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Chlorine was assessed as a reconditioning agent and wash water disinfectant in the fresh-cut produce industry. Artificial fresh-
cut lettuce wash water, made from butterhead lettuce, was used for the experiments. In the reconditioning experiments, chlorine
was added to artificial wash water inoculated with Escherichia coli O157 (6 log CFU/ml). Regression models were constructed
based on the inactivation data and validated in actual wash water from leafy vegetable processing companies. The model that
incorporated chlorine dose and chemical oxygen demand (COD) of the wash water accurately predicted inactivation. Listeria
monocytogenes was more resistant to chlorine reconditioning in artificial wash water than Salmonella spp. and Escherichia coli
O157. During the washing process with inoculated lettuce (4 log CFU/g), in the absence of chlorine, there was a rapid microbial
buildup in the water that accumulated to 5.4 � 0.4 log CFU/100 ml after 1 h. When maintaining a residual concentration of 1
mg/liter free chlorine, wash water contamination was maintained below 2.7, 2.5, and 2.5 log CFU/100 ml for tap water and artifi-
cial process water with COD values of 500 and 1,000 mg O2/liter, respectively. A model was developed to predict water contami-
nation during the dynamic washing process. Only minor amounts of total trihalomethanes were formed in the water during re-
conditioning. Total trihalomethanes accumulated to larger amounts in the water during the wash water disinfection
experiments and reached 124.5 � 13.4 �g/liter after 1 h of execution of the washing process in water with a COD of 1,000 mg
O2/liter. However, no total trihalomethanes were found on the fresh-cut lettuce after rinsing.

Consumer demand for convenient, ready-to-eat, fresh-cut pro-
duce has continuously increased (1). However, fresh produce

is relatively vulnerable to pathogen contamination (2), and leafy
greens are among the most frequently implicated fresh produce in
produce-associated outbreaks (2–4), which have been related
mostly to Escherichia coli O157:H7 or Salmonella spp. (5, 6).

Minimal processing of lettuce consists of a series of steps in-
cluding harvesting, cold storage, trimming, shredding, washing/
rinsing, draining, packaging, cold storage, and distribution (7).
The washing is done to remove dirt, foreign materials, tissue fluids
from cut surfaces, and microorganisms. As fresh-cut lettuce does
not undergo intensive inactivation or preservation treatments
during processing, washing is the only processing step that re-
duces the microbial load on the lettuce (6, 8). Washing with po-
table water removes microorganisms to some degree, a process
which can be enhanced by using sanitizers for disinfection of pro-
duce, i.e., decontamination (9).

Chlorine is the most used water disinfectant in general and also
specifically in the fresh-cut produce industry for wash, spray, or
flume waters due to the low cost, the reliable availability, the good
effectiveness against suspended vegetative bacteria and some en-
teric viruses, and the minimal impact on the nutritional and sen-
sorial quality of the produce (3, 6, 10). However, the efficiency of
chlorine as a sanitizer for lettuce decontamination is generally
limited to 1- to 2-log reductions, even at high chlorine concentra-
tions (2, 7, 11). The common applied free chlorine concentrations
in washing processes are in the range of 50 to 200 mg/liter. Contact
times of 1 to 2 min and pH values of between 6 and 7.5 ensure the
presence of chlorine in the hypochlorous acid form and yet min-
imize corrosion of equipment (7, 10). The use of high chlorine

concentrations may cause the generation of chlorine gas in the
production facilities and may lead to the production of excessive
amounts of harmful disinfection by-products (DBPs) in the water
(3, 12–15). Partially due to the possible generation of DBPs, the
use of chlorine in fresh-cut produce washing is prohibited alto-
gether in some European Union countries such as Germany, Swit-
zerland, the Netherlands, Denmark, and Belgium (7, 8, 16).

However, washing of produce is a potential pathway for
spreading contamination among crops (17), and the risk of cross-
contamination is not removed by using large quantities of water
(18). Chlorine is much more effective for inactivation of bacterial
pathogens in wash water than for removal of these pathogens from
fresh produce (11, 19). Therefore, chlorine was assessed in this
study for two water disinfection strategies, with the aim of main-
taining the microbial wash water quality without purposefully tar-
geting fresh-cut lettuce. First, chlorination was used as a recondi-
tioning treatment. This can be interpreted as a disinfection
treatment of the water, separated from the washing bath, with
subsequent reuse of the water. Second, chlorine was used as a wash
water disinfectant in a dynamic washing process, as up until now,
cross-contamination studies have been designed mostly as one-
time-event experiments, i.e., adding free chlorine once initially
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and simulating a washing process at a single moment. Therefore,
there is a lack of information concerning the impact, after pro-
longed exposure, of maintaining a fixed residual free chlorine con-
centration during a washing process on the microbial and chem-
ical safety of the wash water and if accumulation of DBPs during
the washing process leads to transfer to the lettuce. In both setups,
the influence of physicochemical parameters was studied by dis-
infecting in artificial wash waters from butterhead lettuce (Lactuca
sativa). During the trials, DBPs were measured to assess the influ-
ence of the disinfection processes on chemical safety. In addition,
prediction models for E. coli O157 inactivation were made for
both the reconditioning and wash water sanitation setups.

MATERIALS AND METHODS
Physicochemical measurements. Chemical oxygen demand (COD) was
measured according to the small-scale sealed-tube method (LCI 400;
Hach Lange, Belgium). Turbidity was determined with a turbidimeter
(HI98703; Hanna Instruments, Belgium); UV at 254 nm (UV254) was
determined by using a UV-visible (UV-Vis) spectrophotometer (UV1601;
Shimadzu, Belgium) and quartz cuvettes with a 1-cm path length
(Hellma, Belgium), before and after filtration through a 0.45-�m-pore-
size polytetrafluoroethylene filter [UV254(F)] (Macherey-Nagel, Bel-
gium); NH4

� was measured with LCK304 from Hach Lange (Germany);
Fe2� and Mn2� were measured with inductive coupled plasma (Vista-
MPX; Varian); and free and total chlorine were measured by using the
N,N-diethyl-p-phenylenediamine (DPD) colorimetric method (20).

Standardized process water. Butterhead lettuce (Lactuca sativa) was
purchased from a local market in Belgium and transported under refrig-
erated conditions to the laboratory for further handling. After discarding
the outer leaves, 67 g of lettuce was put into a stomacher bag with a
full-surface filter (0.5-mm pore size), 200 ml of tap water was added, and
the mixture was homogenized for 2 min. The COD of this suspension was
determined, and subsequently, the suspension was diluted with tap water
to obtain standardized process water (SPW) containing the desired COD
(500, 800, or 1,500 mg O2/liter). Before executing the disinfection exper-
iments, the physicochemical parameters of this SPW were measured.

