowiec and Szpyrka 2018) followed
by GC/μECD/NPD detection techniques.

Results and discussion

Method validation

A full validation study in terms of evaluation of linearity,
recovery, and precision, as well as estimation of measurement
uncertainty, was performed.

In validation experiments, blank apple samples were
spiked at two fortification levels (in at least five repetitions,
n = 5). These levels correspond to the lowest and highest con-
centrations of the linear range (ESM 2). The limits of quanti-
fication (LOQs) for each pesticide were set at the lowest spik-
ing concentrations for which validation criteria in the term of
recovery and precision were fulfilled. LOQs were within the
range of 0.009–0.021 mg/kg. Precision was calculated from
the recovery experiments, and it was expressed in terms of
relative standard deviation (RSD) at each spiking level. For
all pesticides, range percentage of mean recovery and RSD
was acceptable and amounted to 83–110% and 2–11%, re-
spectively. Selectivity of the method for all pesticides was
assessed considering the lack of interfering peaks from co-
extractives. For this purpose, extracts without pesticide were
analyzed. In this study, there were no extracted matrix inter-
ferences, so the method could be considered selective.
Linearity of calibration curves was studied over the concen-
tration range between 0.009 and 2.096 μg/ml by the GC/
μECD/NPD analysis of matrix-matched calibration standards
(at five levels prepared in apple extract). For all tasted pesti-
cides, over the studied concentration range, the linearity was
highly satisfactory with coefficients of determination (R2)
higher than 0.99 (details in ESM 2). According to SANTE/
11813/2017 guide, a quantitative method for pesticide resi-
dues should provide mean recoveries within the range of
70–120% and relative standard deviations (RSD) ≤ 20%
(SANTE/11813/2017 (2017)).

Method uncertainty (U) for each pesticide was assessed
following the “top-down” approach using overall recovery
and precision data (Medina-Pastor et al. 2011). The expanded
uncertainty was calculated as twice the value of the uncertain-
ty (k = 2, confidence level 95%) and ranged between 6 and
25%, with an average of 15% (ESM 2).

The values of characteristic parameters obtained in valida-
tion process confirmed that the method meets the require-
ments of the European Commission and it is suitable for the
determination of pesticide residue in apples.

Processing effect

Changes of concentration of pesticide levels during food pro-
cessing are determined by various factors, not only the type of
technique which is used but also the type of food product and
pesticide (their nature and chemical class and properties).
Researches indicate that the effects of processing may be af-
fected by the physical location of pesticide residues as well as
physicochemical properties of pesticides such as solubility,
volatility, hydrolytic rate constants, water-octanol partition co-
efficient, and thermal degradation (Keikotlhaile et al. 2010).
Therefore, the main physicochemical properties and mode of
action of the pesticides studied in our experiment are summa-
rized in Table 2, and next discussed.
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All processing conditions which were carried out in
the laboratory are connected in terms of household and
industrial processing. Evaluation of the behavior of pes-
ticide residue levels in apples during processing is close-
ly related with the calculation processing factor. For this
purpose, initial concentration of five selected pesticides
in raw and unprocessed fruit was determined. For major-
ity processes, the achieved PFs were below 1; the excep-
tion was only the juicing (in extrudate) and apple peeling

(in the skin) processes and two cases of pasteurization
process. The results of analysis are presented in Table 3.

Washing with tap water

Washing with tap water is one of the simplest and the most
common stages before consumption or further processing. In
this study, washing was done with tap water for 1 min
(Lozowicka et al. 2016). The removal effects for each

Fig. 2 Diagram of sample
preparation method from the
apple matrix
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individual fungicide are shown in Table 3. Significant reduc-
tions over 50% were found for tebuconazole (PF = 0.43) and
fluopyram (PF = 0.44) while concentrations of cyprodinil
(PF = 0.66), difenoconazole (PF = 0.62), and fludioxonil
(PF = 0.65) in apples were reduced by 34%, 35%, and 38%,
respectively.

