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The fresh-cut industry supplies the food market with healthy fresh fruit and vegetables

and, in that way, may contribute to improve the nutritional status of the general

population. On the other hand, over the last few years increasing concerns have

been raised regarding the environmental impact of the fresh-cut industry, human

health risks from exposure to disinfection by-products found in fresh-cut products

and chlorine-based disinfection treatments during produce processing. This review

provides a comprehensive view of the main interlinked aspects related to food safety

and environmental impact of processing of fresh-cut vegetables. Advantages and

downsides of the mainstream disinfection strategy, based on the use of chlorine-related

disinfecting agents, along with some alternative treatments close to a wide commercial

application, are discussed. Limitation in the application of these strategies to processing

of organic fresh-cut produce are also highlighted, examining the specific environmental

and food safety problems in the organic sector. Areas where lack of available information

hinders at present a clear understanding of priorities of research and action are

pointed out. Innovative conceptual tools are proposed to address these multiple and

interlinking issues and to overcome limitations of currently available technologies. A

comprehensive and multidisciplinary approach is suggested to move toward a more safe

and environmentally sustainable production of fresh-cut products.

Keywords: minimally processed, food safety risk assessment, environmental impact, regulatory framework,

chlorine, ozone, peroxyacetic acid, organic produce

INTRODUCTION

The fresh-cut fruit and vegetables (F&V) market in the high-income economies has been
characterized since the eighties by a rapid double-digit growth and it is now forecast to develop at
an even faster pace in the middle-income economies (Rojas-Graü et al., 2011; Baselice et al., 2017).
These consistent and continuing market trends have been attributed to the freshness, convenience,
and healthy attributes of ready-to-eat F&V. Convenience, along with sustainability and chemical-
free/organic nature, is currently viewed as one of the main drivers of the European F&V market
trends (CBI, 2021). In Europe the fresh-cut F&V market is dominated by ready-to-eat salads, with
market share ranging from 50 to 70% of total fresh-cut F&V market, the remaining share being
composed by fresh-cut fruits, and ready-to-cook vegetables and crudités (Fusi et al., 2016; Baselice
et al., 2017).
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The increased availability of fresh-cut F&V on the market has
been favorably evaluated from a nutrition perspective, because
it might facilitate an increased consumption of F&V in the
general population. In this way it may contribute to efforts
toward the yet-to-be achieved goal of a daily F&V consumption
of 400 g per capita, which is recommended by the WHO as
the minimum intake needed for a healthy diet (World Health
Organization, 2020). According to the European Fresh produce
Association, the average intake of F&V in Europe is estimated
at ∼364 g per day per capita, formed by 212 g of fresh fruit
and 152 g of fresh vegetables (Freshfel, 2021). Twenty-one out
of 27 European Member States are not reaching on average the
minimum consumption level recommended by WHO (Freshfel,
2021). An increased consumption of F&V, along with whole-
grain cereals, legumes and nuts, would be also important to
achieve one key objective set up by the European Farm to Fork
Strategy, that is reversing by 2030 the rise in obesity rates and
overweight, which now affects more than half of the European
adult population (European Commission, 2020a). Moreover,
there is now a broad consensus that moving to a more plant-
based diet, with less red and processed meat, would reduce not
only risks of life threatening diseases, but also the environmental
impact of the food system (Willett et al., 2019).

Besides the above mentioned potential benefits of the
availability of fresh-cut F&V on the market, in recent
years concerns has been increasingly raised regarding the
environmental sustainability of the fresh-cut industry (Manzocco
et al., 2015; Ölmez, 2017), along with food safety issues related to
fresh-cut produce (Gil et al., 2011; Gil and Allende, 2018). These
downsides are mainly associated to the processing phase. The
aim of this review is to discuss recent available information on
the food safety and environmental implications of the processing
process of fresh-cut vegetables, focusing on studies published in
the last years (2015–2021). The specific aim of this review is
to provide a comprehensive view of all the main critical food
safety and environmental issues related to the processing of fresh-
cut vegetables, whereas in the past most papers have examined
them separately. By this comprehensive approach, critical current
research gaps are tentatively identified, and new conceptual
and methodological tools are proposed to address the complex
interlinkages between the different aspects of this issue.

PRELIMINARY REMARKS ABOUT THE
NUTRITIONAL VALUE OF FRESH-CUT
PRODUCE

The contribution of fresh-cut products to the health benefits
associated to the global consumption of F&V is retained if it
is possible to assume that the operations involved in fresh-
cut production process do not substantially alter the nutritional
value of the freshly harvested product. A lot of studies have
been carried out on the effects of processing and storage on
the content of vitamins and bioactive phytochemicals in fresh-
cut products, focusing on different species, cultivars, treatment
and storage conditions (Gil and Kader, 2008; Barrett et al.,
2010). Partly due to the great heterogeneity of the evaluated

species and conditions, it is difficult to draw general conclusions
about the effects of processing on the content of vitamins and
phytochemicals in fresh-cut products. Contradictory results have
been reported even in the case of different studies dealing with
the same vegetable species subjected to similar treatments (De
Ancos et al., 2011). Moreover, most of these experimental results
were obtained in laboratory experimental settings that were often
poorly representative of real industrial processing conditions. In
any case, it deserves to be highlighted that the health benefits
attributed to the consumption of fresh F&V are not exclusively
related to the content of vitamins and phytochemicals. A very
important role is generally attributed also to other constituents,
such as minerals and, most importantly, dietary fiber, which are
expected to be negligibly affected by the processing and storage
conditions of fresh-cut products. For instance, there is strong
evidence that protection conferred by most plant-based foods
against many chronic diseases is linked to the associated intake
of dietary fiber (The Nordic Council, 2012). Moreover, the same
health protection is significantly due to the low energy density
and physico-chemical properties of plant-based foods, which can
contribute to weight maintenance, while obesity and excessive
body fat are established risk factors for most chronic diseases
(Bes-Rastrollo et al., 2006; Boeing et al., 2012). Thus, the low
energy intake and the intake of dietary fiber seem to play a major
role in the health benefits associated to F&V consumption. On
the contrary, it is not certain that the occurrence of a minor,
though statistically significant, difference in the content of some
phytochemical compound might always make a big difference.
Based on all these remarks, it seems reasonable to assume, as
a first approximation, that nutritional value and health-related
properties of fresh-cut products, considered as a whole, are not
substantially different than those of the non-processed fresh
counterparts. On the contrary, significant differences between
fresh-cut F&V and the corresponding non-processed fresh
products arise on the side of food safety (Gil et al., 2011; Gil
and Allende, 2018) and environmental sustainability of the whole
production process (Fusi et al., 2016) and are associated to the
processing phase.