Wash water from fresh-cut produce companies. Wash water from
two fresh-cut produce companies was collected after 2 h of operation.
Water was collected into sterile recipient containers and transported un-
der refrigerated conditions to the laboratory, where it was stored at 4°C for
a maximum of 24 h. At company 1, tap water was used as the water source
during washing of salad mix and iceberg lettuce. Company 2 utilized bore
hole water for processing butterhead lettuce, iceberg lettuce, endive, and
radicchio.

Bacterial inoculation. Two attenuated nalidixic acid-resistant E. coli
O157 strains (LFMFP 662 and LFMFP 679) were used. The strains were
grown at 37°C for 24 h in brain heart infusion broth (Oxoid, United
Kingdom) containing 50 �g/ml nalidixic acid (Sigma-Aldrich, Belgium).
Two gentamicin-resistant Salmonella strains were used: a Salmonella en-
terica serovar Thompson strain (LFMFP 687), which is a clinical isolate
that was linked to an outbreak from cilantro (21), and a Salmonella en-
terica serovar Typhimurium strain (LFMFP 690), which is a natural strep-
tomycin-resistant mutant of Salmonella Typhimurium SL1344 (78). The
strains were grown in tryptone soya broth containing 15 �g/ml gentami-
cin (Sigma-Aldrich, Belgium) for 24 h at 37°C. Three Listeria monocyto-
genes strains, isolated from green and red peppers (LFMFP 207, LFMFP
233, and LFMFP 680), were used. The strains were grown in brain heart
infusion broth for 24 h at 37°C. For each species, a cocktail was made by
combining volumes of individual strains. Cocktails were centrifuged at
4°C at 1,800 � g for 10 min. The pellets were washed twice in phosphate
buffer (pH 7), with intermittent centrifugation, and subsequently resus-
pended in phosphate buffer.

Inactivation experiments. (i) Buffered experiment. Chlorine solu-
tions containing 0.2, 0.3, 0.4, and 0.5 mg/liter free chlorine were made by

diluting a chlorine stock solution (28.4 g/liter NaOCl; La Croix, Belgium)
in phosphate buffer at pH 6.5 and maintained at a temperature of 5°C. E.
coli O157 was added to 100 ml of these solutions to obtain 6 log CFU/ml.
The solutions were continuously stirred, and microbial samples were
taken after 15-, 30-, and 60-s contact times. Samples were immediately
quenched by using Na2S2O3 (0.1 M). E. coli O157 was enumerated by the
pour-plating method on Chromocult Coliform-agar (Merck, Belgium)
containing 50 �g/ml nalidixic acid. To extend the limit of quantification
(LOQ), E. coli O157 was also enumerated by using membrane filtration
(22), in which the use of Tergitol 7 was replaced by Coliform Chromocult-
agar (Merck, Germany) containing 50 �g/ml nalidixic acid, to increase
the specificity of the analysis.

(ii) Reconditioning experiment. The pH of the SPW was adjusted to
6.5 by using HCl (1 M). Volumes of the pathogens’ cocktails were added to
the SPW to obtain concentrations of 6 log CFU/ml. The SPW was contin-
uously stirred during the experiment. Disinfection was executed at 5°C in
volumes of 100 ml. The necessary amount of chlorine was added in 1
pulse. SPW with COD values of approximately 500, 800, and 1,500 mg
O2/liter was exposed to chlorine concentrations of 20, 35, 50, and 75
mg/liter. Samples from the fresh-cut produce companies were chlorinated
with 20, 35, and 50 mg/liter chlorine. All experiments were executed in
triplicate. Samples for free chlorine measurements were taken simultane-
ously with the microbial samples and immediately analyzed. Microbial
samples were quenched by using Na2S2O3 (0.1 M). E. coli O157 enumer-
ation was done as described above for the buffered experiment, except
that membrane filtration was not executed. Specifically, for the inactiva-
tion data used for modeling, the LOQ was lowered to 0.5 log CFU/ml by
pour plating 3 ml of the nondiluted sample over three plates. Enumera-
tion of Salmonella spp. and Listeria monocytogenes was executed with the
spread-plating method (streaking 100 �l of serially diluted sample) on
xylose-lysine-desoxycholate (XLD) medium (Oxoid, United Kingdom),
containing 15 �g/ml gentamicin, and Brilliance Listeria agar (Oxoid,
United Kingdom), respectively.

(iii) Wash water experiment. Cut lettuce leaves were inoculated over-
night with E. coli O157 to obtain ca. 4.0 log CFU/g and subsequently
washed. The washing process consisted of washing portions of 50 g of
lettuce for 1 min in a washing bath (volume of 4 liters) at temperatures
below 7°C by manual stirring. The experiment was done in duplicate. The
washing process was continued for 1 h by consecutively passing 50-g por-
tions through the same washing bath. Each portion of lettuce was rinsed
with tap water (product-to-water ratio of 1 kg to 1 liter) after washing. The
pH of the washing water was reduced to 6.5 with HCl (1 M), and free
chlorine was continuously added with a pump to maintain 1 mg/liter of
free chlorine in the water. The level of free chlorine was measured each
minute, and the flow of the pump was adapted accordingly. The experi-
ment was performed in (i) tap water and (ii) SPW, the latter with COD
values of approximately 500 or 1,000 mg O2/liter. The water loss resulting
from the lettuce batches exiting the washing bath was measured, and after
each batch, the washing bath was refilled with water with the respective
COD value to maintain 4 liters in the washing bath for the duration of the
trial. Water samples for microbial enumeration were taken. E. coli O157
was enumerated by using membrane filtration (22), in which the use of
Tergitol 7 was replaced by Coliform Chromocult-agar (Merck, Germany)
containing 50 �g/ml nalidixic acid. The LOQ for experiments in tap water
or SPW with a COD of 500 mg O2/liter was 1.7 log CFU/100 ml, and for
SPW with a COD of 1,000 mg O2/liter, it was 2.0 log CFU/100 ml. Enu-
meration of E. coli O157 on lettuce was performed by weighing 10 g of
lettuce in a stomacher bag, which was homogenized for 1 min in 90 ml
peptone water (Oxoid, United Kingdom). Chromocult Coliform-agar
was used for enumeration of E. coli O157 (incubation at 37°C for 24 h).