The obtained data can be related to the physicochemical
properties and the mode of action of these substances
(Table 2). In the systemic mode of action, the active sub-
stances are absorbed into the system of a plant, which ren-
ders its parts (the roots, stems, and leaves), and then, they
are poisonous to plant pests and pathogens (Bonnechère
et al. 2012c). Therefore, we expected higher losses for
fludioxonil, during simple washing operations, which is a
non-systemic pesticide and remains on the plant’s surface.
However, we have received only 35% of reduction. This is
probably due to poor solubility in water (only 1.8; Table 2).
Polar, water-soluble pesticides are easier to remove than
low-polarity materials (Holland et al. 1994; Timme and
Walz-Tylla 2004). Another important factor affecting the
efficiency of the process is water-octanol partition coeffi-
cient, where according to available literature, substances
with a lower octanol-water partition coefficient are more
easily removed by washing (Zhao et al. 2014). Our results
confirmed this relationship—fluopyram and tebuconazole
with logP below 4 showed a greater reduction (56% and
57%, respectively) in contrast to logP above 4 for
fludioxonil (35%), difenoconazole (38%), and cyprodinil
(34%). Molecular mass g / mol of pesticides influences the
percentage of removed pesticides (the higher molar mass,
the greater removal efficiency). This was confirmed, except
for difenoconazole (M = 406.26 g/mol with PF = 0.62,
Table 2).

According to data published over past years, washing ap-
ples brought about 6–53% pesticide reduction (Mergnat et al.
1995; Rawn et al. 2008; Li et al. 2015). Similar results of
decontamination using tap water by 47–53% were obtained
for tomato (Vemuri et al. 2014) and a smaller drop value for
strawberries between 6 and 33% (Lozowicka et al. 2016).

Ultrasonic washing

Ultrasonic cleaners can also be used for washing vegetables
and fruit. The washer operates on the principle of microcavity
induced by ultrasounds. High temperature, rapid pressure
changes, and the formation and cracking of microbubbles en-
sure a continuous washing process and guarantee effective
sterilization.

In our studies, this process was carried out for 1, 5, and
15 min and proved to be very effective. We found a great
reduction of fluopyram and tebuconazole residues in a treated
fruit, which increased with time. After 1 min, a decreased
concentration for fluopyram (63%, PF = 0.37) and
tebuconazole (64%, PF = 0.36) was observed. However, after
15 min, these levels were in range between 84% (fluopyram,
PF = 0.16) and 79% (tebuconazole, PF = 0.21). Results are
shown in Table 3. Both active substances belonging to the
systemic group of pesticides, which were transported inside
the plants, are contrasted with non-systemic chemicals re-
maining on the fruit surface. So, we were expecting a limited
reduction. Nevertheless, they were easily removed by ultra-
sonic cleaning.

Comparing the obtained results, we can conclude that ul-
trasonic washing has proved to be more effective than using
tap water. Similar results were obtained by other researchers in
case of strawberries (Lozowicka et al. 2016).

Boiling

Boiling is the act of preparing food for eating with the use of
hot water. Literature contains information about decontamina-
tion of pesticide residues when using this method (Randhawa
et al. 2007; Rani et al. 2013; Walia et al. 2010). As it can be
seen in Table 3, the concentration of pesticide residues in
boiling is reduced in the first minute in the range of 49%
and 55% and after further 15 min to 72% (PF = 0.28) and
78% (PF = 0.22) for fluopyram and tebuconazole, respective-
ly. The results could be explained by the physicochemical
properties of pesticides. Slightly greater decomposition was

Table 1 Chromatographic conditions of GC-μECD/NPD analysis in apple samples

Gas chromatograph Agilent Technologies 7890A

Software ChemStation Rev.B04.03

Capillary column (parameters) HP-5 MS Ultra Inert capillary column, 30 m long × 0.32-mm I.D. × 0.25-μm film thickness

Carrier gas/flow Nitrogen (6.0 purity)/2.3 ml/min

Column temperature program 100 °C (0 min)→ 10 °C/min→ 180 °C (4 min)→ 3 °C/min→ 220 °C
(15 min)→ 10 °C/min→ 260 °C (11 min)

