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Laymen Summary

Pesticides worden op grote schaal gebruikt in de landbouw sector om gewassen te beschermen tegen
pathogenen zoals schimmels of insecten. Het gebruik van pesticides is van groot belang in de sector
om aan opbrengst verwachtingen en voedselzekerheid te voldoen. In de afgelopen jaren is er in
toenemende mate bewezen dat blootstelling aan pesticides, via inademing, het eten van voedsel en
aanraking via de huid leidt tot hogere kansen op ontwikkeling van ziektes. Eten van voedsel is voor
consumenten het grootste risico om bloot gesteld te worden aan pesticides, daarom is het van groot
belang om te weten wat de hoeveelheid pesticides is op voedsel op het moment van consumptie.

Een belangrijke factor die invloed heeft op de pesticideconcentratie in groente en fruit is de mate
waarin producten na het oogsten worden behandeld voordat ze worden geconsumeerd.
Behandelingen die veel mensen vooral thuis uitvoeren zijn het wassen, koken, blancheren, schillen of
invriezen van groente en fruit voor consumptie. De effectiviteit van pesticide verwijdering van groente
en fruit is afhankelijk van het type pesticide, de fruit- of groentesoort, type behandeling en wordt in
de wetenschappelijke literatuur uitgedrukt als ‘Bewerkingsfactor’ (BF). De bewerkingsfactor van een
zo’n unieke pesticide/type voedselproduct/type behandeling combinatie wordt berekend door de
pesticide concentratie voor en na de handeling (Bijv. schillen van een appel) in het voedselproduct te
meten, waarna de ratio tussen beide concentraties de BF is.

Door het grote aantal pesticides, groente- en fruitsoorten en mogelijke behandelingen is het op het
moment niet duidelijk hoeveel bewerkingsfactoren al bekend zijn in de literatuur. Bovendien is er ook
meer kennis informatie nodig over andere factoren die een invloed kunnen hebben op de effectiviteit
van pesticideconcentratie afname. Voorbeelden hiervoor zijn het gebruiken van azijn of soda tijdens
het wassen, de duur van een behandeling (lees: hoelang kook je de groentes) of de tijd tussen het
aanbrengen van de pesticides en het tijdstip van de behandeling om de pesticides eraf te krijgen.

Het doel van deze studie is om de bewerkingsfactoren van de huidig pesticide/product/behandeling
combinaties in kaart te brengen. Daarnaast onderzoekt deze studie wat de nieuwe inzichten over het
belang van gebruikte meettechnieken en andere factoren die invloed kunnen hebben op de pesticide
reductie. Om een duidelijk overzicht te krijgen van de effectiviteit van verschillende behandelingen
(koken, blancheren, pellen/schillen, wassen of onderdompelen) van voedsel in het huishouden werd
wetenschappelijke literatuur doorzocht voor de tien meest gegeten groentes en fruit in Nederland in
combinatie met 15 veel gebruikte pesticides. Kortom, de ontdekte behandelingsfactoren kunnen
worden gebruikt voor toekomstige risicoschattingen van pesticides voor de volksgezondheid en
daarnaast .



Abstract

Widespread use of pesticides on food products and the associated risks of exposure through dietary
intake require the need for precise quantitative risk assessments. Household processing of food
products affect the pesticide residue concentration and plays an important role in the accurately
estimating if concentrations exceed legislative limits. The mean or median reduction of such processes
is expressed as processing factor (PF) and is unique for each combination of pesticide, process and type
of product (PPP). Currently, many PFs for household processes are unknown and a clear overview in
literature is lacking. Therefore, this study performed a systematic review on literature that researched
the reduction effectiveness of specific household processes (boiling, blanching, washing, soaking,
peeling) on widely used pesticides (Azoxystrobin, Boscalid, Carbendazim, Chlorpyrifos, Cypermethrin,
Cyprodinil, Difenoconazole, Fenhexamid, Fludioxonil, Imidacloprid, Iprodione, Pyraclostrobin,
Pyrimethanil, Tebuconazole, Thiacloprid) present in popular fruits and vegetables between 2011 and
2022. In total 28 out of 121 articles were included and their data extracted. High variation was found
in effectiveness of PPPs with studies showing contradicting results which is possibly a result of
differences in experimental set-up. In general the included studies revealed that peeling, boiling and
blanching were more effective in reducing pesticide concentration. Washing and soaking showed high
variability in effectiveness with indications that washing with acetic-/citric acid or sodium carbonate
solvents were more effective than tap water, however this was highly dependent on the
physiochemical properties of the pesticide. This review provides an overview of currently known
literature on household processing factors and discusses important determinants of PF. Moreover, it
discusses important challenges and factors that are present in this field of research. By doing so, this
research aims to contribute to the field of pesticide risk assessments and increase the public health.
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1 - Introduction

Consumption of fruits and vegetables are crucial for a balanced and healthy lifestyle. The World Health
Organisation (WHO) promotes the consumption of five fruits or vegetables on a daily basis (World
Health Organisation, 2020). One of the major issues in meeting the worldwide growing demand of fruit
and vegetable consumption is the presence of crop destroying pests, such as fungi, insects or other
pathogens. Plant protection products, also known as pesticides, are widely used in the agricultural
industry to combat these pests. Due to the high variety in pests, an equally broad spectrum of
pesticides is developed which differ in their chemical properties and relative toxicity towards the
environment and non-target species such as humans (Chung, 2018; Nicolopoulou-stamati et al., 2016).

Increasing evidence associates pesticide exposure, either via ingestion, inhalation or contact via the
skin, to increased risks of negative health outcomes (Nicolopoulou-stamati et al., 2016). For the non-
occupational population, exposure through food consumption is proposedly the major exposure
pathway of pesticides. To determine if individuals ingest unacceptable quantities of pesticide, dietary
risk assessments calculate the daily or yearly intake of pesticides based on estimations of pesticide
concentrations and product consumption. Countries set maximum residue limits (MRL) that determine
the maximum concentration of pesticides on consumer goods, based on the chronic and acute
exposure estimates (e.g. Acceptable dietary intake (ADI)) (Carrasco Cabrera & Medina Pastor, 2021) .

