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ABSTRACT

Produce safety has received much recent attention, with the emphasis being largely on discovery of how microbes invade

produce. However, the sanitization operation deserves more attention than it has received. The ability of a sanitizer to reach the

site of pathogens is a fundamental prerequisite for efficacy. This work addresses the transport processes of ozone (gaseous and

liquid) sanitizer for decontamination of leafy greens. The liquid sanitizer was ineffective against Escherichia coli K-12 in

situations where air bubbles may be trapped within cavities. A model was developed for diffusion of sanitizer into the interior of

produce. The reaction rate of ozone with the surface of a lettuce leaf was determined experimentally and was used in a numerical

simulation to evaluate ozone concentrations within the produce and to determine the time required to reach different locations.

For aqueous ozone, the penetration depth was limited to several millimeters by ozone self-decomposition due to the significant

time required for diffusion. In contrast, gaseous sanitizer was able to reach a depth of 100 mm in several minutes without

depletion in the absence of reaction with surfaces. However, when the ozone gas reacted with the produce surface, gas

concentration was significantly affected. Simulation data were validated experimentally by measuring ozone concentrations at the

bottom of a cylinder made of lettuce leaf. The microbiological test confirmed the relationship between ozone transport, its self-

decomposition, reaction with surrounding materials, and the degree of inactivation of E. coli K-12. Our study shows that

decontamination of fresh produce, through direct contact with the sanitizer, is more feasible with gaseous than with aqueous

sanitizers. Therefore, sanitization during a high-speed washing process is effective only for decontaminating the wash water.

In response to continuing incidents of contamination of

fresh produce, the main mitigation strategies for produce

such as leafy greens have involved surface decontamination

and avoidance of cross-contamination (8, 21). This type of

thinking has strongly driven efforts to develop an effective

sanitizing agent. A number of liquid sanitizers based on

organic acids (15, 24), chlorine (19), biocides (10, 19),
ozone (6, 9, 19, 22), and their combinations (25) have been

proposed. A recently introduced (17) liquid sanitizer,

FreshRinse, has not mitigated recalls (5, 12).
An often ignored point in the fresh produce and

research communities is the physics of produce safety, in

particular the rate of penetration of sanitizers to pathogen

locations within stomata, crevices, or openings. To be

effective, the sanitizer must be able to reach the most

inaccessible sites of the target pathogen within the duration

of the treatment. Although the lethal effect of liquid

sanitizers has been extensively evaluated, it is unclear

whether these sanitizers can be successfully delivered to the

microorganisms internalized within the product. Bacteria

can congregate in a variety of locations in fresh produce,

including stomata, cracks in the cuticle, crevices, and pores

(1, 2). This variety of niches introduces special challenges,

because of the relative inaccessibility of such sites and

requires the disinfectant to have great mobility and

penetration capability. At present, manufacturers of fresh

produce use mostly aqueous sanitizer solutions applied

during the washing step (8, 18). To reduce the surface

tension and improve sanitizer penetration in stomata and

crevices, a wetting agent (surfactant) is frequently added to

the washing formulation (18, 24).
Although liquid sanitizers possess certain advantages,

most notably their ability to dislodge visible dirt from

produce surfaces, their efficacy for reaching deeply

internalized microorganisms is questionable. The washing

process (particularly with surfactants) opens the possibility

that bubbles may become lodged underneath produce in

washing flumes, and such bubbles may serve as barriers to

contact between sanitizers and internalized microorganisms,

rendering treatment ineffective. Thus, despite their touted

advantages, surfactant-laden liquid sanitizers cannot com-

pete with the penetration capability of gaseous sanitizers,

which have mass diffusivities about four orders of
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magnitude greater than those of liquids (22) and are

(eventually) able to reach most inaccessible sites within

produce. Several sanitizers in the gaseous state have been

evaluated in recent years, including ozone (9), chlorine

dioxide (11), and cold plasma (16). Of these, ozone was

reported to be the most potent, with an oxidation potential of

�2.07 V (22).
Despite their greater penetration capability, gaseous

sanitizers such as ozone are highly mobile and reactive,

which might result in rapid sanitizer depletion due to self-

decomposition and reactions with organic and nonorganic

matter. A particular concern with sensitive produce such as

spinach and lettuce is the possibility of tissue bleaching

when sanitizers are not carefully applied; this bleaching

could render products sanitary but unsaleable. Thus, the

gaseous sanitization process should be considering and

analyzed in detail, particularly with regard to the required

time for achieving effective treatment and whether and how

much sanitizer depletion occurs due to reactions with

produce surfaces.

Our goals in this study were (i) to evaluate the time

required for efficient sanitization with liquid and gaseous

sanitizers, particularly in situations where bubbles may be

trapped within cavities; (ii) to develop a mathematical model

to predict sanitizer concentration at various produce

locations, with and without considering the effect of reaction

with produce surfaces; (iii) to experimentally verify the

models by comparing predicted and measured ozone

concentrations and inactivation of Escherichia coli K-12;

and (iv) to conduct parametric simulations illustrating the

feasibility and challenges associated with liquid and gaseous

sanitization.