Detectors μECD NPD

Temperature of detector/gas (flow) 270 °C/nitrogen (30 ml/min) 300 °C/hydrogen (3 ml/min), air (60 ml/min), nitrogen (10 ml/min)

Sample injection mode (volume)/temperature Splitless mode (2 μl)/250 °C

Total run time of analysis 55 min
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demonstrated by tebuconazole, with a solubility in water of
36 mg/l compared with fluopyram, where it was 16.0 mg/l.
For both compounds, the octanol-water partition coefficient is
sufficiently low to be water soluble (Table 2). However, in our
experiment, no correlation was observed between degradation
points (fluopyram is 300 °C, tebuconazole is 350 °C) and the
disappearance of fungicides, which seems to be important
from the point of view of thermal processes. Compared with
previously described methods, boiling reduced the

concentrations of fluopyram and tebuconazole to a higher ex-
tent than washing with tap water (56% and 57%), but slightly
lower for ultrasonic cleaning (84% and 79%).

The authors of the publication show that the degree of
pesticide reduction in this process also depends on the type
of substance and its affiliation to the chemical group. Some of
them found no decomposition or even an increase in the con-
tent of active substances in the processed products
(Lozowicka et al. 2016; Rasmusssen et al. 2003).

Table 2 Physicochemical properties of pesticides according to the Pesticide Properties Database of University of Hertfordshire https://sitem.herts.ac.
uk/aeru/ppdb/en/atoz.htm

logP, octanol-water partition coefficient at pH 7, 20 °C
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Table 3 Concentrations of pesticide residues and PFs for various processing steps in apples

Processing method Pesticide Concentration unprocessed sample
(mg/kg) (± SD)

Mean concentration (mg/kg)
(± SD)