Factors that determine residue concentration are the pesticides half-life time and the effects of
commercial and household processing or cleaning steps (Bonnechere et al., 2012; Skovgaard et al.,
2017; T.Yangetal., 2017). While many products undergo commercial processing steps after harvesting
(e.g.) washing in ozonated or chlorinated water, canning or pasteurization), pesticide residues are
often not completely degraded and can remain present on sold products. Frequently performed
household processes are washing, soaking, boiling, blanching or peeling of fruits or vegetables before
consumption. The reduction effectiveness of such processes mainly depend on the type of product,
the physio-chemical properties of the pesticide residue and the processing technique.

The reduction of the unique combination of the product/pesticide/process (PPP) are expressed in
processing factors (PF). The PF of a reduction process is calculated by taking the ratio between the
residue concentration in the processed product and in the raw commodity. A PF above 1 would imply
that the concentration of a pesticide has increased, whereas a PF lower than one would indicate a
reduction. The time of pesticide application and general study set-up are also known to influence the
reduction capabilities of different processes (Anastassiades et al., 2003; Jankowska et al., 2019; Rani
et al., 2013). Unfortunately, consensus on processing factors estimates as well as a clear overview of
the total literature available for household practices remains lacking. In 2011, the European Food
Safety Agency (EFSA) set up a pesticide processing factor database, which mainly encompasses
processing factors for commercial practises.

Therefore, the aim of this study was to gain insight in the effectiveness of pesticide reduction by
household processes on fruits and vegetables after harvest and commercial processing. The study
focused on a selection of products with a high consumption rate in combination with fifteen widely
used pesticides for the five household processes: washing, soaking, cooking, blanching and peeling.
Moreover, the report investigated which determinants of each PPP combination explained the



observed PF. Finally, this reports discusses the challenges in comparing reduction effectiveness
between studies due to measurement uncertainties.

2 - Methods

To obtain the required literature, a systematic search was conducted on the online database Scopus
that focused on studies that could be present in the EFSA PF database. Since the database includes
studies from 2011 onwards, this systematic search also focused on studies published in 2011 or later.
The search syntax included search terms for household processes (washing, boaking, boiling,
blanching, peeling) in combination with 16 often applied PPP’s (Azoxystrobin, Benomyl, Boscalid,
Carbendazim, Chlorpyrifos, Cypermethrin, Cyprodinil, Difenoconazole, Fenhexamid, Fludioxonil,
Imidacloprid, Iprodione, Pyraclostrobin, Pyrimethanil, Tebuconazole, Thiacloprid). Furthermore, the
search focussed on the following food products, which were chosen because of their high consumer
rate in the Netherlands (Voedingscentrum Nederland, 2022): apple, broccoli, carrot, lettuce, mandarin,
pear, (sweet) pepper, spinach, strawberry, tomato, orange. The complete syntax search can be found
in the supplemental material.

For article selection, the following criteria were set: studies needed to include one of the
process/product/pesticide combination from the syntax search. Reduction processes should be
applicable to a household setting (e.g. ozonated water was excluded).
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=
:E Records identified from Scopus
E systematic search™
5 Databases (n = 121)
g
=2
!
' |
Records fitle screened » Records excluded
{n=121) (n=41)
Records Absiracis screened .| Reporis excluded
= (n=80) - (n=39)
g
§ I
Records assessed for eligibility Reports excludsd
(n=41) » n=13)
|
T Studies included in review
3 (n=28)
]
L
—_

Figure 1 — PRISMA flow overview of the systematic review and the selection criteria.



Title and Abstract screening reduced the initial 121 articles to 41, after which an additional 13 articles
were excluded upon reading the complete study. These final thirteen were excluded based on the
exclusion criteria. This resulted in a total of 28 articles that were included in the systematic review (Tab
S1).

Table 1 - Overview of physiochemical characteristics of the pesticides included in the systematic review. Log P/K,w = the
octanol-water coefficient. S, = Water solubility. Mode of action: sys = systemic, non-sys = non systemic. Data derived from

database University of Hertfordshire. Website visited: http://sitem.herts.ac.uk/aeru/ppdb/en/Reports/75.htm

Nr Pesticide Active Group Type Mode of action | log P/ | Sw (mg/L) |Degredation| Molecular
Kow point (°C) | mass (g/mol)
1 Azoxystrobin Strobilurin fungicide sys 2,5 6,7 345 4034
2 Benomyl Benzimidazole, Carbamate fungicide sys 14 2 140 290,32
3 Boscalid Carboxamide fungicide sys 2,96 4,6 300 343,21
4 Carbendazim Benzimidazole, Carbamate fungicide sys 1,48 8 305 191,21
5 Chlorpyrifos Organophosphate insecticide non-sys 4,7 1,05 170 350,58
6 Cypermethrin-a Pyrethroid insecticide non-sys 58 0,004 248 416,3
7 Cypermethrin-p Pyrethroid insecticide non-sys 58 09 253 416,3
8 Cyprodinil Anilinopyrimidine fungicide sys 4 13 - 225,29
9 Difenoconazole Conazole fungicide sys 4,36 15 337 406,26
10 Fenhexamid Hydroxyanilide fungicide non-sys 3,51 24 230 302,2
11 Fludioxonil Phenylpyrrole fungicide non-sys 4,12 1.8 306 248,19
12 Imidacloprid Neonicotinoid insecticide sys 0,57 610 230 255,66
13 Iprodione Dicarboximide fungicide non-sys 3 6,8 233 330,17
14 Pyraclostrobin Strobilurin fungicide sys 3,99 19 200 387,82
15 Pyrimethanil Anilinopyrimidine fungicide non-sys 2,84 110 189,9 199,28
16 Tebuconazole Triazole, Conazole fungicide sys 3,7 36 350 307,82
17 Thiacloprid Neonicotinoid insecticide sys 1,26 184 250 252,72

3 —Results literature findings

3.1 - Results systematic search

Of the twenty-eight articles included, the most studies (n=14) presented results on soaking and
washing (n=13), shortly followed by peeling (n=11). Six studies included results on the effects of boiling,
while only three studies provided results for blanching. Finally, one study mentioned the reduction
effects of prolonged freezing and another study investigated the combined effects of soaking, washing
and heating in a microwave on pesticide concentrations.

