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Antimicrobial treatment of fresh produce wash water can enable water reuse by

avoiding microbial cross-contamination. In this study, the efficacy of chlorine dioxide

(ClO2; 2–3 mg/L) to maintain the microbiological quality of process wash water in a

tomato packinghouse was assessed. Different parameters were measured, including

the physicochemical characteristics of the wash water [pH, oxidation-reduction potential

(ORP), chemical oxygen demand (COD), absorbance at 254 nm (UVA254), temperature,

electrical conductivity (EC)], the levels of different microorganisms present in water and

in the product [aerobic mesophilic bacteria (AMB), total coliforms, yeasts and molds,

E. coli], and the presence of chlorate as disinfection by-product. The treatment with ClO2

had a significant effect on the microbial populations present in the recirculated wash

water and the tomatoes compared with the use of untreated recirculated water. The

treated water showed levels of AMB, total coliforms and E. coli more than 1 logarithmic

unit lower than the untreated water. The microbial load in tomatoes washed with tap

water, and ClO2-treated recirculated water was similar. The transfer of chlorate fromwash

water to the fruits was very low under the conditions tested, with levels of chlorate in the

washed product always lower than 0.05 mg/kg. The results obtained indicate that ClO2

could be a suitable option for the reuse of wash water in commercial packinghouses, as

it reduces the microbial populations in wash water while not leading to the presence of

disinfection by-products, such as chlorate, in the final product. This study shows that the

monitorization and control of the microbiological quality of process wash water should

be managed together with good practices able to guarantee hygienic conditions of the

equipment by implementing efficient cleaning and disinfection systems.

Keywords: water treatment, microbiological hazard, cross-contamination, fresh produce, food safety,

sustainability

INTRODUCTION

One of the primary needs of the fresh produce industry is to reduce water and energy consumption,
as well as wastewater disposal (Manzocco et al., 2015). Some processors use drinking-quality
water with or without sanitizers for washing produce by overhead spray and the effluent from
this wash process is disposed without further use (“single-pass washing;” Pao et al., 2009).
However, due to economic and environmental reasons, this is not a sustainable practice, and
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most produce processors recirculate and reuse process wash
water (Casani et al., 2005; Manzocco et al., 2015). However, wash
water reuse involves potential microbiological risks associated
with the accumulation of microorganisms from the surface
of the washed products in the water. This can cause cross-
contamination with harmful microorganisms between lots of
product through the wash water (Gombas et al., 2017). The
existing literature indicates that the disinfection of the wash water
is a necessary intervention strategy to reduce microbiological risk
in the washing stage (Danyluk and Schaffner, 2011; Gombas et al.,
2017; Maffei et al., 2017). The use of disinfectants in process wash
water is also useful to reduce contamination of the equipment.
Wang and Ryser (2014) showed that the use of disinfectant
reduced microbial cross-contamination coming from the roller
brushes used during the washing of tomatoes.

Different disinfectants are used by the fresh produce
companies for the treatment of wash water, being chlorine
the most widely applied (Fu et al., 2018). However, chlorine
drawbacks [mainly the occurrence of harmful disinfection by-
products (DBPs)], stimulate the use of alternative treatments
(Meireles et al., 2016). One of the potential substitute treatments
is chlorine dioxide (ClO2) that has some advantages compared
with chlorine, including higher stability in the presence of organic
matter (van Haute et al., 2017) and the lack of formation
of organohalogen DBPs (Gómez-López et al., 2009). However,
process water treatment with ClO2 leads to the presence of DBPs,
such as chlorate and chlorite (Gil et al., 2016; van Haute et al.,
2017). Aqueous ClO2 is used by processors in the USA for the
washing of tomatoes (Tomás-Callejas et al., 2012; De et al., 2018).

This study aimed to determine the potential for reuse of
ClO2-treated wash water in a tomato packinghouse that used
a single-pass overhead spray washing with potable water. The
ultimate goal was to reduce drinking water consumption for the
industrial washing of tomatoes. The effect of ClO2 treatment on
the microbial populations and the chlorate present in the wash
water and the product was assessed.