Disinfection by-products. The formation of total trihalomethanes
(TTHMs), i.e., chloroform, bromoform, dichlorobromomethane, and di-
bromochloromethane, was measured. Samples were taken after the re-
conditioning experiment, i.e., after a 30-min contact time. In the washing
bath experiment, a water sample was taken from the washing bath at the
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end of the 1-h trials and from the final batch of lettuce during each trial.
The trihalomethanes both in the water and on the lettuce were analyzed as
described previously by Lopez-Galvez et al. (23).

Statistics. SPSS statistics 20 and Microsoft Excel were used for statis-
tical analysis. The Kolmogorov-Smirnov test and Levene’s test were used
to assess normality and equality of variance (P � 0.05), respectively. Dif-
ferences between treatments, i.e., influence of physicochemical parame-
ters, free chlorine, or bacterial species, were determined by analysis of
variance (ANOVA). If normality or equality of variance could not be
assumed, the Kruskal-Wallis or Brown-Forsythe test was used, respec-
tively, as an alternative to ANOVA. If significant differences were found,
the Tukey honestly significant difference (HSD) or Games-Howell post
hoc test was used at a significance level of a P value of �0.05 for further
analysis if the group variances were equal or unequal, respectively.

Modeling. (i) Reconditioning experiment. For assessing the overall
quantitative quality of the models, both the squared correlation coeffi-
cient (r2) for predicted values versus measured values and the ratio of
prediction to deviation (RPD) were used. The RPD is the ratio of the
standard deviation of the measured log reduction values to the root mean
square error (RMSE) of the predicted values. The RPD expresses the in-
crease of prediction accuracy compared to the use of the mean log reduc-
tion value to predict all chlorination trials. A ratio greater than 2 is neces-
sary for a decent calibration, whereas a ratio below 1.5 indicates an
insufficient prediction potential of the model (24). In order to provide
additional qualitative information on the origin of the error, Theil’s de-
composition of the mean square error (MSE) was used. Decomposition of
the MSE can be performed as follows:

MSE � �y� � y�m�2 � �s�y� � rs�y�m�2 � �1 � r2�s�2
y�m

(1)

where y�m is the mean of measured data points, y� is the mean of modeled
data points, and r is Pearson’s coefficient of correlation.

s�y�m
���i�ym,i � y�m�2

N
(2)

s�y� ���i�yi � y��2

N
(3)

Dividing equation 1 by the MSE allows a proportional representation of
the three decomposed factors of the MSE:

1 �
�y� � y�m�2

MSE
�

�s�y� � rs�y�m�2

MSE
�

�1 � r2�s�2
y�m

MSE
(4)

1 � Um � Ur � Ud (5)

Um measures the proportion of the MSE related to bias in the prediction
model. Ur represents the proportion of the MSE that is caused by devia-
tion of the regression line between measured and predicted data points
from the 45° perfect-fit line. Ud represents random prediction errors that
cannot be reduced. Ideally, Um and Ur would be zero, while Ud would
equal the MSE.

(ii) Washing bath experiment. The models were constructed in
@RISK. Distributions were fitted to the measured parameters that were
used for constructing the model, and distributions were chosen based on
the lowest chi-square statistic value. Monte Carlo simulation was used to
select random samples from the input distributions as input for the
model. As such, a set of output samples (E. coli O157 wash water contam-
ination) were obtained, and distributions were fitted to these output sam-
ples. For assessing the overall quality of the time series models in this
experiment, Theil’s inequality coefficient (TIC) was used (equation 6).
TIC values range from 0 to 1, and values below 0.3 indicate a decent
agreement of the model with the experimental data (25).

TIC ��i�yi � ym,i�2

��iy
2

i � ��iy
2

i,m

(6)

As with the reconditioning experiments, Theil’s decomposition of the
MSE was used to further assess the prediction quality of these models.

RESULTS
Inactivation of E. coli O157 in oxidant-demand-free buffer. E.
coli O157 reduction in oxidant-demand-free buffer with chlorine
can be seen in Table 1. E. coli O157 was highly vulnerable to chlo-
rine disinfection. The data in this study were fitted to three basic
disinfection models: log-linear kinetics, Chick-Watson, and Hom
(Table 2). The Chick-Watson model gave a value for n close to 1,
meaning that only a slightly higher weight was given to the free
chlorine concentration than to the contact time. Not surprisingly,
applying log-linear kinetics, i.e., log linear as the concentration
remained virtually constant in the chlorine-demand-free buffer,
resulted in a similar prediction quality. For the Hom model, the m
value was less than 1, suggesting the presence of some tailing ef-
fect. The fact that E. coli O157 was still detectable (without enrich-
ment) after 2 min in the cases of 0.2, 0.3, and 0.4 mg/liter free
chlorine allows the possibility of such a tailing effect. However, as
these measurements were below the LOQ and the number of time
points was limited, this could not be confirmed. The less complex
Chick-Watson and log-linear models deviated somewhat from the
perfect-fit line (Ur � 0.205 and 0.182, respectively).

Use of chlorine as a reconditioning agent. The measurements
of selected physicochemical parameters of the SPW can be seen in
Table 3. The consumption of free chlorine in the SPW occurred
rapidly. At COD values of 800 and 1,500 mg O2/liter, 75 mg/liter of
free chlorine was virtually completely consumed within 1 min
(data not shown). Water with a COD value of 456 � 1 mg O2/liter
represents a best-case scenario, i.e., water with the best possible
physicochemical quality in this study. It can be seen that even at
this lower bound of organic load, free chlorine was consumed
rapidly (Fig. 1). Within 2 min, 50 mg/liter free chlorine was re-

TABLE 1 Chlorine inactivation of E. coli O157 in oxidant-demand-free
buffer

Free chlorine concn
(mg/liter)

Mean chlorine inactivation of E. coli O157
(log N/N0) � SD with contact time (min) of:

0.25 0.5 1 2

0.2 �0.9 � 0.1 �1.6 � 0.1 �3.4 � 0.3 ��6.3a

0.3 �1.8 � 0.6 �2.7 � 0.3 �4.9 � 0.2 ��6.3a

0.4 �1.9 � 0.2 �2.7 � 0.2 �5.2 � 0.4 ��6.3a

0.5 �3.0 � 0.2 �5.4 � 0.2 ��6.3a ��6.3
a Detectable by direct plating yet below the limit of quantification.