PROCESSING OF FRESH-CUT
VEGETABLES: THE CRUCIAL STEP OF
WASHING/DISINFECTION

Main steps of processing of fresh-cut vegetables are reported
in Figure 1. Many studies in the last decades have led to the
identification of washing/disinfection, among all the processing
steps, as the most critical one, due to its crucial impact on
the safety and quality of the final product (Gil et al., 2012; Gil
and Allende, 2018) and on the environmental sustainability of
the whole process (Fusi et al., 2016). Several machine types are
used in the fresh-cut industry for the washing step but, apart
of differences in design, they generally operate by conveying the
product into a water tank, where it is subjected to an upward flow
of air bubbles or pressurized water, and where water may contain
or not a disinfecting agent (Gil et al., 2011). After a washing
time of few minutes, the product is carried outside of the tank
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and eventually rinsed with clean water, if previously exposed to a
disinfecting agent (Figure 2). The washing step is needed in the
processing of fresh-cut vegetables because they are substantially
different from the non-processed counterpart, mainly due to two
kinds of reasons. First, cutting operations deprive the vegetable
from the outer skins and peels that normally protect the internal
tissue from microbiological invasion, while allowing juices to
leak from the inner tissues onto the vegetable surface. These
effects of cutting explain the reason why microbial growth is
much greater on a minimally processed product as compared
with the corresponding intact product (Hurst, 2002). Thus, large
microbiological populations, including potentially high levels of
human pathogen, may develop on the surface of cut produce. It is
worth mentioning that these factors may have a different impact
depending on the vegetable type. For example, in the case of baby
leaves processing involves neither leaf cutting, nor elimination of
external leaves/cores, thus reducing the impact of the processing
operations on the relatedmicrobiological issues. Second, in many
cases, as for salads, fresh-cut vegetables are ready-to-eat products,
that are sold to be consumed raw, just upon opening of the
bags, without additional home washing or preparation. For these
reasons ready-to-eat fresh-cut products would entail an increased
risk of foodborne disease outbreaks. These differences from intact
vegetables justify the need for a specific regulation referred to
ready-to-eat fresh-cut produce, which specify criteria related to
the control of pathogens level in marketed products and during
the manufacturing process (European Commission, 2005, 2007).

A basic approach for the washing step involves the use
of potable water, without any disinfecting agent, and the first
purposes that may be achieved by such treatment are product
pre-cooling, removal of dirt and pesticide residue, removal of
cell exudates that stick to the product cut surfaces and reduction
of microbial load. Generally, the microbial load of vegetables
entering the fresh-cut industry may range from 5 to 9 logarithmic
units, whereas an average reduction of about 1 log unit may be
achieved upon washing, due to the sole mechanical removal effect
by the water turbulent flow (Manzocco et al., 2015). However,
the main drawback of washing with simple potable water is that
organic matter tends to quickly accumulate within the washing
tank if water is not continuously renewed. This may promote
microbial proliferation in the processing washing water and,
thus, in turn, cause cross contamination of the new product
freshly conveyed into the washing tank. To minimize this risk
an increased rate of water turnover could be applied (Holvoet
et al., 2012), but the high operational costs of water use hinder
this approach (Luo, 2007). Moreover, in general, it is not known
how large the amount of water needed to minimize the risk of
cross-contamination should be, whereas according to Gil et al.
(2011) even the use of large amount of potable water would not
eliminate this risk.

The above reasons are generally put forward in the scientific
literature to justify the need of the application of a disinfection
treatment. The purpose of the treatment would not be to
completely decontaminate the product, but to control the level
of microbial load within the washing tank and, thus, to minimize
the risk of cross-contamination. This approach would guarantee
a satisfactory level of microbiological quality of the final product,

FIGURE 1 | Product flow diagram in a typical fresh-cut vegetables production
process.

while allowing to reduce the rate of water turnover and the
consumption of water needed for the whole process (Manzocco
et al., 2015; Gil and Allende, 2018).

DISINFECTING AGENTS: CHLORINE

The most widespread approach for disinfection of process
washing water is based on the use of chlorine, that is generally
applied as liquid, in the form of sodium hypochlorite (NaOCl)
or calcium hypochlorite [Ca(OCl)2] solution, or as a gas, in
the form of chlorine (Cl2) or chlorine dioxide (ClO2). Reasons
for the widespread adoption of these agents are the established
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FIGURE 2 | Schematic diagram of the washing/disinfection processing unit for
fresh-cut vegetables.

knowledge of conditions and effects of their use in water
disinfection, ease of application, good cost effectiveness in an
industrial setting, and their antimicrobial efficacy by a short
contact time in chilled water (Goodburn and Wallace, 2013; Gil
and Allende, 2018).

Chlorine. Environmental Issues
On the other hand, several disadvantages of chlorine have
been highlighted. The first one is that, even though reduced
by the use of chlorine, the amount of water needed for the
washing operations is still huge. In the fresh-cut industry the
global consumption of water ranges from 2 to 11 cubic meters
per ton of product, and in the case of leafy vegetables about
90% of this water consumption is estimated to be due to the
washing step (Ölmez, 2017). In general, water used in food
processing plants has impacts at local, regional, and global
levels, due to its uptake from local resources (Moravicki, 2012).
In the case of the fresh-cut industry, which in many cases
tends to develop in geographically concentrated and specialized
industrial districts, this impact may be remarkable on aquifers
at a local level. A second important disadvantage of the use
of chlorine is the high amount of highly polluted wastewater
generated by the process. It is estimated that in the fresh-cut
industry a range from 11 to 23 cubic meters of wastewater are
generated per ton of product (Ölmez, 2017). These levels fall
within the range from about 5 to 70 cubic meters per ton of
product, which has been reported for average levels of wastewater
produced by the whole industrial sector of processing of fruits
and vegetables in the USA (Moravicki, 2012). In the case of
the fresh-cut industry, pollution of wastewater is mainly linked
to the high organic load and to the presence of Disinfection
By-Products (DBPs) associated to the use of chlorine (Ölmez,
2017). In general, effluents coming out of processing plants
needs treatment before they are returned to water bodies, which
require more energy and chemicals. Production of energy and
chemicals both involve the release of carbon dioxide in the
atmosphere (Moravicki, 2012), thus, wastewater treatment has
an indirect impact on greenhouse gases emission. Moreover,

according to the opinion of Ölmez (2017) the main impact
of the fresh-cut industry on water resources is due to the
highly polluted wastewater discharges rather than the amount of
water used.

In line with the above observations, the environmental
burdens of the whole manufacturing process of fresh-cut salad,
as evaluated by application of the Life Cycle Assessment (LCA)
methodology, have resulted to be heavily influenced by the
processing phase (Fusi et al., 2016). According to this evaluation,
both the washing and the packing steps had the highest impact,
due to electricity and water consumption. Electricity used both
for the washing and packaging phases as well as for the
refrigerated storage at the plant facility was estimated at 0.109
kWh for the production of a package of salad (130 g). Additional
electricity consumption was associated to the operation of
the wastewater treatment plant (Fusi et al., 2016). On the
contrary, the contribution related to the production and disposal
of packaging material resulted to be of minor importance.
Interestingly, the Authors noted that their evaluation did not
assign any characterization factor to the use of chlorine and to the
formation of its by products, while the effects associated to their
eco and human toxicity could deserve a further consideration.
Moreover, the Authors estimated that the application of a proper
filtration treatment would accomplish for a recovery of 40% of
the washing solution, while reducing the amount of the water
used in the washing step. This could represent an effective
solution to improve the environmental performance of the fresh-
cut industry. In line with this approach, a more recent LCA
study has estimated the reduction of the environmental load
that could be achieved by the application of four novel filtration
technologies (Vigil et al., 2020). All the novel technologies
showed a decreased environmental burden that was mainly due
to the decrease in water consumption, which, in turn, implied
a decreased consumption of electricity for water cooling and
pumping. The environmental gains were also maintained even
if the increases in water recirculation rates were limited and/or
the addition of reduced amounts of chlorine were still needed
to ensure an acceptable level of produce quality. These results
from lab scale investigations were promising from the perspective
of the reduced environmental impact. However, they should
be corroborated by experimental studies at the industrial scale
to evaluate the suitability of these technology in ensuring also
acceptable levels of food safety and quality.