Table 2 shows the amount of times each pesticide and household process, or the combination between
pesticide and process, was included in a study. Overall the pesticides Chlorpyrifos, Azoxystrobin,
Cypermethrin, Imidacloprid, Boscalid and Difenoconazole were studied most frequently (n > 5),
whereas Carbendazim, Fenhexamid, Fludioxonil, Pyrimethanil and Thiacloprid were included the least
(n £2). Of the included products, apple, tomato and spinach were studied five, ten and seven times,
respectively. The majority of the products (Broccoli, Lettuce, Orange, Pepper and Strawberries) were
only included one or two times. Three of the eleven products were not included at all (Pear, Mandarin
and Carrot).

One of the most important conditions of good research is reproducibility and the ability to compare
results between different research groups, so that potential measurement errors are minimized
(Schwab et al.,, 2022). Ideally, each product/process/pesticide combination should be
investigated/studied at a minimum of two times. Table 2 indicates that for the majority of the
combinations this is not feasible. Fortunately, comparability between pesticides remains possible if


http://sitem.herts.ac.uk/aeru/ppdb/en/Reports/75.htm

both the product and household process remain similar because this provides the opportunity to
compare the effects of physiochemical properties of the pesticides.

Table 2 - Number of studies in the review that included one of the process-pesticide combination. Moreover, the total number
of studies that investigated one of the included processes is given in the last row and column.

Number of studies mentioning specific pesticide/process combination
Boiling Blanching Peeling Washing Soaking Combi / Freezing | Total
Azoxystrobin 2 2 3 3 4 0 7
Boscalid 2 1 2 2 2 1 5
Carbendazim 0 0 1 1 0 0 2
Chlorpyrifos 2 0 6 6 7 1 10
Cypermethrin 3 1 3 2 4 0 8
Cyprodinil 1 0 3 2 1 0 4
Difenoconazole 0 0 3 2 2 0 5
Fenhexamid 1 0 0 0 1 0 1
Fludioxonil 2 1 0 1 2 0 2
Imidacloprid 1 1 1 3 4 0 6
Iprodione 1 0 0 0 2 1 2
Pyraclostrobin 3 2 1 3 2 0 4
Pyrimethanil 0 0 1 0 0 0 1
Tebuconazole 1 0 2 2 0 0 3
Thiacloprid 0 0 1 0 0 0 1
Total 6 3 11 13 14 2 -
3.2 - Washing

The definitions of washing and soaking are interchangeably applied in many studies included in the
research. Therefore, the following criteria were set to define ‘soaking’ : No specific specification or
mention of running water, the duration of the process exceeds 5 minutes and solvents other than
tap/distilled/chlorinated water were used during the washing step.

For tomatoes, only limited to intermediate reduction was observed for all pesticides tested (Table 3 &
S1), with Azoxystrobin (PF = 0.32) and Boscalid (PF = 0.39) showing to be reduced the most (Jankowska
et al., 2016), however this was dependent on the type of tomato. For Pyraclostrobin, Cypermethrin
and Cyprodinil the mean reduction ranged between 10-29%, 27-41% and 36-41%, respectively,
differing in washing duration and type of tomato (Ajeep et al.,, 2021; Jankowska et al., 2016;
Wanwimolruk et al., 2017). Washing broccoli with chlorinated water resulted in a similar range order
for Azoxystrobin (PF = 0.59), Boscalid (PF = 0.76) and Pyraclostrobin (PF = 0.69) (Lozowicka, Jankowska,
& Rutkowska, 2016).

Interestingly, the same pesticides were reduced significantly more effective on leave vegetables such
a lettuce and spinach, with the notion that the washing duration was a five-fold longer. For
Azoxystrobin and Pyraclostrobin a minimum reduction 85% was observed in spinach and lettuce, while
Fludioxonil and Imidacloprid also showed good reduction percentages ranging between 86.4 — 87.3%
and 83.6 — 46.8%, respectively (S. J. Yang et al., 2022).



Moreover, Rani et al (2013) and Hendawi et al (2013) illustrated that prolonged time between pesticide
application and the moment of reduction processes, diminishes the effectiveness of these processes
such as washing. The studies showed that a waiting step of 7 days, decreased the pesticide removal
efficiency with 13.67% for Imidacloprid in strawberries and 27.66 % for Chlorpyrifos in tomatoes.
Contradictory, a similar study on lettuce showed higher removal of Chlorpyrifos with increased waiting

time (Akoto et al., 2016).

Table 3 — Effect of washing on pesticide reduction in fruit and vegetables. Note: This tables displays some of the highlights of
the studies that were included in the systematic search. All the study results (including study details) can be found in the
supplemental material.

Washing
Product Duration Pesticide PF Mean reduction Author
min mean or range %
Tomato NA Cypermethrin 27 Wanwimolruk et al (2017)
1 Azoxystrobin 68
. 1 Boscalid 61
Tomato (marissa) -
1 Cyprodinil 41
1 raclostrobin 29
Py . Jankowska et al (2016)
1 Azoxystrobin 38
1 Boscalid 35
Tomato (Harzfeuer) -
1 Cyprodinil 36
1 pyraclostrobin 10
1 Chlorpyrifos 41.29
1 Chlorpyrifos 31.7
Tomato 1 Chlorpyrifos 25.67 Rani et al (2013)
1 Chlorpyrifos 19.56
1 Chlorpyrifos 13.63
5 Chlorpyrifos 0.58 .
Tomato ) Ajeep et al (2021)
5 Cypermethrin 0.59
5 Azoxystrobin 96.4
. 5 Fludioxonil 86.4
Spinach . . Yang et al (2022)
5 Imidacloprid 83.6
5 pyraclostrobin 91.5
Spinach - Azoxystrobin 100 Yang et al (2012)
5 Azoxystrobin 92.1
5 Fludioxonil 87.3
Lettuce . . Yang et al (2022)
5 Imidacloprid 46.8
5 pyraclostrobin 85.9
- Azoxystrobin 0.59 40.5
Broccoli - Boscalid 0.76 24.2 Lozowicka et al (2016)
- Pyraclostrobin 0.69 30.8
1 Cyprodinil 0.63
Apple 1 Difenoconazole 0.62 Stowik-Borowiec et al (2020)
1 tebuconazole 0.43
Apple 3 Chlorpyrifos 18 Pirsaheb et al (2016)




3.3 -Soaking

Soaking proved to have varying effectiveness, depending on the type of pesticide, soaking duration,
product and in some cases addition of household chemicals. Soaking with tap water or sodium
bicarbonate (Na2HCO3) reduced Chlorpyrifos with approx. 90% and Imidacloprid with 70.9% in
tomatoes (Table 4). Addition of acetic acid (CH3COOH) and sodium carbonate (Na2HCO3) failed to
significantly increase the reduction effectiveness of Chlorpyrifos, Azoxystrobin and Imidacloprid in
tomatoes (Rodrigues et al., 2017; Wasilewski et al., 2022). Furthermore, Azoxystrobin (26%) and
Difenoconazole (17%) concentrations are poorly reduced by immersion in water for a long period of
time (30 min) (Wasilewski et al .,2022). However, the application of acetic acid or sodium carbonate
improved reduction efficiency to 43 and 32% for Azoxystrobin and 42 to 47% for Difenoconazole,
respectively (Wasilewski et al .,2022).