TABLE 2 Prediction quality of kinetic disinfection models in chlorine-demand-free buffer

Model k n m r2 Um Ur Ud RPD

ln N/N0 � �kCt (log linear) 37.3 0.82 0.059 0.182 0.759 2.11
ln N/N0 � �kCnt (Chick-Watson) 41.6 1.11 0.83 0.070 0.205 0.725 2.13
ln N/N0 � �kCntm (Hom) 32.6 0.97 0.70 0.87 0.001 0.003 0.996 2.78
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duced to below 0.1 mg/liter, and an initial addition of 100 mg/liter
free chlorine resulted in a residual concentration below 1 mg/liter
free chlorine after 5 min. Considerable amounts of total chlorine
formed due to free chlorine decomposition (data not shown),
which consisted predominantly of organic chloramines, due to
the low NH4-N content.

The inactivation of E. coli O157 occurred during the first min-
ute of contact time (Fig. 2). This was due to the virtually complete
free chlorine consumption within this first minute (Fig. 1), except
for the case of the addition of 75 mg/liter in SPW with a COD of
500 mg/liter, the latter resulting in reductions below the LOQ (Fig.
3). No further significant inactivation occurred during the 30-min
contact time (Fig. 4). Therefore, when disinfecting E. coli O157 in
SPW with the studied amounts of COD and added free chlorine
concentrations, the time factor could be discarded if a contact
time above 1 min was maintained.

An overview of the inactivation experiments using a default
contact time of 2 min is shown in Fig. 3. Inactivation was signifi-
cantly influenced by both the added free chlorine and the COD of
the SPW (P � 0.0005). When comparing the inactivation of E. coli
O157 with those of other relevant bacterial pathogens, it was ob-
served that the Listeria monocytogenes strains were significantly
more resistant to chlorination in SPW than the Salmonella (P �
0.0005) and E. coli O157 (P � 0.0005) strains (Fig. 5). There was
no significant difference in the inactivation of the latter two patho-
gens (P � 0.05).

For the modeling, as the influence of contact time on inactiva-
tion was insignificant (P � 0.05) in the SPW, the contact time was

fixed at 2 min. The data from the addition of 75 mg/liter free
chlorine were discarded due to the presence of inactivation values
below the LOQ, and the remaining data were used for construc-
tion of the model. These disinfection data were divided into a
calibration set (n � 27) and a validation set (n � 13), while the
data from the experiments with water from the fresh-cut produce
companies (n � 18) were used as an additional external validation
set. The linear, quadratic, and interaction terms were modeled
with multilinear regression and, based on data from the SPW ex-
periments (calibration set) (equation 7), selecting variables that
showed statistical significance (P � 0.05):

log� N

N0
� � a � bX � cCl2 � dX2 � eCl2

2 � fXCl2 (7)

where N is CFU/ml after chlorination, N0 is the initial CFU/ml, a
to f are constants, X is the physicochemical parameter, and Cl2 is
added free chlorine.

All linear models were constructed. Concerning the integra-
tion of second-order terms in the model, in all cases, only the
square of the physicochemical parameter, e.g., COD2, contributed
significantly to the regression models (Table 4). For the SPW, the
physicochemical parameters that negatively influenced the chlo-
rination efficiency all correlated significantly (P � 0.0005) with
each other. This suggests that all parameters would predict the
inactivation efficiency with somewhat similar efficiencies, and in-
deed, all models predicted the validation set of SPW samples with
an RPD of �2. Due to this correlation, a model incorporating all
physicochemical parameters was redundant and did not have ad-

FIG 1 Free chlorine consumption in SPW with a COD of 456 � 1 mg O2/liter.
�, 50 mg/liter chlorine; �, 60 mg/liter chlorine; o, 70 mg/liter chlorine; �,
100 mg/liter chlorine.

FIG 2 Inactivation of E. coli O157 in SPW with a COD of 500 mg O2/liter. �,
20 mg/liter chlorine; �, 35 mg/liter chlorine; o, 50 mg/liter chlorine; �, LOQ.

TABLE 3 Physicochemical characteristics of the used process watersa

Parameter

Mean value � SD

SPW COD 500 mg
O2/liter

SPW COD 800
mg O2/liter

SPW COD 1,500 mg
O2/liter Company 1 Company 2

pH 7.6 � 0.1 7.5 � 0.1 7.6 � 0.02 7.34 � 0.01 7.2 � 0.1
Turbidity (NTU) 66.4 � 5.4 118.4 � 20.7 228.0 � 50.5 13.8 � 0.9 72.6 � 6.6
COD (mg O2/liter) 510 � 20 772 � 20 1,430 � 58 465 � 2 1,405 � 57
UV254 1.58 � 0.05 2.40 � 0.06 3.74 � 0.39 0.36 � 0.03 1.08 � 0.05
UV254(F) 0.82 � 0.05 1.40 � 0.11 2.12 � 0.21 0.22 � 0.02 0.70 � 0.02
Fe (mg/liter) ND 0.72 � 0.07 ND 0.19 � 0.005 0.22 � 0.01
Mn (mg/liter) ND 0.070 � 0.0002 ND 0.013 � 0.002 0.024 � 0.003
NH4-N (mg/liter) ND 0.45 � 0.03 ND 1.13 � 0.03 0.89 � 0.05
a ND, not determined; NTU, nephelometric turbidity units.
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ditional predictive value. In fact, when performing regression on
all physicochemical parameters, the model was reduced to the
linear model based on UV254(F), excluding the other parameters.
Concerning predicting actual process water, only the RPD values
for the COD models were �2, meaning that all physicochemical
parameters, except for COD, failed to predict the disinfection ef-
ficiency of chlorine in the actual process water from both fresh
produce processing companies. A large systematic bias was ob-
served for the models based on UV254, UV254(F), and turbidity
(high Um) values. The linear model based on COD predicted the
disinfection efficiency better than the quadratic model. The qua-
dratic model had a considerable bias (Um) and deviated from the
perfect-fit line (Ur), as well as having a lower RPD value. There-
fore, the quadratic model suffered from overfitting, and the sim-

pler linear model was more robust toward predicting the inacti-
vation efficiency in the process water from the companies.