MATERIALS AND METHODS

Washing Line
The washing line used for the tests was located in the
manufacturing center of a large Spanish company devoted to
the production and distribution of tomato. In this commercial
packinghouse, the tomato washing process was carried out at
room temperature, and there was no pre-cooling of the tomato
or wash water. The washing process performed by the company
consisted of overhead spraying with tap water combined with
brushing (roller brushes) to remove the surface dirt from
tomatoes. The washing machine that was used for the test
(Figure 1) had three overhead spray bar lines with a total of
thirteen nozzles. The tomatoesmoved on rollers with brushes and
rollers with sponge for brushing and dewatering the tomatoes,
respectively. The water used to wash the product was collected in
plates located under the brushes. In the regular procedure of the
company, the water was disposed without re-use. To adapt the
washing machine to the alternative treatments that were carried
out, a recirculation tank with a capacity of 400 L and a pumpwere

coupled to the system. At the end of the washing machine, the
water present on the surface of tomatoes was removed by forced
air. The dwell time of the tomatoes in the washing machine, from
the entry in the washing area to the exit of the dewatering area,
was about 2 min.

Experimental Design
For the trial, 156 boxes of tomato (≈12 kg each) were used. In
order to simulate a worst-case scenario, the water used for the
water recirculation treatments was water obtained from the box
washer of the packinghouse. This type of water was used tomimic
the physicochemical and microbiological quality of recirculated
process water at the end of a workday. At each sampling
time, water samples (500mL) were taken from the effluent of
the washing machine for microbiological and physicochemical
analyses. The samples taken for microbiological analyses were
treated with sodium thiosulphate (Scharlau, Barcelona, Spain)
to quench ClO2 residuals. The tomato samples (three and
five tomatoes per sample per microbiological and chlorate
analysis, respectively) were aseptically taken randomly from the
boxes before washing (unwashed tomato), and after leaving the
dewatering area (washed tomato). Three types of tests were
carried out as described below. Each type of test was performed
only once.

First Test: Overhead Spray With Tap Water Without

Water Reuse
This treatment represents the regular washing procedure applied
by the processor. For this test, 10 boxes of tomato (≈120 kg) were
used. The recirculation tank was filled with tap water that was
pumped to the overhead spray bars, and the effluent from the
washing machine was led to a tank for wastewater. The global
flow rate of the overhead spray bars was∼250 L/h.Water samples
were taken from the effluent of the washing machine during
the washing of tomatoes. Two water samples for microbiological
analysis and three samples for physicochemical analysis were
taken. Four samples of plant material (one of unwashed tomato
and three of washed tomato at different times) were taken for
microbiological analysis.

Second Test: Untreated Recirculated Wash Water
A volume of 200 L of water from the box washer was placed in the
recirculation tank. The water was pumped to the overhead spray
bars and, in this case, the wash water returned to the recirculation
tank to be pumped back to the spray bars. During this test,
50 boxes of tomato (≈600 kg) were washed in about 10min. A
total of 10 water samples (two samples in five sampling times)
were taken throughout the trial for microbiological analysis
and another 10 water samples for physicochemical analysis.
Fifteen tomato samples were taken for microbiological analysis.
The samples of plant material corresponded to three samples
of unwashed tomato and 12 samples of washed tomato taken
throughout the test (three samples in four sampling times).

Third Test: ClO2-Treated Recirculated Wash Water
The configuration was the same as in the previous test, but
in this case, ClO2 (AGRI DIS R©, STC S.L.U., Las Palmas de
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FIGURE 1 | Tomato washer used for the different tests.

Gran Canaria, Spain) was added in the recirculation tank to
disinfect the water. A volume of 200 L of water from the box
washer was placed in the recirculation tank. Before washing
the tomatoes, the concentration of ClO2 in the wash water
was adjusted by adding disinfectant to the recirculation tank
and measuring the concentration in the sprayed water until a
concentration of ≈3 mg/L was achieved. During this test, 50
boxes of tomato (≈600 kg) were washed in about 7min. Ten
water samples (two samples in five sampling times) were taken
for microbiological analysis, and other 10 water samples were
taken for physicochemical analysis. Three samples of unwashed
tomato and 12 samples of washed tomato (three samples in four
sampling times) were taken for microbiological analysis. Besides,
at the same sampling times, three samples of unwashed tomato,
and 12 samples of washed tomato were taken for analysis of the
presence of chlorate.