PF

Washing with tap water at 21 °C Cyprodinil 0.311 (± 0.052) 0.195 (± 0.019) 0.63

Difenoconazole 0.029 (± 0.004) 0.018 (± 0.002) 0.62

Fludioxonil 0.158 (± 0.028) 0.103 (± 0.009) 0.65

Fluopyram 0.288 (± 0.014) 0.123 (± 0.013) 0.44

Tebuconazole 0.266 (± 0.014) 0.114 (± 0.017) 0.43

Peeling Apples without
skin

Cyprodinil 0.311 (± 0.052) 0.060 (± 0.006) 0.19

Difenoconazole 0.029 (± 0.004) 0.012 (± 0.001) 0.41

Fludioxonil 0.158 (± 0.028) 0.039 (± 0.005) 0.25

Fluopyram 0.288 (± 0.014) 0.056 (± 0.004) 0.20

Tebuconazole 0.266 (± 0.014) 0.051 (± 0.004) 0.19

Skin Cyprodinil 0.311 (± 0.052) 1.571 (± 0.055) 5.05

Difenoconazole 0.029 (± 0.004) 0.107 (± 0.006) 3.69

Fludioxonil 0.158 (± 0.028) 0.919 (± 0.037) 5.85

Fluopyram 0.288 (± 0.014) 1.228 (± 0.073) 4.36

Tebuconazole 0.266 (± 0.014) 1.469 (± 0.171) 5.06

Juicing Juice Cyprodinil 0.311 (± 0.052) 0.011 (± 0.001) 0.04

Difenoconazole 0.029 (± 0.004) < 0.011

Fludioxonil 0.158 (± 0.028) < 0.009

Fluopyram 0.288 (± 0.014) 0.105 (± 0.018) 0.37

Tebuconazole 0.266 (± 0.014) 0.093 (± 0.009) 0.35

Extrudate Cyprodinil 0.311 (± 0.052) 0.326 (± 0.021) 1.67

Difenoconazole 0.029 (± 0.004) 0.041 (± 0.006) 1.78

Fludioxonil 0.158 (± 0.028) 0.217 (± 0.028) 2.07

Fluopyram 0.288 (± 0.014) 0.410 (± 0.022) 1.45

Tebuconazole 0.266 (± 0.014) 0.498 (± 0.025) 1.88

Freezing Stored 30 days Cyprodinil 0.311 (± 0.052) 0.210 (± 0.027) 0.68

Difenoconazole 0.029 (± 0.004) 0.024 (± 0.005) 0.83

Fludioxonil 0.158 (± 0.028) 0.110 (± 0.017) 0.70

Stored 60 days Cyprodinil 0.311 (± 0.052) 0.151 (± 0.004) 0.49

Difenoconazole 0.029 (± 0.004) 0.018 (± 0.001) 0.62

Fludioxonil 0.158 (± 0.028) 0.080 (± 0.011) 0.51

Stored 90 days Cyprodinil 0.311 (± 0.052) 0.079 (± 0.005) 0.25

Difenoconazole 0.029 (± 0.004) 0.017 (± 0.003) 0.59

Fludioxonil 0.158 (± 0.028) 0,052 (± 0.007) 0.33

Stored 120 days Cyprodinil 0.311 (± 0.052) 0.015 (± 0.006) 0.05

Difenoconazole 0.029 (± 0.004) 0.014 (± 0.004) 0.48

Fludioxonil 0.158 (± 0.028) 0.011 (± 0.009) 0.07

Pasteurization and sterilizationat
120 °C

5 min Cyprodinil 0.311 (± 0.052) 0.242 (± 0.021) 0.78

15 min 0.239 (± 0.006) 0.77

30 min 0.258 (± 0.023) 0.83

60 min 0.261 (± 0.021) 0.84

5 min Difenoconazole 0.029 (± 0.004) 0.024 (± 0.003) 0.82

15 min 0.023 (± 0.005) 0.80

30 min 0.022 (± 0.004) 0.75

60 min 0.021 (± 0.001) 0.74

5 min Fludioxonil 0.158 (± 0.028) 0.129 (± 0.004) 0.82

15 min 0.125 (± 0.016) 0.79

30 min 0.137 (± 0.006) 0.87
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Pasteurization and sterilization

The pasteurization and sterilization are common processes
which were used to obtain shelf-stable products. Their
conditions, in this study, were selected to be as close as
possible in commercial repetition with a process temper-
ature of 120 °C for 5, 15, 30, and 60 min. In our study,
the distribution of pesticide residues was very varied.
After the first 5 min, concentration of cyprodinil dropped
by 22% (PF = 0.78), and after 60 min only by 16% (PF =
0.84) of the initial value, as well as fludioxonil, whose
elimination decreased to 18% (PF = 0.82) and eventually
to 14% (PF = 0.86). Fluopyram and tebuconazole after
5 min showed an increase in PF above 1, and finally,
the decline content was equal to 1% and 3%, respectively.
Only difenoconazole showed a decrease in concentration
both after 5 and 60 min with a processing factor of 0.80
and 0.76, respectively (Table 3). Because this process
took place without the presence of water, physicochemical
properties such as solubility in water and logP are not
significant. The effects of these thermal processes depend
on the temperature and the degree of moisture loss.
According to our expectations, contents of the most ther-
mally stable compounds (Table 2) like tebuconazole (deg-
radation point = 350 °C) and difenoconazole (degradation

point = 337 °C) should be high. It confirms the assump-
tion we received for this first component. In addition, an
increase in concentration due to loss of moisture during
the process was already observed at the beginning of the
process for fluopyram (PF = 1.10) and tebuconazole (PF =
1.08) and gradually for cyprodinil (PF = 0.78→ 0.77→
0.83 → 0.84) and fludioxonil (PF = 0.82 → 0.79 →
0.87→ 0.86). Open systems may result in water loss dur-
ing heating by evaporation, thereby concentration of pes-
ticide residues if they are not destroyed by heating
(Keikotlhaile et al. 2010).

The results of our research indicate that the pasteurization
and sterilization processes are the least effective way to re-
move pesticide residues from apples.

Literature describes the thermal processes in fruit and veg-
etables and indicates varied distribution of pesticides: from the
total reduction (Severini et al. 2003) through partial elimina-
tion (Marudov et al. 1999) until no change observed in the
concentration of active substances (Đorđević et al. 2013).