Chlorine as fresh-cut lettuce wash water disinfectant. Wash-
ing of fresh-cut lettuce without the use of free chlorine caused a
rapid microbial buildup in the wash water that reached 5.4 � 0.4
log CFU/100 ml after 1 h (Fig. 6). Maintaining a residual concen-
tration of 1 mg/liter free chlorine resulted in wash water contam-
ination that was maintained below 2.7, 2.5, and 2.5 log CFU/100
ml for tap water and SPW with COD values of 500 and 1,000 mg
O2/liter, respectively (Fig. 6). Microbial contamination was signif-
icantly correlated with time (r2 � 0.52; P � 0.0005) when chlori-
nating in tap water, whereas no correlation with time was present
when chlorinating in SPW. When disinfecting wash water con-
taining a COD of 500 or 1,000 mg O2/liter, a larger variation of E.
coli O157 counts was observed than those in tap water, and there
were overall lower E. coli O157 counts. Greater variation in free
chlorine concentrations occurred in the presence of larger
amounts of COD (Levene’s statistic � 0.021 for tap water versus
water with a COD of 500 mg O2/liter and 0.046 for water with a
COD of 500 versus a COD of 1,000 mg O2/liter) (Table 5). The
reduction of E. coli O157 on the lettuce due to washing with water
was 0.5 � 0.1 log CFU/g. Only in the case of washing with 1
mg/liter free chlorine in water with a COD of 1,000 mg O2/liter
was the reduction on the lettuce significantly higher (P � 0.0005)
during the 1-h duration of the experiment than for the wash with
only water (Table 5). In all cases, rinsing had no additional influ-
ence on pathogen removal.

A model to assess E. coli O157 contamination in the wash water
during fresh-cut lettuce washing was based on the following three
assumptions: (i) free chlorine is free to inactivate bacteria, or oth-
erwise stated, knowledge of the residual free chlorine in the wash-
ing bath can be used to estimate the microbial kill-off regardless of
the physicochemical load; (ii) rinsing is considered to be insignif-
icant for E. coli O157 removal and, as such, is not considered in the
model; and (iii) the discrete experimental setup is interpreted as a
continuous process where lettuce is continuously added instead of
being added in intervals of 1 min. The following model was made
for E. coli O157 contamination in the washing bath, to quantify the
change in microbial load with respect to time:

dN

dt
� LR1R2 � kCl2

nN �
R2VL

V
N (8)

FIG 3 Inactivation efficiencies of E. coli O157 in SPW using a 2-min contact
time. �, LOQ; �, below the limit of detection.

FIG 4 Inactivation of E. coli O157 with 20 mg/liter free chlorine (a) and 35
mg/liter free chlorine (b) in SPW containing COD values of 500 mg O2/liter
(�), 800 mg O2/liter (o), and 1,500 mg O2/liter. �, LOQ.

FIG 5 Inactivation of E. coli O157, Salmonella spp., and Listeria monocytogenes
in standardized process water with a COD of 800 mg O2/liter (2-min contact
time). �, LOQ.
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where N is the E. coli O157 load in the washing bath (CFU/100 ml),
L is contamination of lettuce entering the washing bath (CFU/g),
R1 is the fraction of E. coli O157 transferred from the lettuce to the
washing bath, R2 is lettuce entering the washing bath per unit of
time (g/s), k and n are Chick-Watson constants for E. coli O157
inactivation in chlorine-demand-free buffer solution, Cl2 is resid-
ual free chlorine (mg/liter) in the washing bath, VL is the water
volume loss per g of lettuce (ml/g), and V is the water volume of
the washing bath.

Solving the differential equation with respect to the initial con-
dition N(t � 0) � 0 CFU yields, in the absence and presence of free
chlorine, equations 9 and 10, respectively:

N�t� �
LR1R2

R2VL

V

�e�
R2VL

V �t � 1� (9)

N�t� �
LR1R2

�kCl2
n �

R2VL

V

�e��kCl2
n�

R2VL
V �t � 1� (10)

The contamination in 100 ml is than calculated as

N�t�100 ml � N�t�
100

V
(11)

The model that predicted the contamination of the washing bath
in the presence of free chlorine converged very rapidly to a static
condition (Fig. 7). Therefore, the output of the model could be
considered constant:

lim t→� N�t�100 ml � 	
LR1R2

kCl2
n �

R2VL

V



100

V
(12)

TABLE 4 Prediction quality of the reconditioning models based on different physicochemical parameters

Model and parameter Intercept Free chlorine Xa X2

Validation with SPW Validation with wash water companies

r2 Um Ur Ud RPD r2 Um Ur Ud RPD

Linear
COD �2.583 �0.079 0.003 0.88 0.034 0.010 0.956 2.92 0.91 0.050 0.070 0.880 3.23
UV254(F) �2.999 �0.078 1.924 0.80 0.012 0.001 0.987 2.34 0.75 0.872 0.014 0.114 0.70
UV254 �3.047 �0.079 1.112 0.81 0.004 4.30 � 10�5 0.996 2.39 0.71 0.875 0.010 0.115 0.65
Turbidity �2.380 �0.067 0.014 0.77 0.006 0.014 0.980 2.15 0.77 0.733 0.067 0.199 0.96

23 factorial design
COD �6.761 �0.087 0.013 �5.18 � 10�6 0.86 0.057 0.034 0.909 2.68 0.91 0.305 0.356 0.339 2.04
UV254(F) �5.360 �0.083 5.717 �1.239 0.79 0.027 0.030 0.943 2.21 0.91 0.981 5.53 � 10�5 0.019 0.48
UV254 �7.604 �0.081 4.807 �0.658 0.81 0.022 0.042 0.935 2.34 0.90 0.986 0.003 0.011 0.29
Turbidity �4.502 �0.079 0.053 �0.0001 0.85 0.023 0.011 0.966 2.65 0.93 0.974 0.002 0.024 0.51

a Denotes a physicochemical parameter.

FIG 6 Measured and modeled E. coli O157 contamination in the washing bath during the fresh-cut lettuce washing process without chlorine in tap water (a) and
with 1.17 � 0.26 mg/liter free chlorine in tap water (b), 1.16 � 0.33 mg/liter free chlorine in water with a COD of 500 mg O2/liter (c), and 1.09 � 0.39 mg/liter
free chlorine in water with a COD of 1,000 mg O2/liter (d). Shown are E. coli O157 measurements more than the LOQ (�), more than the limit of detection and
less than the LOQ (�), and less than the limit of detection (o).
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The model made a good prediction for contamination as a func-
tion of time in the absence of free chlorine (TIC � 0.028; Ud �
0.93), but in the presence of 1.17 � 0.26 mg/liter free chlorine,
there was some bias (Um � 0.29). Nonetheless, the TIC value was
decent (0.077), indicating that the overall error was quite low
(Table 6 and Fig. 6). The quality of the models of chlorination in
water with a COD of 500 or 1,000 mg/liter was not assessed be-
cause of the large number of data points with values below the
LOQ (Fig. 6). The difference in variability of the measured free
chlorine residual concentrations between washing in wash water
with different COD values had no significant impact on the model
output, which predicted similar outputs for water disinfection in
tap water and SPW with COD values of 500 and 1,000 mg/liter
(2.0 � 0.4 log CFU/100 ml).