Physicochemical Analysis of Water
The ClO2 concentration in water was measured using the
chronoamperometric method ChlordioXense (Palintest,
Gateshead, United Kingdom). The oxidation-reduction potential
(ORP), temperature, pH, and electrical conductivity were
measured using a multimeter (Hach, Loveland, USA). The
chemical oxygen demand (COD) was measured by the standard

photometric method using the photometer Spectroquant
Nova60 (Merck). The absorbance at 254 nm (UVA254) was
determined in water filtered through 0.45µm nylon syringe
filters (Fisherbrand-Fisher Scientific, Waltham, USA) using
a UV-VIS spectrophotometer (Jasco V-630, Tokyo, Japan)
and quartz cuvettes with a length of 1 cm (Hellma, Müllheim,
Germany). The chlorate presence was analyzed by UPLC-MS as
in Gil et al. (2016), expressing the results in mg/L.

Microbiological Analysis of Water
Water samples were analyzed by filtration and by surface plating.
The filtration of the samples was carried out using 0.45µm
membrane filters (Sartorius, Göttingen, Germany) which were
incubated in a suitable culture medium. For aerobic mesophilic
bacteria (AMB), the medium used was Plate Count Agar (PCA,
Scharlab, Barcelona), and incubation conditions were 30◦C for
36–48 h. For total coliforms and Escherichia coli, Chromocult
coliform agar (Merck, Darmstadt, Germany) and incubation at
37◦C for 24 h were used. For yeasts and molds, Rose Bengal Agar
(Scharlab) and incubation at 30◦C for 72 h were used.

Microbiological Analysis of Tomato
For the microbiological analysis of the tomatoes, the three fruits
from each sample were serially rubbed for 1min with 100mL of
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peptone water (2 g/L) supplemented with sodium thiosulphate.
The same techniques and the same culture media used for water
samples were utilized to study the populations of the different
groups of microorganisms in the rinsate (AMB, yeasts andmolds,
total coliforms and E. coli). Additionally, an enrichment stage
was utilized to evaluate the presence of E. coli. For this, 50mL
of rinsate was mixed with 50mL of BPW (40 g/L) and incubated
at 37◦C for 24 h. The presence of E. coli in the enriched samples
was analyzed by streak plating in Chromocult plates incubated at
37◦C for 24 h before the reading of the results.

Presence of Chlorate in Tomato
Peel samples were obtained from the five tomatoes from each
sample by using kitchen produce peelers. Samples were prepared
and analyzed by UPLC-MS as in Tudela et al. (2019). The results
were stated in mg/kg fresh weight (FW).

RESULTS

Physicochemical Characteristics of Wash
Water
Table 1 shows the average values of the different physicochemical
parameters analyzed in recirculated water from the 2nd test
(untreated recirculated water; n = 10) and the 3rd test (ClO2-
treated recirculated water; n=10). The changes in disinfectant
concentration throughout the 3rd test are shown in Figure 2A.
ClO2 levels in treated water decreased from 2.9 to 2.3 mg/L
during the test, with an average of 2.7 ± 0.3 mg/L. No more
ClO2 was added during the test to compensate for this decrease
since the concentration remained within the desired range (2–
3 mg/L). The pH of the untreated (2nd test) and the treated
recirculated water (3rd test) was very similar, in the range 7–7.5,
and there were no variations caused by washing the tomatoes.
The untreated recirculated water showed ORP values, in general,
between 200 and 300mV, with little variation throughout the test.
In the ClO2-treated water, the values of ORP were significantly
higher (p< 0.05; 600–700mV; Table 1) and constant throughout
the trial. COD and UVA254 values in treated and untreated
recirculated water are shown in Figures 2B,C. In both untreated

TABLE 1 | Mean ± standard deviation of the different water physicochemical

parameters measured in untreated (2nd test of recirculated water without ClO2

treatment; n = 10) and ClO2-treated water (3rd test of recirculated water with

ClO2 treatment; n = 10).