From a regulatory perspective, it has been observed that, while
at present in the European Union only potable water can be
used in direct contact with food products during processing
(European Commission, 2004), there are important differences in
the water quality characteristics between potable, clean and non-
potable water. Taking this into account, it has been suggested that
regulatory agencies should consider the possibility of including
the use of water of appropriate quality for a particular application,
which could be defined as “suitable for intended use,” rather than
restricting the possibility to the sole use of potable water (Gil and
Allende, 2018). This could help producers adopt solutions for
reuse of wash water, thus reducing the amount of potable water
used in the process.
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Chlorine. Food Safety Issues
Other disadvantages of the use of chlorine are linked to the
occurrence of residues of DBPs in the final product. There are
two main groups of DBPs: the first is a group of chemicals that
are formed in the water by reaction of chlorine with organic
matter. This group includes trihalomethanes (THMs), haloacetic
acids (HAAs), haloacetonitriles (HANs), halonitromethanes,
haloacetamides, haloketones, chloral hydrate, and chloripicrin,
that are formed when chlorine reacts with organic matter,
whereas bromo THMs, HAAs, and HANs are formed when
bromine is present in the water (Anand et al., 2014; Lee
et al., 2019). Some of these compounds are harmful to
human health and for this reason maximum contaminant
levels are established for them in drinking water. In the USA
the regulation levels are set at 80 µg/L for the total four
trihalomethanes (including chloroform, bromodichloromethane,
dibromochloromethane, and bromoform), 60 µg/L for the total
five haloacetic acids (USEPA, 2006), whereas in the EU only
total THM concentrations are regulated with a maximum
contaminant level of 100 µg/L (European Commission, 1998).
Other groups, such as haloacetonitriles, halonitromethanes, and
haloacetamides, raise concerns due to their potential higher
toxicity and are now viewed as emerging chlorination DBPs.
Among them, the WHO has recently set guideline values
for dibromoacetonitrile and dichloroacetonitrile at 70 and
at 20 µg/L, respectively, in drinking water (World Health
Organization, 2017). At present regulations or guidelines on
the levels of DBPs have been adopted only for drinking water
but not for foods, even though safety risks associated to the
presence of DBPs residues in foods from the use of chlorine-
based sanitizers have been highlighted (FAO/WHO, 2008). In the
literature few data have been reported on DBPs residues in fresh-
cut products, and mainly limited to THMs and HAAs (Lee et al.,
2019). As an additional problem, these limited data are often
quite contrasting. Large differences have been found in the levels
of DBPs not only on samples obtained by laboratory washing
tests, but also on products purchased from the market, ranging
from few ng g−1 (Gómez-López et al., 2013; Fan and Sokorai,
2015) to more than 1000 ng g−1 (Coroneo et al., 2017). Many
factors may have contributed to this great variability, included
the lack of a robust and validated analytical method for the quite
challenging quantification of these compounds (Lee et al., 2019).
Moreover, most data come from laboratory tests that in many
cases were poorly representative of washing conditions at an
industrial setting. The scarcity of data on this groups of DBPs
residues in fresh-cut products has been recognized as a significant
hindrance to achieve a satisfactory assessment of the related food
safety risk (FAO/WHO, 2008; Lee et al., 2019).

A second group of DBPs that may residue on fresh-cut
products is represented by chlorates. Chlorate (ClO3

−) is an
anion that can form salts, e.g., with sodium, which are strong
oxidants. Based on this property, since the nineties, chlorates
were used as herbicides and biocides in agriculture, but in 2008
chlorate was banned in the EU for its application as pesticide, due
to its harmful effects on human health, taking into consideration
the unacceptable exposure for operators (European Commission,
2008a). Thus, at present, chlorate may only residue as a DBP,

when using chlorine, chlorine dioxide or hypochlorite, for the
disinfection of drinking water, water for food production and
surfaces coming into contact with food (European Food Safety
Authority, 2015). In the case of disinfection of water for the
food industry, chlorate occurrence as DBP is commonly due
to its presence in the hypochlorite reagents, where it forms by
disproportionation reaction of chlorine that is slowly converted
to chloride and chlorate (Gil et al., 2016). As a consequence,
in the fresh-cut processing, in general, the higher the amount
of hypochlorite solution is added to the washing water the
higher level of chlorate residue will result on the final product
(Garrido et al., 2019). The risks to human health related to
the presence of chlorate in food has been assessed in EU by
the EFSA (European Food Safety Authority, 2015). According
to this assessment inhibition of iodine uptake in humans was
identified as the critical effect for chronic exposure to chlorate
and a related tolerable daily intake (TDI) of 3 µg chlorate/kg
body weight (b.w.) was established. The mean dietary exposures
to chlorate in European countries exceeded the TDI in certain
subgroups of the population. The assessment also recognized
that the application of the WHO guidance level for chlorate in
drinking water of 0.7 mg/kg, as a hypothetical maximum residue
limit (MRL) to all foodstuffs and drinking water, would only
minimally reduce acute/chronic exposures and related risks. Also
based on this assessment a recent EU Commission Regulation
has set temporary maximum levels of chlorate in food, at levels
which are “as low as reasonably achievable” (ALARA principle)
by following good manufacturing practices, while ensuring at
the same time that good hygiene practices remain possible
(European Commission, 2020b). Limits have been set for specific
food groups, such as leaf vegetables (0.7 mg/kg), root and tuber
vegetables, including carrots (0.15 mg/kg), brassica vegetables,
splitted in flowering brassica (0.4 mg/kg), head brassica (0.07
mg/kg) and leafy brassica (from 0.02 to 0.6 mg/kg), and others.
These limits have been established as temporary and are intended
to be reviewed at the latest within 5 years of publication of the
Regulation, in the light of possible developments in the area of
hygiene, of drinking water, and further progress made by food
business operators to bring chlorate levels down. Even for this
reason, the adoption of the Regulation is expected to promote
the development of innovations in the fresh-cut sector aimed at
a further reduction of chlorate residue levels. The occurrence of
these potentially harmful DBPs residues in fresh-cut vegetables
sheds light on the challenging nature of the management of food
safety of fresh-cut products by using chlorine-based disinfecting
agents. In fact, the need of reducing the microbiological risk
associated to bacterial pathogensmay potentially come in conflict
with the concurring need of minimizing the chemical risk
associated to the formation of chlorine related DBPs.