DBP formation during reconditioning and wash water dis-
infection. DBPs were measured during the reconditioning trials.
In all cases, only small amounts of TTHMs were measured. Only
chloroform was present in quantifiable amounts: 7.8 � 1.4 and
13.6 � 2.9 �g/liter in water with a COD of 800 mg O2/liter when
adding 100 or 150 mg/liter of chlorine, respectively, and 9.3 � 3.4
and 13.5 � 7.8 �g/liter in water with a COD of 1,500 mg O2/liter
when adding 100 or 150 mg/liter of chlorine, respectively. In the
wash water disinfection experiment, the free chlorine dose neces-
sary to maintain a residual concentration of approximately 1 mg/
liter increased substantially with increasing COD (Table 5). As
with the reconditioning experiments, the amount of TTHMs
formed was higher in SPW with higher COD values and with the
addition of higher chlorine concentrations. Besides chloroform,

small amounts of bromodichloromethane were also measured in
SPW with a COD of 1,000 mg O2/liter.

DISCUSSION

That pathogenic and nonpathogenic E. coli strains are prone to
chlorination in oxidant-demand-free environments and require
low concentration � contact time values has been known for de-
cades (26–28). Although the Hom model and the presence of
some resistant cells suggested the possibility of some tailing, the
experimental setup did not allow the confirmation of such an
effect. Tailing phenomena can be explained by disinfectant decay
or, from a microbial point of view, the presence of subpopulations
with higher levels of resistance to chlorine (29). Modeling accord-
ing to log-linear kinetics provided a decent prediction of E. coli
O157 inactivation. A good fit to log-linear kinetics was observed
previously by Lee et al. (30) for chlorination of E. coli (pH 8.5 at
4°C and 1 mg/liter free chlorine), i.e., when giving equal weights to
free chlorine concentration and contact time.

COD load had a detrimental effect on disinfection efficiency.
Higher organic loads lead to faster chlorine consumption, allow-
ing less free chlorine to be in contact with the target microorgan-
isms during the exposure period. This lowers the disinfection ef-
ficiency of chlorine, a fact well known for water and wastewater
disinfection (31–33). The rapid decomposition of free chlorine
was due to its reactivity with certain organic species. Chlorine
decomposition can occur through oxidation, addition, and elec-
trophilic substitution reactions with organic substances in the wa-
ter. Usually, electrophilic substitution is the predominant mech-
anism. Chlorine reacts quite specifically with organic molecules,
as can be seen from the great differences in reaction rates depend-
ing on the molecular structure of the target organic molecule.
Reactions with double bonds, alcohols, and ketones are rather
slow, whereas reactions with aliphatic amines, amino acids, and
peptides (N atom of terminal amino function is the target) are fast.
Reaction rates with compounds containing reduced sulfur moi-

FIG 7 Model for E. coli O157 contamination during washing of fresh-cut
lettuce in tap water with 1.17 � 0.26 mg/liter free chlorine.

TABLE 6 Prediction quality of the models of E. coli O157
contamination in tap water

Mean free chlorine concn
(mg/liter) � SD r2 Um Ur Ud TIC

0.0 � 0.0 0.58 0.02 0.05 0.93 0.028
1.17 � 0.26 0 0.29 0 0.71 0.077

TABLE 5 Measured chlorine consumption and DBP production in the washing bath experiment (n � 2)

Parameter

Mean value � SD

Tap water
Water with COD of
500 mg O2/liter

Water with COD of
1,000 mg O2/liter

COD (mg O2/liter) 36 � 13 500 � 25 1,017 � 4
Free chlorine, residual (mg/liter) 1.17 � 0.26 1.16 � 0.33 1.09 � 0.39
Free chlorine dose (mg/liter/min) 0.3 � 0.02 2.6 � 0.2 6.6 � 1.2
Chlorination breakpoint (mg/liter) 1.9 � 0.2 81.0 � 14.4 244.5 � 19.1
Cumulative dose (mg/liter) 17.1 � 2.1 235.8 � 23.6 609.0 � 59.4
Reduction of E. coli O157 on lettuce (log CFU/g) 0.6 � 0.2 0.6 � 0.2 1.6 � 0.2
Total trihalomethanes (water) (�g/liter) �6.3 27.8 � 5.4 124.5 � 13.4

Chloroform �6.3 27.8 � 5.4 111.1 � 17.3
Bromodichloromethane �6.3 �6.3 13.4 � 2.9

Total trihalomethanes (lettuce) (�g/g) �6.3 �6.3 �6.3
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eties are especially high, and this includes the amino acids cysteine
and methionine, proteins containing these amino acids, and the
reducing compound glutathione (34, 35). Chlorine can also react
with several inorganic species present in water, such as reduced
iron, arsenic and manganese, halides, and sulfide, etc. (34). As the
amounts of iron and manganese were small compared to the
COD, these constituents most likely had no considerable influ-
ence on chlorine consumption. Although considerable amounts
of organic chloramines were formed, there was only minor poten-
tial for inorganic chloramine formation. Organic chloramines
possess little or no disinfection potential against E. coli (35, 36),
whereas inorganic chloramines exhibit some disinfection effi-
ciency but to a much lesser extent than free chlorine, although
they are more stable (35). As the inactivation occurred in the first
minute of the 30-min trials, it can be concluded that only free
chlorine contributed to the inactivation of E. coli O157. Regres-
sion modeling showed that COD was, next to the added free chlo-
rine dose, the predominant predictor of disinfection efficiency in
fresh-cut lettuce wash waters. That the other physicochemical pa-
rameters were decent to good estimators in the SPW appeared to
be due solely to the correlation between COD and the other pa-
rameters. This illustrates the importance of assessing models
through external validation in actual wash waters. Particulate
matter can protect microorganisms by incomplete penetration of
chlorine in particles to which microorganisms are attached, which
has been observed in wastewater studies (31, 37). However, in the
case of these fresh-cut produce wash waters, the (dissolved) or-
ganic content, which reacts with chlorine, is very high and most
likely the predominant detrimental influence on the chlorine ef-
ficiency.