Peeling

Peeling is an important step to remove unwanted or indigest-
ible parts of fruit and vegetables both in households and on
industrial scales. Importantly, it is significant in eliminating

Table 3 (continued)

Processing method Pesticide Concentration unprocessed sample
(mg/kg) (± SD)

Mean concentration (mg/kg)
(± SD)

PF

60 min 0.136 (± 0.004) 0.86

5 min Fluopyram 0.288 (± 0.014) 0.309 (± 0.023) 1.10

15 min 0.251 (± 0.022) 0.89

30 min 0.257 (± 0.020) 0.91

60 min 0.278 (± 0.021) 0.99

5 min Tebuconazole 0.266 (± 0.014) 0.286 (± 0.025) 1.08

15 min 0.232 (± 0.031) 0.87

30 min 0.236 (± 0.018) 0.89

60 min 0.259 (± 0.029) 0.97

Ultrasonic washing 1 min Fluopyram 0.288 (± 0.014) 0.104 (± 0.008) 0.37

5 min 0.060 (± 0.006) 0.21

15 min 0.044 (± 0.002) 0.16

1 min Tebuconazole 0.266 (± 0.014) 0.097 (± 0.011) 0.36

5 min 0.067 (± 0.009) 0.25

15 min 0.057 (± 0.009) 0.21

Boiling at 100 °C 1 min Fluopyram 0.288 (± 0.014) 0.143 (± 0.015) 0.51

5 min 0.062 (± 0.009) 0.22

15 min 0.078 (± 0.043) 0.28

1 min Tebuconazole 0.266 (± 0.014) 0.121 (± 0.036) 0.45

5 min 0.073 (± 0.018) 0.27

15 min 0.059 (± 0.006) 0.22
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pesticide residues frommany plant products depending on the
chemical nature of the pesticides and environmental condi-
tions (Đorđević and Đurović-Pejčev 2016).

In case of this type of fruit processing, the mode of
action of the pesticide will be the most important.
Pesticides get into the fruit in the systemic interaction,
while the contact remains on the surface of the skin.
Four of our tested substances are systemic; only
fludioxonil is a contact fungicide. The results show that
the reduction of pesticide residues in peeled apples was
for each substance: 81% for tebuconazole (PF = 0.19) and
cyprodinil (PF = 0.19), 80% for fluopyram (PF = 0.20),
75% for f lud ioxon i l (PF = 0.25) , and 59% for
difenoconazole (PF = 0.41). The coefficients for the pro-
cessing of skins ranged from 3.69 (difenoconazole) to
5.85 (fludioxonil). All results are presented in Table 3.
The experiment did not reveal any drastic differences be-
tween the studied substances related to their mode of ac-
tion. These results can be explained by the presence of
systemic pesticides which are still present on the skin
(1 day before treatment), not absorbed inside; hence, they
could be effectively removed in the peeling process.

This preparation method was found very effective in
removing studied pesticide as well as ultrasonic washing.

Peeling had also a significant effect on pesticide elim-
ination, according to literature in peaches (Balinova et al.
2006), potatoes, an eggplant (Randhawa et al. 2007), to-
matoes (Kwon et al. 2015; Rani et al. 2013), apple

(Rasmusssen et al. 2003), and cucumber (Cengiz et al.
2006).

Juicing

Juicing is currently one of the most popular methods for pro-
cessing fruit and vegetables and can be carried out using a
variety of tools. Many of the available publications maintain
that juice extrusion has the benefit of reducing the occurrence
of pesticides in processed objects. High reduction of over 60%
related to fluopyram and tebuconazole, while the remaining
fungicides were completely removed from apple juice
(difenoconazole and fludioxonil were not detected, and PF
for cyprodinil was 0.04). Residues of pesticides persisted in
apple extrudate as confirmed by high processing rates above 1
for each active substance tested (data are included in Table 3).
Reducing the levels of pesticide residues during this process
depends largely on the partitioning properties of the pesticide
between the fruit/pulp and the juice. We can assume that high-
ly lipophilic pesticide (with logP above 4) was found in the
pulp or pomace after juice making (Kaushik et al. 2009) and
following steps such as clarification can further reduce the
pesticide content.