Chlorine. Food Quality Issues
As regards quality attributes, a specific disadvantage of the use
of chlorine as disinfecting agent is related to the occurrence of
the characteristic familiar chlorine odor upon opening of the
salad bags (Bett, 2002; IZSVe, 2015). The occurrence of this
olfactory defect may critically undermine the image of product
wholesomeness and naturalness, as perceived by the consumers.
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Chlorine solutions, as other sanitizers, can impart a flavor on
produce if allowed to remain on the surfaces, giving rise to
the perception of unpleasant off-odors (Bett, 2002). Despite the
repeatedly reported occurrence of this defect, no information is
available in the literature on the characterization of this off-odor
in fresh-cut produce. According to studies on drinking water,
it is plausible that volatile compounds that may contribute to
the chlorine-like off-note are mainly chloramines and, at a lower
level, chlorine itself. All these compounds are characterized by
“chlorinous” and “swimming pool” odor notes (Dietrich and
Burlingame, 2020) and are likely responsible for the chlorine
off-notes rather than chloroform and other volatile chlorine-
related DBPs that have been found within fresh-cut salad bags
(Díaz-Mula et al., 2017; Raffo et al., 2020, 2021). As mentioned
above, chloroform and DBPs are formed by reaction of chlorine
with organic matter, whereas chloramines are formed by reaction
of chlorine with ammonia: the occurrence of ammonia, but
not of the derived chloramines, has been recently observed in
the headspace of packaged fresh-cut salads (Dryahina et al.,
2020). It is plausible that technical challenges in the analytical
determination of these volatile compounds have limited the
chances of their detection and hindered a clear understanding
of the molecular basis of the related off-odor along with the
conditions that promote its development.

Chlorine. Legal Issues
An important limitation of the use of chlorine is related
to the legal framework. At present the use of chlorine
for disinfection of fresh-cut products is prohibited in some
European countries, such as Belgium, Denmark, Germany, The
Netherlands, Switzerland, based on national level restrictions.
In addition, in Europe chlorine and related substances are
not allowed to be used in the processing of organic fresh-cut
products, based on the positive list of substances that can be used
in the processing of organic food, as reported in Commission
Regulation n. 889/2008 (European Commission, 2008b). The
consequent need to develop alternative washing strategies for
organic fresh-cut products, could have an increasing importance
in the next future. In the EU the market of organic processed
foods has been observed to grew at an average level of 6% (Van
den Berg, 2019), and a steady growth is expected for the next
years. Moreover, within European Countries, an additional push
to the growth of the market of organic processed foods could also
come from the objective established in the Farm to Fork Strategy,
as part of the European Green Deal, to reach at least 25% of the
EU’s agricultural land under organic farming by 2030 (European
Commission, 2020a).

DISINFECTION STRATEGIES PROPOSED
TO REDUCE OR REPLACE THE USE OF
CHLORINE

Strategies for a Reduced Use of Chlorine
Due to all these drawbacks efforts have been put in place to
develop alternative disinfection strategies with the aim to reduce
or replace the use of chlorine. Chlorine still being the mainstream

option in many instances, a first line of intervention has been
addressed to optimize conditions of washing water disinfection,
with the objective to add the minimum chlorine amount needed
to avoid cross-contamination while minimizing the formation of
DBPs (Table 1). Different ranges have been reported for the level
of chlorine commonly applied by the industry, from a minimum
of 5mg L−1 to a maximum of 200mg L−1. Moreover, it has been
shown that relatively low concentrations (7–20mg L−1) could
be sufficient to prevent potential cross-contamination associated
with the reuse of wash water (Ölmez, 2017). However, managing
washing systems at an industrial level to avoid hyperchlorination
and keep in the washing water the needed level of free chlorine is
far from being an easy task. This is due to the great variability of
the physicochemical and microbiological properties of the wash
water, which is caused by the constantly changing conditions
of the production lines. Recent investigations have shown that
obtaining empirical evidence of basic concepts of chlorination
management at industrial scale is a quite complex task, as
well as monitoring and controlling the free chlorine level in
the processing wash water (López-Gálvez et al., 2019; Tudela
et al., 2019a). These studies highlighted the need to optimize
the operation of processing lines at commercial scale to reduce
both microbial and chemical risks. A recent study has attempted
to develop and validate a produce-specific (for cut carrots, cut
green cabbage, and cut iceberg lettuce) mathematical model of
free chlorine dynamics within washing tank that is consistent
regarding free chlorine replenishment as well as across multiple
experimental scales, such as laboratory or pilot plant scale
(Srinivasan et al., 2020). According to the Authors, such models
could serve as important tools aimed at validating free chlorine
compliance within operational limits as well as guiding large-
scale commercial experiments focused on improving chlorine
management strategies relevant for industry. Another study,
performed at a laboratory scale and designed to establish
lower and higher operational limits for the use of sodium
hypochlorite in washing of fresh-cut produce, showed that for
some types of vegetables it was not possible to establish higher
operational limits based on the occurrence of DBPs (Tudela
et al., 2019b). In these cases, even free chlorine levels as low
as 10mg L−1 caused an excessive concentration of chlorate
in the wash water. The Authors also suggested that reduction
of the accumulation of DBPs may be achieved by produce
prewashing, thus lowering the level of chlorine to be added, or by
increasing water replenishment rates, which would also increase
water consumption.

Strategies to Replace the Use of Chlorine
Several methods are under investigation to replace to use
of chlorine by applying biological-based methods, alternative
chemical compounds and physical methods, or a combination of
these approaches. Advantages and limitations of some of them
are reported in Table 2. Recent reviews have given an updated
information on these developments (Ölmez and Kretzschmar,
2009; Ramos et al., 2013; Manzocco et al., 2015; Meireles et al.,
2016; Ali et al., 2018). Some methods have been shown to be
promising alternative disinfection strategies by laboratory scale
experiments but more research is needed to demonstrate their
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TABLE 1 | Summary of recent studies aimed at optimizing conditions of chlorine application during washing water disinfection.

Study aim Experimental setting Measured parameters Types of fresh-cut produce Free chlorine concentration

(mg L−1) in washing water

References

Characterization of process wash water and
washed products

Commercial scale Physicochemical, microbial
spoilage, chemical
contaminants

Baby leaves, fresh-cut lettuce,
shredded vegetables

Range: 40–60 López-Gálvez
et al., 2019

Effect of conditions of chlorine application on
process wash water and washed products

Processing lines at
commercial conditions

Physicochemical, microbial
spoilage, chemical
contaminants

Baby leaves, romaine, and
iceberg lettuce Liquid chlorine: manual

procedure: 40–80
automatic procedure: 10–20
Chlorine gas:
manual procedure: 80
automatic procedure: 10–20

Tudela et al.,
2019a

Assessment of free chlorine operational limits Laboratory scale Physicochemical, microbial
spoilage, chemical
contaminants

Lettuce, baby leaves, cabbage,
diced onions

Levels: 0, 10, 20, 30 Tudela et al.,
2019b

Development of a produce-specific mathematical
model to predict free chlorine dynamics

Laboratory scale Physicochemical Carrot, cabbage, iceberg lettuce,
lettuce

25 Srinivasan et al.,
2020

Quantitative microbial risk assessment model to
estimate cross-contamination during washing

Computer simulation,
mathematical modeling

None Leafy greens Levels: 0, 5, 10, 25, 50, 150, 250 Maffei et al., 2017

Effects of physicochemical parameters on chlorine
demand of process wash water

Laboratory scale Physicochemical Romaine lettuce, iceberg lettuce
fruits

Levels: 50, 75, 100 (initial
chlorine level)