The higher susceptibility to chlorine of E. coli O157 than of
Listeria monocytogenes in this study was also observed in other
studies (38, 39). Sublethal chlorination affects the physiological
status of E. coli, and previous studies suggested that active trans-
port and respiration systems for glucose and amino acids are tar-
gets for hypochlorous acid (40, 41). More recent studies further
observed that actual destruction of membrane or cell wall integrity
is not necessary for E. coli as well as Listeria monocytogenes inacti-
vation and suggested that the primary action of chlorination is not
on the cell surface of the prokaryotic cell but mostly on the interior
(33, 42). As such, it can be considered that the difference in resis-
tance between Gram-negative and Gram-positive species might
be dependent predominately on differences in resistance to the
mass transfer of chlorine across Gram-positive and -negative cell
surface layers. On that note, a comparison between resistance of
Gram-positive and Gram-negative species based solely on the
thickness of the peptidoglycan layer is an oversimplification due
to the spatial difference of these layers in the cell surface of both
bacterial groups as well as the difference in composition of the
Gram-positive and Gram-negative bacterial cell walls. This was
noted previously by Dalrymple et al. (43) when reviewing the
mechanisms of photocatalytic disinfection, but this reasoning also
seems sound for chlorination. The higher level of resistance of
Listeria monocytogenes than of Gram-negative pathogens illus-
trates the necessity for an accurate indicator organism (44, 45). If
two or more pathogens form a significant risk in a given situation,
the criteria should be designed to avoid the occurrence of the most
resistant one, if practically and economically achievable. This vi-
sion has already been adopted in certain water quality criteria, e.g.,
the Long Term 2 Enhanced Surface Water Treatment Rule by the

U.S. Environmental Protection Agency (EPA), which incorpo-
rated the necessity for drinking water production systems to fulfill
a certain Cryptosporidium inactivation besides the conventional E.
coli-based limits (46, 47).

When attempting to maintain 1 mg/liter of free chlorine dur-
ing the washing bath trials, higher variations in free chlorine con-
centrations were observed in SPW with higher COD loads. Higher
COD values necessitate the addition of more chlorine to maintain
the residual concentration. This larger addition, in combination
with a higher free chlorine consumption, causes higher free chlo-
rine concentration gradients to occur throughout the washing
bath. As such, greater variations in E. coli O157 levels can arise, as
was observed in this study. This illustrates the practical difficulty
when attempting to maintain very low (i.e., in the range of 1 mg/
liter) free chlorine concentrations in wash water with high organic
loads. When modeling inactivation in tap water containing 1 mg/
liter of residual free chlorine, the bias observed between the model
and the experimental data, i.e., the small observed increase in E.
coli O157 contamination, suggests that one of the hypotheses
made was not valid or that a significant influencing parameter was
not considered in the model (e.g., insufficient prediction quality
of disinfection kinetics), of which the output was virtually inde-
pendent of time. Also, in the case of higher organic loads, the
greater variations in E. coli O157 levels were not predicted by the
model outputs. As the model made the assumption that knowl-
edge of the residual free chlorine concentration is sufficient to
predict inactivation, the higher chlorine gradients and the incom-
pletely mixed character of the washing tank were not considered
in the model. Maintaining 1 mg/liter free chlorine in the wash
water avoided a high E. coli O157 buildup in the simulated con-
tinuous fresh-cut lettuce washing process, e.g., resulting in an av-
erage reduction of 3.2 log CFU/100 ml wash water after the 1-h
simulated washing process in tap water. These findings confirm
the good effectiveness of chlorination for wash water disinfection
in fresh-cut lettuce washing observed in other recent studies (2, 6).
However, reducing the E. coli O157 water contamination to low
values does not necessarily imply that no cross-contamination can
occur. Luo et al. (2) observed previously that although 5 mg/liter
(1.7 mg/liter after chlorine dissipation due to organic matter) in-
activated E. coli O157 to below the detection limit in the wash
water, cross-contamination could not be completely avoided
when simultaneously washing inoculated and uninoculated fresh-
cut romaine lettuce. Tomas-Callejas et al. (6) made the same ob-
servations (though only with nonquantitative detection) when
applying 25 mg/liter free chlorine (loss due to decomposition is
not known) to avoid cross-contamination of E. coli O157 and
Salmonella Typhimurium during processing of red chard. Sug-
gested causes for cross-contamination in those studies were the
presence of microenvironments with lower free chlorine concen-
trations and cross-contamination through direct contact of inoc-
ulated with uninoculated lettuce. The former seems realistic when
maintaining low chlorine levels in washing baths. The latter, how-
ever, is less likely to occur in reality. Contrary to experimental
situations, which apply mostly high inocula and a large abundance
of inoculated lettuce, it can be assumed that, not considering ex-
treme cases, only a minor part of the lettuce would be contami-
nated with pathogens and at lower contamination levels. As such,
direct transfer seems insignificant. The good efficiency for wash
water disinfection in this and previous studies is in strong contrast
with the decontamination efficiency of free chlorine (48–50). De-
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contamination is hindered by the difficult removal of microor-
ganisms infiltrated in hard-to-reach or damaged tissue or agglom-
erated in biofilms (48, 51, 52). This can be partially circumvented
by washing the lettuce leaves in chlorine before actually cutting
them because this avoids in part the infiltration of microorgan-
isms during cutting due to the preceding microbial reduction.
Furthermore, this reduction step is facilitated by the smaller
amount of organics released into the wash water when washing
whole produce. An additional log unit of E. coli O157:H7 was
removed from romaine lettuce when chlorine washing was done
before cutting and a subsequent second chlorine wash was done
compared to cutting followed by two consecutive chlorine wash-
ing steps. As such, cross-contamination during cutting was signif-
icantly reduced (3).

The TTHM concentrations generated during the recondition-
ing trials were far below the allowed DBP concentrations in drink-
ing water in the European Union (100 �g/liter TTHMs) and in the
United States (80 �g/liter TTHMs) (53, 54). Higher concentra-
tions were formed in the washing bath trials due to the continuous
exposure of the wash water to free chlorine. Formation of TTHMs
increases among others with increasing chlorine dose and organic
load (55, 56). The results of this study and those of Lopez-Galvez
et al. (23) confirmed this specifically for a lettuce-derived water
matrix. In the case of water with a COD of 1,000 mg O2/liter, small
amounts of bromodichloromethane were detected. Brominated
organics are formed through a reaction of organic matter with
hypobromous acid, which itself is formed because hypochlorous
acid oxidizes bromide that is present in the water (57, 58). In the
case of water with a COD of 1,000 mg O2/liter, DBPs in the water
exceeded the European Union and U.S. TTHM drinking water
limits. Nonetheless, in all cases, no measurable amounts of
TTHMs were found on the lettuce after the rinsing step, even in
the case where the TTHMs in the SPW exceeded the European
Union legislative limit. The given setup would not pose any chem-
ical danger to the consumer. This absence of DBPs on lettuce was
also observed in other studies (23, 59). Nevertheless, the results of
the washing bath trials, especially in the SPW containing a COD of
1,000 mg O2/liter, show that considerable amounts of THMs can
be formed in the water due to prolonged chlorination. As such,
formation of DBPs could still be a problem if legislation would
pose limits on DBPs in wash water or the resulting wastewater, as
besides the known drinking water limits, legal limits for treated
wastewater are now also arising (e.g., by the Florida Department
of Environmental Protection), to protect surface water quality
and avoid accumulation in the environment (60).