Soaking strawberries in chlorinated water for 1 to 5 minutes, showed sharp concentration decrease
with increased time for Cyprodinil (PF = 0.85 to PF = 0.46), Fenhexamid (PF = 0.73 to 0.43), Fludioxonil
(PF =0.88 to PF = 0.47), Chlorpyrifos (PF = 0.52 to PF= 0.32). In contrast, Boscalid and Pyraclostrobin
concentrations appeared to be more stable with observed PFs of 0.67 to 0.61 and 0.8 to 0.69,
respectively (Lozowicka, Jankowska, Hrynko, et al., 2016).

Cypermethrin concentrations in spinach, similar to the observations in the boiling process, only
reduced 17% during soaking processes with tap water. However, addition of approx. 5 a 6% of acetic
acid, citric aced or sodium carbonate resulted in reductions in the range of 56 to 68%, 38 to 64% and
40 to 61%, respectively (Amir et al., 2019; Hussnain et al., 2021). Moreover, multiple studies
investigated the effects of adding garlic or ginger extracts to water, which resulted in observed
Cypermethrin reduction in the range of 43 — 55 % for garlic and 50 — 55% for ginger extract (Amir et
al., 2019; Hussnain et al., 2021). Similar experiments for Imidacloprid showed that adding acetic acid
and citric acid sharply decreased the Imidacloprid concentration. Adding 2% of sodium carbonate or
sodium chloride resulted in similar reduction values when only water was used, ranging between 24
to 27% (Abdullah et al., 2016).

Table 4 - Effect of soaking on pesticide reduction in fruit and vegetables. Note: This table displays some of the highlights of
the studies that were included in the systematic search. All the study results (including study details) can be found in the
supplemental material.

Soaking
Product Duration Process details Pesticide PF Mear\ .
reduction Title

min %

15 Tap water 90.58 Wasilewski et al
Tomato 15 Na2HCO3 Chlorpyrifos 90.88 (2021)

15 Vit C. 70.85

15 2% acetic acid Chlorpyrifos 0.48 .
Tomato 15 2% acetic acid Cypermethrin 0.55 Ajeep etal (2021)

30 distilled water (25 °C) 26

30 acetic acid (0.15%) 33 Rodrigues et al
Tomato 30 acetic acid (5%) Azoxystrobin 43 (2017)

30 sodium carbonate (1,5%) 22

30 sodium carbonate (5%) 32




sodium hyopchlorite

30 (0,04%) 21
30 sodium hyopchlorite (1%) 30
30 distilled water 17
30 acetic acid (0,15%) 28
30 acetic acid (5%) 42
30 sodium carbonate (1,5%) . 35
i Difenoconazole
30 sodium carbonate (5%) 47
sodium hyopchlorite
30 (0,04%) 32
30 sodium hyopchlorite (1%) 43
10 tap water 70,9
10 5% acetic acid 75,37
Tomato 10 >% SOdIL:m hypoc.hlorlte Imidacloprid 73,13 Al-Amir et al (2015)
10 0,01 % potassium 76,86
permanganate
10 1% Hula-San 78,36
T1+-
Spinach 3 Boscalid 00.10
Tap water & 15 C + stirring
(Cezanne) 3 iprodione 0.57 +-
0.13 Bonnecheére et al
. 3 Boscalid 0.53 +- (2012)
Spinach (SP- Tap water & 15 C + stirring 0.07
916) 3 iprodione 0.52 +-
0.09
5 Tap water 87.52 Wasilewski et al
Apple 15 Na2HCO3 Chlorpyrifos 88.97 (2021)
15 Vit C. 61.74
3.4 - Boiling

Boiling for a prolonged duration (> 5 min) shows to be effective for almost all pesticides tested (
Cypermethrin B, Chlorpyrifos, Tebuconazole, Azoxystrobin, Fludioxonil, Pyraclostrobin, Iprodione,
Boscalid, Fenhexamid) and products with PFs ranging between 0.57 and 0. Interestingly, the studies by
Lozowicka et al (2016) and Stowik-Borowiec et al (2020) clearly indicate that increased boiling duration
results in higher pesticide reduction. In contrast, Cypermethrin a concentration increased with
increased duration of boiling. Lozowicka et al (2016) showed that the PF for Cypermethrin a followed
a increasing trend if strawberries were boiled for 1, 2 or 5 minutes with PF values of 1.02 ; 1.66 and
1.76, respectively. Similar results were described by Ajeep et al. (2021) with tomato samples, where
PF values for Cypermethrin ranged between 1.35 and 1.38. However, as stated in the description of
Table S1, the study of Ajeep et al (2021) should be interpreted with caution due to its low number of
samples.

The physiochemical properties of Cypermethrin a in comparison to the other pesticides could explain
these observations. In general, the concentration can increase if the mass of the product decreased
during the boiling (or other thermal processes) process, while the pesticide amount remains equal if
their degradation point lies above the temperature of the thermal process. However, the degradation




point of Cypermethrin a is lower than that of Boscalid (D, = 300 °C) and Tebuconazole (D, = 350 °C),
both of which did show clear concentration decreases (Table 5). Lozowicka et al (2016) argue that,
besides the degradation point, the location of the pesticide is equally important for the degradation
process. The water solubility (Sw) determines to which extend a pesticide resides in the aqueous
environment in comparison to the more non-aqueous skin of fruits and vegetables. This could explain
how the non water-soluble Cypermethrin a (Sw = 0.004 mg/L) was not degraded, while the more
soluble Boscalid (Sw = 4.6 mg/L) and Tebuconazole (Sw = 36 mg/L) were. In this case, it is more likely
that the soaking of the products, an additional process that occurs during boiling, was the main cause
for the decreased concentration of Boscalid and Tebuconazole.