Parameter Units Untreated ClO2-treated water

ClO2 mg/L <0.02 2.7 ± 0.3*

pH 7.4 ± 0.1 7.2 ± 0.1*

ORP mV 259.0 ± 24.0 663.0 ± 3.0*

UVA254 cm−1 0.8 ± 0.2 1.2 ± 0.1

COD mg/L 262 ± 88 317 ± 44

EC µS/cm 1,573 ± 31 1,919 ± 105*

ClO2, chlorine dioxide; ORP, oxidation-reduction potential; UVA254, absorbance at

254 nm; COD, chemical oxygen demand; EC, electrical conductivity. Significant

differences between the two types of water are denoted by *.

and treated recirculated water, it was observed a trend of increase
in the value of these two parameters throughout the test. The
increase in UVA254 was higher in the case of water treated
with ClO2 while this difference was not observed in the case
of COD (Figure 2). The water’s temperature was close to 20◦C
in both tests. The conductivity was significantly higher in the
treated water (p < 0.05; Table 1), and it was not affected by
tomato washing.

FIGURE 2 | (A) Concentration of ClO2 in the test performed with treated

recirculated water (3rd test). (B) Chemical oxygen demand (COD) in the tests

performed with untreated (2nd test) and ClO2−treated recirculated water (3rd

test). (C) Absorbance at 254 nm (UVA254) in the tests performed with

untreated (2nd test) and ClO2−treated recirculated water (3rd test).
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TABLE 2 | Microbiological populations in recirculated wash waters (log

cfu/100mL; mean ± standard deviation; n = 10).

Parameter Untreated water ClO2-treated water

Aerobic mesophilic bacteria 9.6 ± 0.3a 8.3 ± 0.3b

Total coliforms 8.9 ± 0.5a 7.8 ± 1.1b

Yeasts and molds 4.8 ± 0.4 5.3 ± 0.9ns

Escherichia coli 2.3 ± 0.2a 0.8 ± 0.2b

Different letters in the same row indicate significant differences between treatments (p <

0.05). ns, not significant.

Microbiological Characteristics of Wash
Water
Table 2 shows the average values of AMB, total coliforms, yeasts
and molds, and Escherichia coli, in the recirculated water from
the 2nd and 3rd tests. Throughout the tests, the concentrations
of the different microbial groups remained more or less constant
in untreated water (2nd test) and water treated with ClO2 (3rd
test). The microbial load present in untreated recirculated water
(2nd test) was very high (>9 log cfu/100mL AMB), and all the
samples were positive for the presence of E. coli (n = 10) with
an average concentration between 2 and 3 log cfu/100mL. The
recirculated wash water treated with ClO2 (3rd test) showed
significantly lower AMB and total coliform counts than the
untreated water (p < 0.05). Furthermore, there was an absence
of E. coli in most ClO2-treated water samples (six out of 10), with
populations always ≤1 log cfu/100mL in the positive samples.
It is remarkable that in the 1st test, where tap water without
recirculation, the microbiological load of the water after the one-
single pass washing was also high, showing levels of AMB of 7.5
± 0.4 log cfu/100mL, although in this case, there was an absence
of E. coli (<1 cfu/100mL).

Microbial Populations in the Tomato
The graphs in Figure 3 show the populations of AMB, total
coliforms, and yeasts and molds in tomatoes before and after
washing. Counts of AMB, total coliforms, and yeasts andmolds in
the unwashed product were not significantly different (p > 0.05)
from those in product washed with ClO2-treated water (3rd test).
However, the populations of AMB, total coliforms, and yeasts and
molds were significantly higher (p < 0.05) in tomatoes washed in
untreated recirculated water (2nd test) than in tomatoes washed
in ClO2-treated water (3rd test). Regarding the presence of E. coli
as an indicator of fecal contamination, E. coli was not detected
in any of the tomato samples analyzed, by direct plating or by
plating after enrichment.

Presence of Chlorate in Water and Tomato
Figure 4 shows the concentration of chlorate in the 3rd test
(ClO2 treatment) in the water (Figure 4A) and the washed
tomatoes (Figure 4B). The average concentration detected in
the water treated with ClO2 was 45.9 ± 0.5 mg/L. Chlorate
levels were much lower in tap water (1st test; 0.2 ± 0.0 mg/L)
and in the untreated recirculated water (2nd test; 1.5 ± 0.1
mg/L). In all the washed tomato samples analyzed for chlorate

FIGURE 3 | Boxplots of different microbial groups (log cfu/fruit) in unwashed

tomatoes, tomatoes washed with tap water (1st test), washed with untreated

recirculated water (2nd test), and washed with ClO2-treated recirculated water

(3rd test). Different letters above the boxplots indicate significant differences in

the microbial population between different tomato states.