Chen and Hung,
2017

Development of a chlorine dosing strategy to
maintain microbial safety and minimize residual
chlorine

Laboratory scale Physicochemical, microbial
spoilage

Lettuce, strawberry Levels: 10, 30, 60, 90 Chen and Hung,
2018

Evaluation of the chlorate accumulation in process
wash water and in fresh-cut produce

Commercial and
laboratory scale

Physicochemical, chemical
contaminants

Lettuce Levels: 3, 20–25 Gil et al., 2016

Influence of conditions of water chlorination on
efficacy in preventing cross-contamination

Laboratory scale Physicochemical, microbial
spoilage

Lettuce Prewash levels: 0, 5, 20, 30 Fu et al., 2018

Determination of the minimal free chlorine
concentration for preventing cross-contamination
during produce washing

Commercial scale Physicochemical, microbial
spoilage

Chopped lettuce, shredded
lettuce, diced cabbage

Range: 0–22.5
Average levels: 6.5 (romaine),
11,5 (iceberg), 16.8 (cabbage)

Luo et al., 2018

Effect of pH regulators on chlorine concentration in
process wash water

Laboratory scale Physicochemical, microbial
spoilage, chemical
contaminants

Lettuce 25 Marín et al., 2020

Relationship between oxidation reduction potential
and free chlorine during fresh produce washing

Laboratory scale Physicochemical Carrots, onions, romaine, and
iceberg lettuce

Levels: 0, 100 Van Haute et al.,
2019

Method by UV absorbance determination for
predicting chlorine demand in process wash water

Laboratory scale Physicochemical Cabbage, carrot, lettuce, onion Whole range tested: 0–400 Van Haute et al.,
2018

Estimation of chlorine demand input and chlorine
decay kinetics of fresh-cut produce wash water

Laboratory scale Physicochemical Romaine lettuce, iceberg lettuce,
carrot, baby spinach

Free chlorine levels not reported.
Only chlorine demand levels
reported:
0–700, whole range tested

Weng et al., 2016

Mathematical model to predict physicochemical and
microbiological parameters in process wash water
and produce

Laboratory scale,
mathematical modeling

Physicochemical, microbial
spoilage,

Baby spinach leaves, lettuce Range: 0–13 Azimi et al., 2017
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effective use at industrial scale. In the present review an update is
given for some methods that are close to a validation or to a wide
application at an industrial level.

Peroxyacetic Acid
Peroxyacetic acid (CH3CO3H), also named as peracetic acid
(PAA), is the peroxide of acetic acid and is commercially
available as a quaternary equilibrium mixture of acetic acid
(CH3CO2H), hydrogen peroxide (H2O2), peroxyacetic acid,
and water. Properties of PAA such as ease of implementation,
relatively low cost, broad spectrum of antimicrobial activity
given organic matter presence, short contact time, limited
dependence on pH, lower tendency to form chlorinated DBPs
than chlorine, calls for its advantageous use in disinfection of
fresh-cut produce (Banach et al., 2015, 2020). Evaluation of
managerial criteria, such as costs and complexity of operation,
has led to the conclusion that PAA is a cost-effective technology
on a lower scale application, whereas maintenance and operation
are relatively simple, similarly to sodium hypochlorite treatment
(Banach et al., 2015). However, its lower antimicrobial efficacy,
when compared to chlorine, has been judged not sufficient to
obtain a substantial reduction in the microbial load of fresh-cut
produce in some experimental studies (Ölmez and Kretzschmar,
2009). On the contrary, a recent investigation conducted under
an industrially environment suggested that a solution of PAA
(at 75mg L−1) could be an effective disinfectant for processing
of fresh-cut lettuce (Banach et al., 2020). Moreover, a definite
advantage of PAA application over sodium hypochlorite could be
the lower level of toxic by-products formed by its use. Results
from a recent study at a laboratory scale clearly demonstrated
that washing by PAA generated much less DBPs than washing by
sodium hypochlorite (Lee andHuang, 2019). From the regulatory
point of view, in the USA PAA is considered a Generally
Recognized As Safe (GRAS) compound and it is included in
the list of chemicals allowed to be used in washing of fruits
and vegetables, with the limitation of maximum concentration
of 80mg L−1 in wash water (FDA-USDA, 2021a). As regards
the organic sector, as stated by current European regulation on
organic food processing (European Commission, 2008b), the
use of PAA it is not allowed for washing of organic fresh-
cut vegetables. Regarding the environmental dimension, no
information is available on the effect of this disinfection strategy
on the amount of water consumed. As regards the quality of
wastewater, as mentioned above, treatment with PAA is capable
to reduce both the number and amount of potential ecotoxic
DBPs that may residue in the wastewater after produce washing
(Lee and Huang, 2019).

Ozone
Ozone (O3) is a partially water soluble gas, which is a strong
oxidant that can elicit high antimicrobial activity (Ölmez,
2012). It can be applied for disinfection of fresh-cut produce
both dissolved in water and as gas (Meireles et al., 2016;
Aslam et al., 2020). Several lab scale investigations have
demonstrated that ozone produces a microbial log reduction
similar to chlorine (Goodburn and Wallace, 2013). Interestingly,
a recently proposed approach, based on the combined action

of ozone and lactic acid, suggested that hurdle technology
may allow for an increased antimicrobial efficacy compared to
independent disinfection strategies (Wang et al., 2019). One
of the key advantages of ozone is the lack of production of
chlorinated DBPs (Ölmez, 2012). This advantage is partially
offset by the production of highly toxic brominated DBPs,
when bromide is present in the washing water. Moreover,
most of assimilable organic carbon formed from ozonation is
not characterized yet, and little is known about its potential
health effects (Richardson and Postigo, 2012). A recent study,
while demonstrating the efficacy of ozonation in disinfection
of washing water from the fresh-cut industry, also showed an
increased acute ecotoxicity of the treated wash water, which
highlighted the need of further studies aimed at characterizing
and reducing the generated toxicity (Nahim-Granados et al.,
2020). Other disadvantages are represented by the need to be
generated in situ and by its strong oxidant power that may cause
corrosion of equipment metal surfaces. Moreover, it is highly
toxic when inhaled and, for this reason, its level must be strictly
monitored and controlled in the working environment (Ölmez
and Kretzschmar, 2009; Meireles et al., 2016). Despite these
disadvantages, ozone has been judged as the most promising
chlorine-free disinfection strategy for fresh-cut produce, showing
the best ratio along with chlorine in relation to the efficacy
in reducing pathogenic microorganisms and the cost effect
(Ölmez and Kretzschmar, 2009; Manzocco et al., 2015). As
regards environmental issues, ozone has also been suggested as
the best available technique, also in relation to the production
and the reuse of wastewater (Ölmez and Kretzschmar, 2009).
Also related to environmental issues, another hurdle technology
approach, combining ozonation and UV irradiation, has been
proved promising for potential reduction of water consumption
(SUSCLEAN, 2015). A recent investigation on the use of sprayed
ozonated water in the processing of intact fresh carrots, also
suggested that this technology could markedly reduce several
environmental impacts with respect to a standard processing line
(Paulikiene et al., 2020). From the regulatory point of view, in
the USA ozone has gained the GRAS status and can be used in
food processing, included raw agricultural commodities (FDA-
USDA, 2021b). Similarly to PAA, its use is not allowed by current
European regulation on processing of organic foods (European
Commission, 2008b).