Table 5 - Effect of boiling on pesticide reduction in fruit and vegetables. Note: This tables displays some of the highlights of
the studies that were included in the systematic search. All the study results (including study details) can be found in the
supplemental material.

Boiling
Product Duration Pesticide PF Mea.n Author
reduction
min mean or range %
10 Cypermethrin a 0.851 14.96
Tomato (Roma) .
10 Cypermethrin B 0.534 46.61
. Arowolo et al (2022)
10 Cypermethrin a 0 100
Tomato (Roma VF) .
10 Cypermethrin B 0 100
5 Cypermethrin 1.38-1.35 .
Tomato . Ajeep et al (2021)
5 Chlorpyrifos 0.4
1 Tebuconazole 0.45 55 Stowik-B ioc et al
Apple (Gala) 5 Tebuconazole 0.27 73 owl —(;(;g(v)v)lec cta
15 Tebuconazole 0.22 78
5 Azoxystrobin 85
) 5 Fludioxonil 70.9
Spinach . .
5 Imidacloprid 94.5
5 Pyraclostrobin 42.7
- Yang et al (2022)
5 Azoxystrobin 87.3
5 Fludioxonil 71.2
Lettuce . .
5 Imidacloprid 92.9
5 Pyraclostrobin 45.7
20 Azoxystrobin 0.19 81.2
Brocoli 20 Boscalid 0.31 69.4 Lozowicka et al (2016)
20 Pyraclostrobin 0.29 70.6
3.5 - Blanching

Blanching is a thermal process whereby vegetables are immersed in high temperature water for a short
duration. In this systematic review, only three studies reported on the effects of blanching and
pesticide concentrations on tomatoes, spinach, lettuce and broccoli. All pesticides under investigation
showed percentual reduction, varying between the 100 and 32.9 %. No noticeable additional decrease
was observed for Azoxystrobin and Pyraclostrobin concentrations with higher water temperature (85
vs 100 °C and a doubling of blanching duration from 30 seconds to 1 minute (Table 6). Interestingly,




Yang et al. (2022) showed that reduction of Azoxystrobin (81.3% to 67.8%) , Fludioxonil (67.8% to 45%),
Imidacloprid (88.5% to 81.4%) and Pyraclostrobin (51.4% to 32.9%) was more acute in spinach than in
lettuce samples. Overall, Imidacloprid was reduced the best in both types of products with a decrease
between 88.5 and 81.4 % (Yang et al., 2022). Moreover, Pyraclostrobin levels decreased the least with
mean reduction levels ranging between 32.9% to 51.5%, which was similar to the reduction range of
Pyraclostrobin during boiling processes (Table 5).

Arowolo et al (2022) reported the highest reduction of Cypermethrin (a and B) for blanching with 100
% reduction in Roma VF tomatoes. However, the duration in of the process (4 min) was significantly
longer than the experiments conducted by the other studies (Lozowicka, Jankowska, & Rutkowska,
2016; S. J. Yang et al., 2022) (1 min & 30 s). Moreover, Cypermethrin a concentration were more
reduced during blanching than during the boiling process, which is contradictory to the general
understanding that exposure to higher temperatures for a longer duration would result in more
degradation of a pesticide.

Table 6 - Effect of blanching on pesticide reduction in fruit and vegetables. Note: This tables displays some of the highlights of
the studies that were included in the systematic search. All the study results (including study details) can be found in the
supplemental material.

Blanching
Product Duration Pesticide PF Mean reduction Author
min mean or range %
4 Cypermethrin a 0 100
Tomato (Roma) .
4 Cypermethrin 0.518 48.23
. Arowolo et al (2022)
4 Cypermethrin a 0 100
Tomato (Roma VF) .
4 Cypermethrin B 0 100
30s Azoxystrobin 67.8
) 30s Fludioxonil 45
Spinach . .
30s Imidacloprid 81,4
30s Pyraclostrobin 32.9
- Yang et al (2022)
30s Azoxystrobin 81.3
30s Fludioxonil 67.8
Lettuce . .
30s Imidacloprid 88.5
30s Pyraclostrobin 51.4
1 Azoxystrobin 0.49 51.2
Brocoli 1 Boscalid 0.46 53.8 Lozowicka et al (2016)
1 Pyraclostrobin 0.49 51.5
3.6 - Peeling

Varying results were reported for the effect of peeling on pesticide concentrations in tomatoes,
oranges and apples (Table 7). In oranges, El-Sayed et al (2021) illustrated that peeling almost
completely decreased the Chlorpyrifos levels, with PF = 0.02. In both apples and tomatoes, the
effectiveness of peeling was over 50 % for Azoxystrobin , Difenoconazole, Cyprodinil, Pyraclostrobin
(Andrade et al., 2015; Jankowska et al., 2016; Kowalska et al., 2022; Pirsaheb et al., 2016; Rodrigues et




al., 2017; Stowik-Borowiec & Szpyrka, 2020). Concentration reduction for Chlorpyrifos showed some
discrepancies, with mean reduction in apples ranging between 100% to 30% (Kowalska et al., 2022;
Pirsaheb et al., 2016).

Noteworthy are the extreme results mentioned by Arowolo et al (2022) for the decrease of
Cypermethrin a and  in tomatoes (Roma VF), with PF = 0 & PF = 1.107 respectively. Especially a PF =
1.107 for Cypermethrin B is interesting to discuss, because this would imply that all pesticide residues
would have relocated from the tomato surface into the aqueous part of the product, after which
peeling would have only reduced the mass of the product. While not specified in the article, it could
be possible that the concentration of Cypermethrin fell below the limit of detection (LOD) and was
therefore set to zero.

Interestingly, Rani et al (2013) showed that the effect of peeling diminished if the period between
pesticide application and the peeling process increased. One hour after applying Chlorpyrifos peeling
resulted in a reduction of 62.58%, whereas a reduction of 20% was observed after a waiting period of
10 days. Pesticide residues can relocate from the surface into the skin or deeper into the fruit or
vegetable (Holland et al., 1994). The penetration speed of pesticides is depending on the properties of
both the product and the pesticide. Reduction strategies such as peeling, washing and soaking have
less effect if pesticide are located inside a product (Xu et al., 2017; T. Yang et al., 2016, 2017).