To reduce the production of DBPs, especially when the water is
reused multiple times, the implementation of a treatment that
periodically removes organic matter might be a feasible strategy to
prolong the use of a batch of water. A disinfection is normally an
end treatment, because of the consumption of chemical disinfec-
tants and production of DBPs, shielding and absorbance of UV
irradiation by particles, and rapid clogging of membrane filters,
etc. For large processing companies, it might be feasible to imple-
ment a multiple-chain water treatment system to treat the waste-
water from all processing lines in order to be able to completely
reuse all the wash water, and a multitude of physicochemical and
biological treatments are available for removal of particles and
dissolved matter (61–63). A more rapid alternative would be to
apply granular or membrane filtration techniques, with pretreat-
ment with a food-safe coagulant, which might significantly pro-

long water usage without actually requiring a complete water
treatment chain. This could potentially be implemented by work-
ing with two batches of wash water, one used for washing while the
other is being treated to reduce the physicochemical load, or by
reconditioning overflow water that is otherwise discarded, to en-
able prolonged water usage. In addition, lowering the physico-
chemical load requires less chlorine to maintain the desired resid-
ual concentration in the washing tank, although it remains to be
seen if a stand-alone pretreatment is available that is actually less
costly than the cost reduction in the required chlorine dosage that
it would provide.

When using chlorine for reconditioning, efficient inactivation
of vegetative bacterial pathogens was achieved without having to
maintain residual chlorine, and the needed dose depended on the
amount of COD in the water. The very fast chlorine decomposi-
tion poses a design issue if a reconditioning system that does not
rely on residual chlorine is chosen. In this case, it is of paramount
importance that the water is exposed to these high chlorine con-
centrations before chlorine consumption occurs. Therefore, a re-
actor with a profound plug-flow design would probably be suit-
able to guarantee that virtually all water is in contact with these
high chlorine concentrations before decomposition. As such, a
lower concentration would be needed than when guaranteeing
sufficient exposure to chlorine by aiming for presence of residual
chlorine. The major disadvantage of reconditioning is the fact that
there is no “in situ” prevention of cross-contamination. Once
cross-contamination has occurred, even shortly after the event,
rewashing of the newly infected lettuce in free chlorine solutions is
unable to completely remove the newly attached E. coli O157 (2,
18, 64). Therefore, in situ wash water disinfection is highly recom-
mended to put up a barrier against cross-contamination. Al-
though maintaining 1 mg/liter of free chlorine does not keep the
wash water free from E. coli O157, the results show that low chlo-
rine concentrations are highly effective in eliminating E. coli O157
in the suspended state. It must also be noted that although elimi-
nating cross-contamination may reduce the risk of outbreaks by
avoiding the spread of contamination during produce washing,
ultimately, it does not solve the problem of fresh produce food
disease, and the best way of eliminating pathogens is to avoid
contamination altogether during primary production, although
this might be virtually impossible at the moment (10, 18, 65). The
fact that chlorination of fresh-cut lettuce wash waters in the as-
sessed model systems is feasible for inactivating vegetative bacte-
rial pathogens does not make it necessarily effective against other
pathogens under these conditions. Concerning viruses, norovirus
is considered to be of the greatest concern in regard to fresh-cut
produce (66, 67). Although there have been large fluctuations in
inactivation of norovirus with free chlorine in various studies (de-
pendent on the type of detection, if the viruses are aggregated
or dispersed, and if free or total chlorine is measured), concen-
tration � contact times from studies with free chlorine in low-
organic-loaded waters show that norovirus and its more practical
surrogate murine norovirus are both highly vulnerable to chlori-
nation (31, 68, 69). Protozoan parasites, such as Cryptosporidium
parvum and Cyclospora cayetanensis, have also been associated
with outbreaks related to fresh produce consumption, and coun-
tries in Latin America have recognized them as pathogens of con-
cern (4, 67, 70, 71). If produce wash water should be kept free of
these pathogens, a chlorination system would fail due to the high
level of resistance to chlorine (72, 73), or alternatively, excessively
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high free chlorine concentrations would be required. Ozone (74),
UV (75), and, especially for avoiding cross-contamination in
washing processes, the more stable chlorine dioxide (6, 32, 76, 77)
are better alternatives to chlorine for inactivation of protozoan
parasites.

Concluding remarks. Research and applications of chlorine as
a decontamination agent on fresh-cut lettuce are numerous. On
the other hand, studies on chlorination to maintain wash water
quality are limited. The results of this study show that chlorine is
effective as a reconditioning agent to inactivate E. coli O157, Sal-
monella, and Listeria monocytogenes strains in the presence of
fresh-cut lettuce wash water with a high COD load. Chlorine de-
composition due to reaction with organic matter occurred rap-
idly, and as such, microbial inactivation occurred within 1 min.
Maintaining 1 mg/liter residual free chlorine during fresh-cut let-
tuce washing illustrates that much lower free chlorine concentra-
tions than those applied for decontamination effectively reduce E.
coli O157 in the wash water as well as the practical difficulty in
maintaining such low residual concentrations in the presence of
organic matter. Both disinfection strategies were successful, but in
order to avoid cross-contamination, online wash water chlorina-
tion is necessary. Models for predicting E. coli O157 inactivation
during reconditioning and E. coli O157 wash water contamination
during washing in the presence of residual free chlorine were
made. These models provide insight into the parameters that in-
fluence the disinfection process, and the ultimate goal of these
types of models is to be able to estimate the chlorine dosage nec-
essary to achieve a desired microbial reduction when designing a
water disinfection treatment for fresh-cut produce washing pro-
cesses. Furthermore, this study shows that although TTHMs ac-
cumulated in the water due to chlorination during fresh-cut let-
tuce washing (up to 124.5 � 13.4 �g/liter), this does not imply
that TTHMs will be present on the product after rinsing, as no
measurable amounts of TTHMs were detected on the fresh-cut
lettuce during the experiments.
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