Electrolyzed Water
Electrolyzed water (EW), or Electrolyzed Oxidizing Water
(EOW), is a new chlorine-based disinfection technology, which
takes advantage of the electrochemical treatment of a diluted
sodium chloride (NaCl) solution to produce electrolyzed acidic
water at the anode and electrolyzed basic solution at the
cathode, or neutral electrolyzed solution obtained by mixing
these solutions (Gil et al., 2015; Manzocco et al., 2015; Meireles
et al., 2016). Different types of EW generators have been
proposed, with different electrolyzed water solution properties.
Generally, the antimicrobial activity has been attributed to the
activity of oxidant substances, e.g., chlorine substances, such as
hypochlorous acid, but also non-chlorine substances, such as O3

and H2O2 (Gil et al., 2015). All these oxidants are produced
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TABLE 2 | Advantages and limitations of alternative disinfection methods proposed to replace the use of chlorine.

Disinfection method Advantages Limitation/disadvantages References

Chemical-based methods

Peroxyacetic acid Ease of implementation
Cost-effectiveness on a low scale application
Simple management
Efficacy independent of physicochemical
properties of wash water
Low tendency to form DBPs
GRAS substance
Not corrosive (<80 mg/L)

Lower antimicrobial efficacy at permitted level
Not allowed for organic products

Banach et al., 2015
Banach et al., 2020
Gil and Allende, 2018
Meireles et al., 2016
Ölmez, 2017

Ozone Antimicrobial activity at low concentration and
short contact time
Independent from pH
GRAS substance
No formation of chlorinated DBPs

Toxic when inhaled
In situ generation needed
Corrosive on equipment surfaces
Formation of brominated DBPs
High investment cost
Not allowed for organic products

Aslam et al., 2020
Manzocco et al., 2015
Meireles et al., 2016
Nahim-Granados et al.,
2020
Paulikiene et al., 2020
Ölmez, 2017
SUSCLEAN, 2015
Wang et al., 2019

Electrolyzed water Based on the use of salt and water
No need to handle chlorine solution
Reduced concentration of chlorine in the wash
water
Lower corrosiveness

High cost and limited availability of equipment
Efficacy dependent on organic matter level in
the wash water
Little evidence of efficacy at a commercial level
Not allowed for organic products

Ali et al., 2018
Gil et al., 2015
Gil et al., 2019
Gil and Allende, 2018
Manzocco et al., 2015
Meireles et al., 2016
Ölmez, 2017

Hydrogen peroxide No formation of chlorinated DBPs
Not corrosive
Easy to apply
Low cost

Fast disinfectant decomposition and slow
disinfection kinetics
Phytotoxic
Negative impact on product quality
Not allowed for organic products

Ali et al., 2018
Manzocco et al., 2015
Meireles et al., 2016
Ölmez, 2017

Organic acids (citric, malic, lactic acid) Easy to apply
No formation of DBPs
Allowed for organic products

Lower antimicrobial efficacy
Long contact time, not suitable to industrial
processing lines
Impact on product sensory quality
High COD and BOD of wastewater

Manzocco et al., 2015
Meireles et al., 2016
Ölmez and Kretzschmar,
2009
Ölmez, 2017

Biological-based methods

Bacteriocins, bacteriophages, enzymes Environmental friendly
Harmless to human health
Specificity of antimicrobial activity
Reduced effects on product sensory quality
GRAS status (e.g.,nisin)

Low antimicrobial efficacy
Long contact time
Poorly suitable to conditions of industrial
processing lines
Need of mixture of disinfecting agents (of
enzymes)
High cost
Consumer acceptance to be verified

Meireles et al., 2016

Physical-based methods

Ultraviolet (UV) radiation Strong antimicrobial activity
No formation of toxic by-products
Easy to use
Low cost of equipment, energy, and
maintenance
Useful application for wastewater treatment

Negative impact on product sensory quality
Low efficacy at high organic matter level
Long treatment times
Complex standardization of application at
commercial scale
Consumer acceptance to be verified

Ali et al., 2018
Meireles et al., 2016

Ultrasounds No formation of toxic by-products
Environmental friendly
Useful in combination with other
disinfection technologies

Limited antimicrobial efficacy
Dependent on organic matter, water hardness,
dissolved gases
Increased water temperature during application

Consumer acceptance to be verified

Ali et al., 2018
Gil and Allende, 2018
Meireles et al., 2016

Combination of disinfection methods

Ozone + UV radiation
Ozone + calcium lactate
Ozone + citric acid
Ozone + lactic acid
UV radiation + ultrasounds
Sodium bicarbonate + hydrogen peroxide
UV radiation + PAA

Wider antimicrobial action
Increased antimicrobial efficacy
Reduced chlorine dosage (when applied in
combination with chlorine)

Complex standardization at commercial scale
Consumer acceptance to be verified

Ali et al., 2018
Aslam et al., 2020
Meireles et al., 2016
SUSCLEAN, 2015
Wang et al., 2019
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by the electrochemical treatment from the substances present
in the aqueous NaCl solution. Thus, this technology does not
use a direct source of chlorine, even though chlorine-related
substances are the main active compounds involved in the
disinfection action. From this point of view, it only partially
replaces the use of chlorine. One aspect of the environmental
friendly character of this approach is that it needs only a diluted
NaCl water solution to prepare the disinfecting solution. This
solution can be produced on-site at the concentration ready to
use, while avoiding the risks associated to the handling of chlorine
solution. In addition, some investigations have highlighted that
EW solutions may have an antimicrobial activity similar to that
of hypochlorite solutions containing free chlorine at a higher
concentration. This, in theory, should allow for a decreased
level of chlorine compounds in wash water without reducing
the disinfection efficacy (Manzocco et al., 2015). However, a
recent study performed by a pilot plant showed that washing
by EW resulted in a higher accumulation of chlorine DBSs in
processing water than washing by conventional hypochlorite
solution (Gil et al., 2019). Moreover, a filtration treatment by
activated carbon significantly reduced the concentration of DBPs
in water, leading to a lower concentration of DBPs in the
washed produce. Another disadvantage of this technology is
the relatively high initial investment cost. At present most of
performance information available on EW has been obtained
from experimental studies at lab scale, while operational ranges,
performance and costs evaluated at this level are poorly
representative of the corresponding one at industrial level (Gil
and Allende, 2018). From the regulatory point of view, being a
chlorine-based disinfection treatment, the use of EW in the fresh-
cut industry is allowed only in those countries where chlorine
can be used, such as USA, according to the Code of Federal
Regulations (FDA-USDA, 2021a), and other countries, such as
Spain, United Kingdom and Japan (Gil et al., 2015). It is not
allowed in all European countries for organic food processing.