Table 7 - Effect of Peeling on pesticide reduction in fruit and vegetables. Note: This tables displays some of the highlights of
the studies that were included in the systematic search. All the study results (including study details) can be found in the
supplemental material. ND = Not detected. * - The study of Kowalska et al (2022) did not provide direct reduction quantities,
but only showed a reduction graphic. The numbers shown in this table are extracted from this figure, therefore the percentages
are given as an estimation.

Peeling
Product Duration Pesticide PF Mean reduction Author
min mean or range %
Cypermethrin a 0.849 15.14
Tomato (Roma) .
Cypermethrin B 0.514 48.55
. Arowolo et al (2022)
Cypermethrin a 0 100
Tomato (Roma VF) .
Cypermethrin B 1.107 +10.7
Azoxystrobin 68 .
Tomato . Rodrigues et al (2017)
Difenoconazole 79
Azoxystrobin 66 +- 0.83
Tomato . . Andrade et al (2015)
Imidacloprid 17 +- 1.30
Chlorpyrifos ND .
Tomato . Ajeep et al (2021)
Cypermethrin ND
Chlorpyrifos 62.58
Chlorpyrifos 52.43
Chlorpyrifos 41.89
Tomato Chlorpyrifos 30.43 Rani et al (2013)
Chlorpyrifos 27.27
Chlorpyrifos 20
Chlorpyrifos ND
Azoxystrobin 88
. Boscalid 88
Tomato (marissa) . Jankowska et al (2016)
Cyprodinil 81

pyraclostrobin 73




Azoxystrobin 82

Boscalid 55
Tomato (Harzfeuer) .
Cyprodinil 93
pyraclostrobin 72
Orange Chlorpyrifos 0.02 +- 0.002 El-Sayed et al (2021)
Boscalid ~61
Chlorpyrifos ~52
Difenoconazole ~74
Apple (2012) . .
Pyrimethanil ~ 58
. . Kowalska et al (2022)*
thiacloprid ~ 49
Cyprodinil ~53
Apple (2020) Boscalid ~ 43
PP Tebuconazole ~ 100
Chlorpyrifos 30
Cypermethrin B 66
Apple Kong et al (2012
PP Tebuconazole 34 8 ( )
Carbendazim 30
Cyprodinil 0.19
Apple (Gala) Difenoconazole 0.41 Stowik-Borowiec et al (2020)
Tebuconazole 0.19
Apple Chlorpyrifos 100 Pirsaheb et al (2016)

3.7 - Remaining Thermal processes

3.7.1- Freezing

One study mentioned the effect of freezing on pesticide residues concentrations in apples (Pirsaheb
et al., 2016). The study showed that Chlorpyrifos reduced by 66% after 48 hours at 4 °C (Tab S1). While
this is not of the most used household processes, it is interesting because many household are
costumed to store food for a period of time before consumption. Moreover, some studies in this
systematic review mention the storing of products after harvest at low temperatures before pesticide
analysis takes place. It is important to understand (and report) that storage of freezing will likely affect
the concentrations of these experiments and could influence the interpretability of these studies.

3.7.2 - Microwave heating

Bonnechére et al (2012) investigated the combined effects of soaking, blanching and microwave
heating on Boscalid and Iprodione concentrations on spinach samples. A clear increase in pesticide
concentration was observed after microwave heating for Boscalid (PF=1.06 —1.12) and lprodione (PF
= 0.84 — 0.84) in comparison to only soaking and blanching spinach samples (PFposcalid = 0.71 — 0.55 &
PFiprodione = 0.42 — 0.63) (Tab S1). This observations was attributed to the evaporation of water, which
resulted in mass reduction of the samples.

4 - Factors influencing pesticide reduction

The systematic review results indicate that the effectiveness of pesticide  reduction is  highly
differential between types of pesticide, product and household process. Moreover, multiple studies




mention contradictive results while investigating similar PPP combination, which illustrates the
challenge of reaching trustworthy PF values. Differences in study protocols (sample size, waiting
period, amount of pesticide applied, measurement technique) could provide a possible explanation
and will be discussed here.

4.1 - Octanol-water coefficient (Kow)

In Table 1, the pesticides physio-chemical characteristics that are known to influence the removing
efficiency of pesticide residues are shown, among which the octanol water coefficient (Kow). The Kow
measures the ratio of a chemical’s concentration in octanol and water and is also described as log P.
The Kow is a widely used characteristic that describes the hydrophobicity/hydrophilicity of a chemical
(Cumming & Ricker, 2017). In general, chemicals with a high K. would accumulate more in octanol,
which implies a higher lipophilicity.

Holland et al (1994) argued that the ability to penetrate a product’s lipid wax or cuticle will enhance
the difficulty to wash off the pesticide. Therefore, it is expected that pesticides with high Ko values,
also defined as ‘hydrophobic’, will have lower observed reduction values after washing or soaking.
Studies in this review acknowledge this assumption in general, however it should be noted that the
period between pesticide application and the washing process plays an equally important role (Holland
et al., 1994; Keikotlhaile et al., 2010). Chlorpyrifos, a hydrophobic pesticide (Kow = log 4,7), was reduced
35% less efficiently from tomatoes 10 days after pesticide application (Rani et al., 2013). However, on
lettuce samples no significant decreased in removal was noticed for Chlorpyrifos after a longer waiting
period (Akoto et al., 2016).

A solution for pesticides with high octanol-water coefficients could be by adding certain detergents for
soaking/washing processes. Increasing the salinity of water will decrease the Ko of pesticides and
make them more water soluble (Saranjampour et al., 2017). Unfortunately, only few studies in this
review investigated the effects of a salt solution on the reduction of pesticides. Soaking lettuce in a
salt solution showed to be far more efficient in removing Chlorpyrifos in comparison to washing with
tap water, with mean reductions ranging between approx. 26 — 39% and 9 — 14%, respectively (Akoto
et al.,, 2016). For spinach samples, similar reduction results were found for Chlorpyrifos and
Cypermethrin (approx. 26 and 23% reduction, respectively) (Amir et al., 2019).