(3rd test) the levels were above 0.01 mg/kg, the maximum
concentration detected being 0.04 mg/kg. Unwashed tomatoes
also showed detectable levels of chlorate (0.03 ± 0.01 mg/kg).
The difference in chlorate concentration between unwashed
tomato and the product washed in ClO2-treated water was not
significant (p > 0.05).

DISCUSSION

The target ClO2 concentration used in the present study was
selected based on the maximum concentration allowed for
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FIGURE 4 | Concentration of chlorate in (A) ClO2-treated recirculated water

(3rd test) and (B) tomato washed in ClO2-treated water (3rd test).

washing fruits and vegetables that are not raw agricultural
commodities in the USA (3 mg/L; FDA). The decrease in ClO2

concentration during washing in the 3rd test had different causes,
such as the volatilization of ClO2 due to the spraying of water in
the overhead spray bars, and the consumption of the disinfectant
by reaction with oxidizable substances present in the washing
machine or fruit surfaces, as well as in the process water. ClO2

is more stable in fresh-cut produce wash water than chlorine,
but less stable than peroxyacetic acid (van Haute et al., 2017).
The neutral pH of the ClO2-treated water was adequate for
effective antimicrobial action, as this disinfectant is efficient in
a wide pH range between 3 and 9 (Junli et al., 1997). ClO2 has
a higher solubility in aqueous solutions at lower temperatures
than the room temperatures used in the assessed facility for
tomato washing (Gevantman, 2004). However, it has been proven
that the antimicrobial efficacy is higher at room temperature
compared with lower temperatures (Junli et al., 1997; López-
Velasco et al., 2012).

Tomás-Callejas et al. (2012), analyzing industrial tomato wash
water treated with ClO2, observed ORP values similar to those
detected in the present study in the ClO2-treated water. In
the treated water from our study, ORP values were always
above 650mV, which indicates the presence of oxidizing species

for effective disinfection (American Public Health Association
(APHA)., 2012). UVA254 and COD are parameters that are
linked to the content of organic matter in the fresh produce wash
water (Luo et al., 2012; Chen and Hung, 2017). The increase in
these two parameters when water was recirculated was caused
by the accumulation in the water of substances present on the
surface of the tomatoes. In the case of UVA254, the increase
was higher in the water treated with ClO2, probably due to
the presence of oxidants in the treated water (American Public
Health Association (APHA)., 2012).

López-Gálvez et al. (2020), observed populations of AMB
similar to those observed in the present study (8–10 log
cfu/100mL) in untreated bell pepper wash water. In contrast,
Holvoet et al. (2012) observed lower total microbial counts
(≈6 log cfu/100mL) in untreated wash water from fresh-cut
produce processing companies. The E. coli counts detected
in untreated recirculated water (2nd test) were higher than
those recommended for fruit and vegetable process water (EC
European Commission, 2017), highlighting the need for the
implementation of a disinfection treatment to maintain the
microbiological quality of the process water. On the other hand,
the reason for the high microbial levels in the water from the
1st test (single-pass tap water washing) could be the presence
of microbial contamination in the washing machine (in pipes,
rollers, and plates) that rapidly contaminated the tap water.

Although the use of ClO2 as water disinfectant reduced
the microbial load in the treated water, high concentrations of
AMB, coliforms, and yeasts and molds were still detected in
the process water. Tomás-Callejas et al. (2012) observed much
lower microbial populations in tomato wash water treated with
ClO2 than those reported in the present study. This difference
could be caused by the different experimental design used in
the two studies. In our case, trying to mimic the situation at
the end of a working day where wash water is recirculated for
∼8–12 h, we started our test with highly contaminated water
that was treated with ClO2 until reaching the desired residual
concentration of disinfectant. In contrast, in the study by Tomás-
Callejas et al. (2012), the addition of ClO2 to the process water
started before the entry of microbial contamination in the water,
and the disinfectant was able to keep low microbial levels during
the test. Although the experimental design of Tomás-Callejas
et al. (2012) was more similar to the washing dynamic in a
commercial washing line, we designed our tests to evaluate a
worst-case scenario.