Comparing our results with data present in literature, we
can confirm high efficacy in decontamination of apples.
Lipowska et al. (1998), as well as Zabik et al. (2000),
Rasmusssen et al. (2003), and Li et al. (2015), showed a
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decrease in the concentration of pesticides in apple juice in
more than 90%, 78–100%, and 85–95%, respectively.

Thus, we can conclude that the method of juicing is very
simple and the most effective among the investigated methods
of eliminations of pesticide residues.

Freezing

In our study, apples were stored at a temperature below −
25 °C for 120 days and samples were taken regularly every
30 days. We found that contaminations of apple during freez-
ing were gradually decreased for all test compounds. After the
first 30 days, reduction for cyprodinil and fludioxonil by 30%
from the initial value was noted, and after 120 days almost the
total reduction (PF = 0.05 and 0.07, respectively), while for
difenoconazole by only 17% after 30 days and then 52% after
ending of freezing (Table 3). Nevertheless, it should be em-
phasized here that a significant disadvantage of this method is
time-consuming.

Previously, methods of heat treatment using high tempera-
tures were described, but according to our research, freezing
can also cause a significant reduction of pesticide contamina-
tion. Nevertheless, these methods are not widely described in
literature. Just Abou-Arab (1999) designated the effects of
freezing at − 10 °C and storage of tomatoes within 12 days
and their impact on some pesticides.

Conclusions

Apples are widely grown and eagerly consumed, both in a
fresh and processed form. In agricultural practice, for econom-
ic reasons, chemical protection is used during the growing
season. However, there is a problem of contamination of res-
idues of these substances in apples. Taking along with food,
inherently toxic pesticides are linked to a wide spectrum of
human health hazards.

In this study, the following various food processing tech-
niques have been used including high-temperature processes
(pasteurization/sterilization and boiling), low-temperature
processes (freezing), mechanical processing (peeling and juic-
ing), and water-based processes (washing with tap water and
ultrasonic washing), which were used to identify the most
effective way to remove contamination of five fungicides
from apples. Figure 3 shows the impact of individual apple
processing on concentration of active substances.

Themost effective procedure for removing all pesticides from
raw apples turned out to be juicing in the range between 63 and
100%, similarly freezing within 52% and almost 100% for stud-
ied compounds (a significant limitation of the freezing process is
long duration). Peeling of fruit was also the sufficient way of
decreasing the content of almost all pesticides in apples by about
80%; the exception was difenoconazole with PF = 0.41. Instead,

washing in tap water caused a decreased content of active sub-
stances to a less extent, by about 38% and 35%.

The decomposition of pesticide residues for some process-
ing techniques such as boiling, sterilization/pasteurization,
and ultrasonic washing was analyzed systematically during
their lasting to obtain information about behavior of the tested
substances. Ultrasonic washing and boiling removed different
portions of pesticide residues in the range between 79 and
84% and between 72 and 78%, respectively. Decreasing
amounts of pesticide residues during apple processing could
be coherent to their distribution by heat, adsorption of pesti-
cides to plant tissues, and the solubility of water (Holland et al.
1994). The exception was sterilization/pasteurization, where
some increase was observed, from the initial increase in con-
centration level for fluopyram and tebuconazole (for both PF
above 1), followed by slightly reduction by 1 and 3%, respec-
tively.While for the other substances, an initial drop in content
was noted, followed by concentrations for cyprodinil (PF =
0.84) and fludioxonil (PF = 0.86). This is probably due to
evaporation of water from the sample at high temperature
during sterilization and consequently is the least efficient pro-
cess in eliminating pesticides in apples.

In our study, it was estimated that the residue reduction
level was not always correlated with physicochemical proper-
ties of pesticides, including structure and belonging to the
chemical group, water solubility, logP, and degradation point
of the pesticides as well as mode of action. Some pesticides
have demonstrated a specific behavior for each process. In
conclusion, we are certain and we can confirm that the data
obtained in the experiments indicate that both water treatment
and mechanical and thermal processing of apples lead to the
removal of pesticide residues suitable for home and industry
processing.
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