Alternative Strategies for the Organic
Sector
According to the IFOAM (International Federation of Organic
Agriculture Movements) norms for organic production and
processing, techniques used to process organic products shall
be biological, physical, and mechanical in nature (IFOAM-
Organics International, 2018). The only chemical substances with
disinfecting activity that are allowed to be used in the washing
of fresh-cut produce as processing/post-harvest handling aids,
are some organic acids, such as citric, malic, and lactic acid.
On the contrary, more effective disinfecting agents, such as
chlorine (in the form of hypochlorite or chlorine dioxide),
ozone and peracetic acid, may only be used to cleanse and
disinfect equipment that may come into direct contact with the
product. The European regulation on organic food processing
also allows for use of citric acid as processing aid for all
foodstuffs of plant origin (European Commission, 2019). Organic
acids are widely used as preservatives in the food industry and
when used as disinfecting agents for the fresh-cut industry has
the advantage toward chlorine-based disinfectants to avoid the

formation of toxic by-products (Meireles et al., 2016). However, it
has been observed that the exposure times needed for a significant
reduction in the microbial load is very long and not suitable
to the conditions of processing lines in the fresh-cut industry
(Ölmez and Kretzschmar, 2009). In addition, to have a significant
antimicrobial effect these acids should be used at a much higher
concentration than sodium hypochlorite. This, in turn, may have
a significant impact on the quality of the wastewater, due to a
marked increase of the levels of both Chemical Oxygen Demand
(COD) and Biochemical Oxygen Demand (BOD; Ölmez and
Kretzschmar, 2009; Meireles et al., 2016).

KEY DATA GAPS FOR THE EVALUATION
OF FOOD SAFETY RISKS,
ENVIRONMENTAL IMPACTS, AND
CONSUMERS’ ACCEPTABILITY

While in many instances it is not straightforward to select
the optimum disinfection strategy, an upstream controversy is
emerging about the real need of using a disinfection treatment
at all. Most scientists conclude in the literature that washing
with simple water, without any disinfection agent, is not safe
enough, even when large amounts of water are used (Holvoet
et al., 2012; Gil and Allende, 2018). However, some producers
apparently do not agree to this statement and are moving toward
washing approaches with simple potable water. They count on
strict control of primary production conditions to lower the
microbial load of produce entering the processing process, and
on reduced temperature during processing operations. It has
been noted that clarifying the issue about the need of using a
disinfection treatment is far from being simple. This is because it
is quite challenging and expensive to perform carefully controlled
experimental studies on this question at industrial level. So
far available data from industrial scale experiments for testing
the disinfection capacity of produce washing remains limited
(Gil and Allende, 2018). On the one hand, fresh vegetables,
such as leafy vegetables, have been repeatedly reported as
source of contamination by pathogenic Escherichia coliO157:H7,
Salmonella spp., andNorovirus in outbreaks occurred in the USA
and Europe in recent years (Callejón et al., 2015; Banach et al.,
2020; Nahim-Granados et al., 2020; CDC, 2021). As explained
above, the specific conditions of processing and consumption
of fresh-cut vegetables are expected to increase the risks of
foodborne disease outbreaks associated with fresh vegetables. On
the other hand, it has been observed that the importance of
cross-contamination during washing of fresh produce, in terms
of public health relevance, has rarely been assessed (Chardon
et al., 2016). By applying a mathematical model that simulated
the dispersion of contamination from a load of leafy greens
during industrial washing, a study highlighted that the relevance
of cross-contamination during washing decreased when the
initial contamination event was diffuse and uniform (Chardon
et al., 2016). This is the case when it resulted from irrigation
with contaminated water in the field. From these results it was
concluded that prevention of contamination in the field is the
most important risk management strategy and that disinfection

Frontiers in Sustainable Food Systems | www.frontiersin.org 10 January 2022 | Volume 5 | Article 681459

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Raffo and Paoletti Sustainable and Safe Fresh-Cut Vegetables

of washing water can be an additional intervention to tackle
potentially high (>106 CFU) point contamination levels. Also
based on this methodological approach, it has been observed
that the key point for risk assessment is that pathogens are
most likely introduced into the primary production environment
by extremely heterogeneous distributions. This can occur
when contamination originates from manure that is not
homogeneously contaminated, and from rare events, due, for
example, to introduction by wildlife excretions or flooding as a
result of extreme weather. Based on these remarks, it has been
concluded that risk assessment of fresh produce should shift
from establishing baseline risks to quantifying likelihoods of rare
events (Franz, 2018). To do so, more data would be needed,
which could be achieved by in-depth analysis of occurring
outbreaks, that, in turn, would require strong interactions
between epidemiologists, microbiologists and the fresh produce
processing industry (Franz, 2018). According to the opinion
of Franz, the baseline incidence of illness associated with
fresh produce is low, and fresh produce should be considered
as a relatively safe component of a healthy diet. However,
marked differences have been reported on this point between
geographical areas: prevalence of vegetable contamination by
pathogens is very low in European and North American
countries, even though the occurrence of apparently associated
outbreaks seem to be more frequent in the USA than in Europe
in recent years (Franz, 2018). On the contrary, a much higher
prevalence of contamination of minimally processed vegetables
has been repeatedly reported in developing countries (Froder
et al., 2007; Sant’Anna et al., 2020), where the highest increases
in consumption of fresh-cut vegetables are forecast in the
near future.

Another food safety issue where more research is needed
regards the risk assessment of dietary exposure to DBPs, such as
THM and other substances that are formed in the process water
by the reaction of chlorine with organic matter. As mentioned
above, the scarcity of reliable data on DBPs residues in fresh-cut
produce makes at present hard to estimate the exposure to these
substances linked to the consumption of fresh-cut vegetables (Lee
and Huang, 2019). Moreover, toxicological evaluation of new
emerging chlorine-related DBPs still remains to be addressed
(Lee and Huang, 2019).

To evaluate the environmental impact of different disinfection
technologies, it is of key importance the availability of data on
this, and, in particular, of data obtained by experimental studies
performed under an industrial environment. On the contrary, at
present, few data from LCA studies have been published, and only
limited to the mainstream chlorine disinfection treatment and to
some novel filtration technologies. Very few data are available on
water and energy consumption associated to other disinfection
technologies. Similarly, limited information is available on the
disinfection efficacy of the alternative strategies at industrial level,
as well as on formation of the different classes of DBPs. A change
of approach, from laboratory batch-wise experiments toward
application at an industrial processing line, has been observed
in recent years in this field of research. However, at present, this
has been limited to a handful of studies (Ölmez, 2017; Luo et al.,
2018; López-Gálvez et al., 2019; Tudela et al., 2019a). Lack of
information on these crucial points precludes the possibility of

a meaningful comparison of the different technologies as regards
their environmental burden and food safety issues.

This lack of information is also a significant burden when
evaluating the best option for the organic sector. In addition to
perplexity about the disinfection efficacy of a washing treatment
using only potable water with a higher rate of water turnover,
it is not clear how much water should be used to guarantee
an acceptable level of food safety. Besides, it is not clear until
which point this increased consumption of water would be still
in accordance with organic production principles, which require
that water should be used efficiently and responsibly (IFOAM-
Organics International, 2018).