It should be taken into account that, as established
by European legislation Regulation (EC) No 852/2004 (EC
European Commission, 2004) concerning the hygiene of food
products, the recycled water that is used in the production
process must be of drinking water quality, unless the competent
authority has determined that the quality of water cannot affect
the healthiness of food products in their final form. On the other
hand, in a guide published by the European Commission on
the good practices for the handling of vegetable products (EC
European Commission, 2017), it is indicated that the pre-wash
water may contain maximum levels of E. coli of 100 CFU/100mL.
However, final wash water must be of potable quality, which
entails the absence of E. coli (≤1 CFU/100mL). The washing
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system assessed in the tests had only one washing step, and the
most restrictive limit (≤1 CFU / 100mL) should apply. Based on
the guideline recommendations, 100% of untreated recirculated
water samples and 40% of the water samples treated with ClO2

had levels of E. coli higher than indicated for washing water in
direct contact with the vegetable product.

The levels of microorganisms detected on the surface of the
tomato before washing were similar to those observed in the
study by Tomás-Callejas et al. (2012). De et al. (2018) observed
higher aerobic plate counts of ≈6.5 log cfu/g in unprocessed
tomatoes from packinghouses located in Florida (USA). The
higher counts in the product washed in the untreated recirculated
water (2nd test) could be explained by the high microbial load
present in the water. Tomás-Callejas et al. (2012), observed
significantly higher counts of AMB and coliforms in washed
tomatoes compared with unwashed fruits in packinghouses using
ClO2-treated water. In contrast, De et al. (2018) detected lower
aerobic plate counts in processed tomatoes than in unprocessed
tomatoes. Balaguero et al. (2015) found the combination of
spray (with sanitizer) with roller brushes to be useful for the
removal of microbial contamination while not affecting the
quality of tomatoes.

De et al. (2018), detected a prevalence of generic E. coli <5.5%
in tomatoes from packinghouses located in Florida (USA) (n =

1678). In our study, none of the tomato samples analyzed was
positive for E. coli (prevalence 0%), but it should be taken into
account that the sampling size in our study was much smaller (n
= 34). Pao et al. (2009) andChang and Schneider (2012) observed
significant reductions of Salmonella spp. populations in tomatoes
treated with a combination of chlorine ClO2 and roller brushes.
In the study by Pao et al. (2009), it was also observed that spraying
with ClO2 was useful for avoiding cross-contamination between
contaminated roller brushes, product, and water effluent.

The chlorate concentrations detected in ClO2-treated water
(3rd test) could be representative of the levels that could be
reached at the end of a workday if the water is reused and
no water replenishment is made. López-Gálvez et al. (2019)
detected chlorate concentrations as high as 47.4 mg/L in an
industrial shredded produce washing line that used chlorine as a
disinfectant. All the tomato samples showed chlorate levels above
the current maximum residue level (MRL) (0.01 mg/kg; EFSA,
2015). However, a modification of MRLs is under study (EFSA,
2019), and the new MRL suggested for tomato (0.1 mg/kg) is
higher than the concentration detected in the present study
(≤0.04 mg/kg). Despite the high chlorate concentration in the
wash water treated with ClO2, there was no significant increase
in chlorate concentration in tomatoes. One of the reasons for this

low transfer of chlorate from water to the product would be the
absence of irregularities in the surface of the fruit, the reduced
number of stomata, and the hydrophobic nature of the cuticle.
Garrido et al. (2019) observed chlorate transfer rates from wash
water to product ranging from 1 to 9%, in different types of fresh-
cut products. In the present study, assessing an uncut product
with smooth surface, the transfer was <0.1%.

Regarding the chemical safety of fresh produce, the effect
of sanitizers on the presence of pesticide residues in the final
product should also be taken into account (López-Fernández
et al., 2013), although this aspect was not examined in the
present study.

CONCLUSIONS

ClO2 treatment was able to reduce the microbial populations
(including the prevalence of E. coli) in wash water with a
very poor microbiological and physicochemical quality. This
antimicrobial treatment would help to reduce microbial safety
risks linked to wash water reuse. The microbial load was similar
in tomato washed with the current method (single-pass tap water
wash) vs. tomato washed with recirculated ClO2-treated water.
Although ClO2 leads to the presence of chlorate in wash water,
it would not be a problem for products such as uncut tomato
that showminimal uptake potential. The results obtained suggest
that the ClO2 treatment could be applied to enable water reuse,
reducing water consumption and wastewater generation without
increasing the safety risk for consumers.
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