4.2 - Systemic vs non-systemic

Besides hydrophobicity, the mode of action of a pesticide determines the location of a pesticide in
fruits or vegetables. Pesticides can be categorized in two groups based on their mode of action:
systemic and non-systemic (Hrynko et al., 2023). Systemic pesticides may be taken up by the plant and
reside deeper into the plant or product, whereas non-systemic pesticides remain on the surface of the
plant or product (Hou et al., 2016; tozowicka et al., 2020). In general, it is assumed that systemic
pesticides are less exposed and, therefore, less susceptible to surface reduction practices. However,
caution is advised with over generalizing this assumption. tozowicka et al (2020) calculated
penetration factors for multiple pesticides, whereby some non-systematic pesticides showed better
penetration capabilities than systematic ones.

As previously mentioned, the period between pesticide application and reduction process plays an
important role for the effectiveness of removal strategies for both systemic and non-systemic
pesticides. Imidacloprid (systemic pesticide) concentration was reduced by approx. 30% one hour after
pesticide application, whereas only approx. 9% reduction was measured 14 days after the pesticide
application (Hendawi et al., 2013).



4.3 - Product characteristics

Besides the different physio-chemical properties of the pesticide, the characteristics of fruits and
vegetables matter. The major characteristics that influence the removal efficiency of pesticide are a)
the surface area and the type of wax-layer of the fruits/vegetable skin c) the general cleaning practices
per product.

Firstly, Yang et al (2022) showed that reduction in lettuce was more efficient (67.4%) than in spinach
samples (55.1%) for the same pesticides. A previous study found a similar removal efficiency
differences between the leafy vegetables kumquat (25%) and spinach (11%) (Wu et al., 2019). They
hypothesize that leafy vegetables with a larger surface area (e.g. lettuce) have more contact
points/area to the washing solution and therefore show higher reduction percentages.

Secondly, fruits and vegetables contain a protective lipid-dense layer around the inner parts called a
cuticle or wax-layer. Dependent on the hydrophobicity of a pesticide, this determines the ability to
bind/penetrate into the wax layer and decrease the removal efficiency of washing and thermal
processes. A comparison study between types of lettuce showed that Mancozeb, a water-soluble
fungicide (Kow = 2.3), was easier removed from lettuce with more waxy surfaces (Lopez-Fernandez et
al., 2013). Other studies comparisons confirm this reasoning, for example the washing efficiency (same
duration) of Pyraclostrobin (Kow = 4.0, which is defined as hydrophobic) for tomatoes and spinach were
approx. 10-29% and 91.5%, respectively (Jankowska et al., 2016; S. J. Yang et al., 2022). Fruits like
tomatoes or apples have a thick wax layer or cuticle to protect their inner tissues, which is in general
is thicker than the protective layer around leaves (Liu et al., 2014; Schénherr, 2006).

Finally, studies mention washing and soaking steps above five minutes for certain fruits and vegetables.
While individual behaviour can vary substantially, the likelihood of people washing products (e.g.
tomatoes) for such a duration on a daily basis should be investigated. Another example of a study that
likely investigates ‘unrealistic’ washing periods is the study of Wasilewski et al (2021), where apples
are soaked for 30 minutes. While their results are interesting, the likelihood that individuals will
undertake such long washing steps in daily life seem unlikely (based on the authors personal
experience and rationale) and are worth taking into account in future research.

4.4 - Degradation mechanisms: Thermal processes & solvents

While thermal processes showed good results and washing/soaking with additives showed to often
have higher degradation levels of pesticides than with tap water, harmful metabolites/by-products
could be formed during the processes. Increased temperature and the presence of additives such like
organic acids (increase pH) or alkaline solutions (decreased pH) can increase hydrolysis reactions or
pesticide degradation (Amir et al., 2019; Holland et al., 1994; Keikotlhaile et al., 2010; Polat & Tiryaki,
2020). It is important to understand which mechanisms are involved between solvents and the
pesticide or whether the solvent increases the solvability of the pesticide without creating metabolites.

A metabolite of Chlorpyrifos, 3,5,6-trichloro-2-pyridinol, was found to be more toxic than the pesticide
itself, while also synergistically interacting with Chlorpyrifos (Ling et al., 2011). Another examples
shows that hydrolysis of Imidacloprid results in desnitro-imidacloprid, which is also deemed more toxic
for mammals than its predecessor (Klarich Wong et al., 2019). Several other examples mention the
formation of (more toxic) metabolites due to degradation reactions (hydrolysis, chlorination, etc.) of
pesticides (Chen et al., 2021; Rutkowska et al., 2023).

The question arises whether the observed high pesticide removal results via these degradation
reactions outweighs the formation of these metabolites or if less reactive processes such as washing
with tap water or peeling of the skin (removal instead of degradation) should be preferred.



Studies that investigate the risk of exposure to pesticides should start measuring the possible
metabolite concentrations before and after the reduction processes. There are studies that already
include metabolite measurements, which could provide information on the processing factors for the
pesticide of interest, while also determining the mean reduction/formation behaviour of the new
metabolite/product/pesticide combination Rutkowska et al (2023). Needless to say, such studies
would need beforehand knowledge on the possible metabolite formation.

5 - Comparability studies

In Table S1 all study results included in this systematic review are displayed and compared to one
another when similar PPP combinations were investigated. Pesticide measurements are subject to
multiple factors that can differ per study protocol. This could influence the observed outcome and
thereby hamper comparability between studies. A general stepwise experimental protocol can be
observed in the type of studies mentioned in this review; 1) obtaining food samples, 2) application of
pesticides, 3) processing of sample and 4) analysis of pesticide residues. The latter step can be further
divided into four major steps: (4.a) preparing the sample, (4.b) liquid extraction of analytical portion,
(4.c) extract purification and (4.d) extract quantification, as described by da Silva & Camdes (2010). In
this section, possible factors in the overall study protocol that is characterized by steps 1 to 3 and the
factors that are of interest in the analysis of pesticide residues (characterized by steps 4a to 4d) will be
further discussed.