Another important point to consider when evaluating
alternative strategies to chlorine-based treatments is consumers’
attitudes toward and acceptance of candidate novel technologies
(Siegrist and Hartmann, 2020). In the case of fresh-cut products
this aspect might not be negligible, when considering that fresh-
cut vegetable products have a direct competitor in the shelf, being
the non-processed counterparts. A novel disinfection technology,
both chemical (e.g., ozone) or physical (e.g., ultraviolet radiation
or ultrasound) in nature, might cause hesitancy or reject in
food technology neophobic or suspicious consumers. In any
case, it might burden the image of the fresh-cut product with
a nuance of reduced naturalness when compared to the non-
processed counterpart. To our best knowledge, no studies have
been carried out until now on consumers’ attitudes toward
different disinfection technologies of fresh-cut produce.

NEW CONCEPTUAL TOOLS FOR A
COMPREHENSIVE EVALUATION OF ALL
THE PROCESSING IMPACTS

Even when future studies will have assessed the importance of
cross-contamination in terms of public health and have filled the
lack of information about risk assessment of all DBPs related
to chlorine-based disinfection, and about the impact on the
environment and food safety and quality of the alternative
disinfection strategies, some other key points will remain to
be addressed. First, as regards the impact of chlorine-based
disinfection treatments on food safety of fresh-cut vegetables, it
has been highlighted thatmicrobiological and chemical risks tend
to be influenced in an opposite way by the conditions of chlorine
application. Until now, in the evaluation of these conflicting risks
it has been suggested to pursue a sort of trade-off between them.
However, a sound evaluation of the weight of the related risk
factors has never been attempted in a formal and evidence-based
way. Therefore, this seems to be a case where a ranking of the
health risks that prioritize food safety risks should be established,
while, to our best knowledge, no efforts to accomplish it have
been done up to now in this field. Ranking of health risks related
to food safety and nutrition is considered the basis for risk-
based priority setting and resource allocation. In general, this
allows regulatory bodies to allocate their resources efficiently to
the most significant public health problems (Van Kreijl et al.,
2006). Various risk ranking methodology are available and their
application to prioritize food safety risks has been recently
reviewed (Van der Fels-Klerx et al., 2018). The selection of the
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most appropriate method to the case of ranking hazards related
to a specific food category, based on their impact on human
health, will depend on the type of hazards to be ranked, i.e.,
microbiological or chemical, data availability, available resources
and the requirements and needs of the risk manager. For
instance, not all among the available methods are suitable to
rank both microbiological and chemical risks. Consequently,
future research should select and apply the most appropriate
methodology to health risks related to fresh-cut vegetables, to
achieve a consistent and comprehensive risk assessment and to
guide industrial and governmental risk management actions.

A second area where the application of innovative conceptual
tools could be explored relates to the need of developing holistic
approaches able to pursue the different objectives of reducing
the environmental impacts of the whole production process,
while guaranteeing adequate food safety and quality, which
can often be contradictory. When developing and evaluating
alternative strategies to current disinfection treatments, how
to identify the best trade-off between the different conflicting
objectives? Or how to weigh their relative importance? In
the field of food process engineering, several methods have
been proposed to address multi-objective design problems,
particularly in the last two decades, when the need of integrating
sustainable development practices in the process design has been
increasingly felt (Madoumier et al., 2019). These methods are
grouped under the term “multi-objective optimization (MOO)
methods” and include both a multi-objective processing method,
when the original multi-objective problem is transformed into
a solvable problem, and an optimization algorithm, which
searches for trade-off solutions to the multi-objective problem.
Such methods have been proposed and applied to address in
a holistic perspective the four dimensions of sustainability of
food engineering processes: economic sustainability and product
quality and safety, which are the most evaluated dimensions,
plus environmental and social sustainability. Challenges and
opportunities provided by the exploitation of such methods to
address multi-objective design problems in food engineering
processes have been recently reviewed (Madoumier et al., 2019).
Among these methods are those grouped under the term
“multi-criteria decision analysis” (MCDA), or “multi-criterion
decision making” (MCDM), which collectively refers to “formal
approaches which seek to take explicit account of multiple
criteria in helping individuals or groups explore decision that
matter” (Belton and Stewart, 2002). Agri-food systems include
the whole value chain and involve networks of actors and
activities ranging from production to waste disposal. Therefore,
a comprehensive assessment of the sustainability of agri-food
systems requires the development of multi-criteria approaches
based on multidisciplinary efforts (Gésan-Guiziou et al., 2020).
Among these approaches, MCDA methods are designed to allow
the involvement of all the stakeholders of a food supply chain,
such as public authorities, governmental agencies, producers,
consumers, not only in the construction of the multi-criteria
evaluation but also in the subsequent decisionmaking. In a recent
review, the diversity and potentiality of MCDAmethods has been
emphasized for agri-food research, and it has been highlighted
that theymay help tomove from describing or ranking systems to
building evidence-based decisions that consider multiple factors

and stakeholders (Gésan-Guiziou et al., 2020). The potential
of application of all these methods to the optimization of the
processing process andwhole supply chain of fresh-cut vegetables
is still to explore.

LIMITATION OF SCOPE OF THE PRESENT
REVIEW

On the side of the fresh-cut produce dimension, the present
review focuses only on fresh-cut vegetables and the safety
aspects of these products, while only briefly discussing some
specific unexplored effects on food sensory quality related to
chlorine application during washing. Regarding sustainability,
only environmental sustainability has been considered, whereas
economic and social sustainability issues were beyond the scope
of this review, even though some of the new conceptual tools here
mentioned have been designed and can be used to address all the
dimensions of sustainability.

CONCLUSION

The fresh-cut industry supplies the food market with products
that may facilitate the consumption of healthy fresh F&V
and, in that way, contribute to the improvement of the
nutritional status of the general population. However, over
the last few years concerns have been raised regarding the
environmental impacts of the fresh-cut industry, along with
concerns about human health risks linked to the use of
chlorine-based disinfectants during produce washing. Therefore,
environmental and food safety issues have emerged among the
key challenges the fresh-cut sector has to face. The present
review attempts to provide a comprehensive view of these issues,
which have been mainly related to produce washing among all
the processing steps. The mainstream strategy currently applied
for the washing step, based on the use of chlorine, is generally
considered an effective way to manage the microbiological
risk of fresh-cut produce, but its chemical food safety and
environmental sustainability have been increasingly questioned.
Some alternative technologies have been developed up to the
commercial stage, but a clear evaluation of their advantages
and downsides, in comparison to chlorine, is made troublesome
by lack of experimental data. Moreover, specific challenges are
posed by these environmental and food safety issues to the
production of organic fresh-cut products, due to limitations
in the use of chemical disinfectants and to the requirement
of an efficient and responsible use of natural resources, such
as water. Discussion of the most recent scientific literature on
the available technologies has highlighted areas where lack of
information should be filled to achieve a clearer understanding
of priorities of research and actions. The interlinking nature of
food safety and environmental issues has been emphasized and,
accordingly, new conceptual tools, drawn from other disciplines,
have been proposed to address the multiple and interrelated
aspects of these issues. Even within the mentioned limitation of
scope, the present review aims at stimulating a multidisciplinary
approach when addressing the complex and interconnected
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issues of environmental sustainability and food safety of fresh-
cut produce. This could take advantage from contributions
from many disciplines, ranging from food technology to food
safety, toxicology, human nutrition, analytical chemistry, food
process engineering, environmental sciences, and others. Such a
comprehensive approach could help in overcoming the hurdles
that could hinder the future development of the fresh-cut sector.
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