5.1 - Study protocol

The majority of the studies mentioned the size and number of samples that are included to determine
a mean concentration, while some studies solely mentioned the time between pesticide application
and reduction processing step (Table S1). Comparability of study results becomes difficult when it is
unclear for how long pesticides have had the time to penetrate the products wax layer, which is proven
to influence the reduction efficiency, as previously discussed in this paper (Akoto et al., 2016; Hendawi
et al., 2013). Sample size was often referred to as the mass of sample that was used or the number of
gas/liquid chromatography (GC or LC) measurements that were performed. The latter provides an
indication on how representable and trustworthy the mean and standard deviation (SD) values are,
while only mentioning the sample mass does give little information by itself.

Other factors such as the dosage of pesticide application could affect the relative reduction of
processing steps. Hypothetically, the increase of pesticide dose on a product could influence the
number of measurements that fall below the limit of quantification (LOQ), thereby decreasing the
measurement certainty because it is not clear how far the concentrations lies below the LOQ. Multiple
studies mentioned that they apply a dose that is double the amount of the recommended government
thresholds (Ahammed Shabeer et al., 2023; Hrynko et al., 2023; Lozowicka, Jankowska, & Rutkowska,
2016; Rani et al., 2013). Interestingly, Rani et al (2013) showed that reduction of single and double
dose applied Chlorpyrifos followed almost identical reduction percentages after washing procedures
which argues that the effect of pesticide dosage is of limited importance. However, Chlorpyrifos is a
non-systemic pesticide and is not taken up by the plant. If a systemic pesticide, such as Difenoconazole,
would be sprayed/applied to a field with double or triple dosage, the extra surplus could be taken up
or relocate from the stem or roots to the inside tissue of the fruit or (vegetable) leaf (Chen et al., 2021,
T.Yang et al., 2016).



5.2 - Analysis uncertainties

Currently, the standard method to extract pesticide residues from fruit and vegetables for sample
analysis is the QUEChERS method (Lehotay, 2011). This method was developed by Anastassiades et al
(2003) and has shown to produce high recovery rates for pesticides, while also being more cost- and
time efficient than previous extraction techniques (Kim et al., 2019). The QUEChERS is often used
together with gas or liquid tandem-mass chromatography (GC- or LC- MS/MS) which allows for the
measurement of multiple residues in one sample (Kim et al., 2019). However, within the QUEChERS
method there can be a variety in types of extraction solvents (Acetonitrile (MeCN) is the most
commonly used solvent), centrifugation settings or further clean-up steps based on the pesticide and
matrices that are investigated with the technique (Lehotay, 2011). In certain situations, additional
clean-up is needed to increase the selectivity and sensitivity during the LC-MS/MS or GC-MS/MS
analysis, for example when complex fruits/matrixes contain a high number of co-expressing
compounds (Rutkowska & Kaczy, 2019).

A returning challenge in GC (or LC)-MS/MS is the occurring of matrix effects, that influence the
guantification and reliability of residue measurements. Matrix effect (ME) are caused by compounds
that block active sites and cause less analytes to be measured, thereby affecting the signal of the GC
or LC, as described by Rutkowska & Kaczy (2019). ME are affected by a) the chemical characteristics of
the analytes (pesticide) such as pH-sensitivity, b) compounds present in the matrix which can be a
multitude of molecules in the homogenized fruits or vegetables, c) The number of active sites present
in the GC instrument and d) the concentration of the pesticide itself. These factors would argue in
favour of applying a higher dose of pesticides, since an initial high concentration of pesticide in the
sample would allow for a dilution of the sample to decrease the amount of interfering compounds
(zhou et al., 2017).

Matrix effects are most often measured with the help of calibration curves, whereby unexposed
matrices are injected into the GC or LC column (SANTE, 2019). According to the guidelines of the
European Commission, matrix effects should remain within the range of -20% — 20% to keep the
analysis acceptable. Moreover, other parameters concerning the sensitivity, recovery and precision
should be met before observed pesticide concentrations can be deemed true. To test the recovery and
precision of the samples and study set-up, a recovery experiment is conducted beforehand of the real
samples in which spike concentration of the analyte of interest are measured. The mean recovery value
should be within the range of 70 to 120%. The experiment should be repeated at least 3 times to test
the precision of the set-up, where the RSD should be lower or equal to 20% (SANTE, 2019) .

The majority of studies discuss and prove that they meet these criteria by conducting evaluation
studies, however there are individual pesticides where criteria were barely met (e.g. RSD = 0.9 - 19.4%,
with mean recoveries between 70% - 115% ) (Lozowicka, Rutkowska, Jankowska, et al., 2016). While
these cases meet the guidelines set by the European Committee (SANTE, 2019), there remains some
uncertainty in the measured concentration that can influence the Processing Factors and make study
comparability more difficult.

Finally, interpretation of residue concentrations that fall under the limit of detection (LOD) or limit of
quantification (LOQ) differs between studies. The majority of studies denote such concentrations as ‘<
LOQ ’ without calculating a PF or assume that the residue is the closest concentration under the LOD
or LOQ (Ajeep et al., 2021; Kowalska et al., 2022). In contrast, a single study assumed that the
concentration would be equal to zero and reported reduction percentages accordingly (A. Yang et al.,
2012). Calculating with assumed/predicted residue concentrations will have significant implications on
the PF and should be critically interpreted by the authors and reviewer before it can be compared to
other studies.



6 - Conclusion

This systematic review aimed to establish a clear overview of the effectiveness of different household
processing factors in reducing pesticide concentrations on fruits and vegetables. Moreover, it
discussed the multiple factors and determinants that play a role in pesticide reduction effectiveness.
Overall, peeling and boiling/blanching showed to be effective reduction strategies in most of the PPP
combinations that were found in de studies included in the review. Washing and soaking processes
showed less consistent reduction results, which could be mainly explained by the type of solvent,
hydrophobicity and mode of action of the pesticide and the duration of the process. Besides these
factors, the degradation point of pesticides showed to influence the effectiveness of boiling processes
and in some instances resulted in an increased pesticide concentration.

A often overlooked factor was the duration time between pesticide application and processing
moment. Additionally, only few studies included the formation of metabolites out of pesticide
degradation which is crucially important to fully comprehend the risk reduction/increase of the
observed processing factors.

Noteworthy were the lack of studies, with similar protocols, which made it difficult to interpret and
compare processing factors for all different process/product/pesticide combinations, which underlines
the need for further research on household processing factors for pesticides.
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