MATERIALS AND METHODS

Produce. Romaine and green leaf lettuce varieties were used

in experiments. Lettuce of good quality was purchased from a local

grocery store (Kroger, Columbus, OH) and stored refrigerated at

48C until used.

Ozone generation, measurement, and decomposition. A

corona discharge ozone generator (model LG-14, DEL Ozone, San

Luis Obispo, CA) with a maximum flow rate of 10 liters/min and

an ozone output of 14 g/h was used in experiments. The generator

was supplied with extra dry oxygen at 99.6%. The oxygen inflow

rate was controlled with an adjustable 10 liters/min rotameter

(Dwyer Instruments, Michigan City, IN) integrated in the generator

and monitored with a mass flowmeter (FMA-A2109, Omega

Engineering, Atlanta, GA). The ozone/oxygen ratio in the mixture

was monitored with either an ozone meter (Mini Hicon, IN USA,

Inc., Norwood, MA) or with a spectrophotometer at 253 nm

(Spectronic 1201, Milton Roy Co., Rochester, NY). Ozone

remaining after treatment was destroyed by a thermal destruct unit

(Ozonia, Elmwood Park, NJ).

Efficacy of gas sanitizers and liquid sanitizers under
bubble entrapment conditions. To identify potential issues

associated with bubble entrapment during washing, capillary tubes

were cut to lengths of 0.5 and 1 cm, and each tube was sealed on

one end with Cristoseal capillary tube sealant (McCormick

Scientific Co., St. Louis, MO). The sealed end was then inoculated

with E. coli K-12. To simulate bubble entrapment, the tubes were

placed in an inverted position in a beaker containing a solution of

200 ppm of chlorine (Clorox, Oakland, CA) and 0.1% sodium

dodecyl sulfate (SDS; Sigma-Aldrich, St. Louis, MO). Tubes were

allowed to stand in the solution for various periods of time, after

which they were removed and survivors enumerated. Gas

sanitization of inoculum in similar recessed locations was tested

by locating similar tubes in an inverted position within a vessel into

which ozone gas (1.5 g/m3) was introduced at atmospheric pressure

and room temperature (~208C). Samples were withdrawn at

various times up to 1 h of treatment time, and survivors were

enumerated.

Model for sanitizer transport. Within a crevice or pore in

produce, which are typically small, mass transport in a liquid or gas

sanitizer can be assumed to be exclusively diffusive. The problem

may then be stated as follows:

]c

]t
þ� � ð�D�cÞ ¼ �Rd ð1Þ

where c is the concentration, t is the time, D is the diffusivity, �
(Nabla) is the gradient operator, and the term Rd¼ kdc is associated

with the first-order ozone self-decomposition rate.

The initial condition is that the ozone concentration in the

bulk produce, co, is 0. At the opening of the channel boundary, a

constant ozone concentration c was prescribed. At the liquid-solid

interface, two situations were considered. The first was where the

reaction with the capillary tube wall was considered negligible, a

no-flux boundary condition �c�n� ¼ 0 was specified, where n�

represents the unit normal vector. In the second situation, where

the ozone decomposition on the surface of the lettuce leaf was

specified as flux through the wall of the lettuce leaf cylinder, the

boundary condition was specified as

n�ð�D�cÞ ¼ �RL ð2Þ

The flux was defined as

RL ¼ cF ð3Þ

where c is the probability of ozone uptake and F is the flux of

incident molecules. Assuming an ideal gas mixture and low

temperature conditions, the collision flux is given by the Hertz-

Knudsen equation (23):

F ¼ pi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pmkT
p ð4Þ

where m is the molecular mass (in kilograms), T is the temperature

(K), pi¼ cikT is the ozone gas partial pressure (Pa), ci is the ozone

gas concentration, and k ¼ 1.3807 3 10�23 (the Boltzmann

constant).

A commercial software package, COMSOL 4.2a (Comsol

AB, Stockholm, Sweden), was used to simulate the above problem

with liquid and gaseous sanitizer. Two types of simulations were

conducted. First, a simplified simulation was conducted for model

verification using a cylindrical tube geometry, one with inert walls

and the other with walls of lettuce leaf (involving wall reaction).

Once verified, this model was used for parametric simulations as

needed. The second type was a parametric simulation to understand

the important variables in crevices and pores of a lettuce head.

Romaine and green leaf lettuce heads were cut in half, and the two-

dimensional geometry of randomly selected lettuce channels was

prepared with Autodesk Inventor software (Autodesk, Inc., San

Rafael, CA) and imported into the COMSOL program via the CAD

Import Module (Fig. 1). Table 1 provides a summary of simulation

conditions and the inputs into the model.
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The unknown quantity is the ozone uptake probability value

for the lettuce leaves, which was determined separately by

conducting experiments. The partial differential equation (equation

1) subject to the boundary and initial conditions described above

was solved in COMSOL using the direct solver. The mesh,

consisting of tetrahedral elements, was generated automatically by

COMSOL and then manually refined until no significant changes

in computed concentration distribution were observed. Analysis

was carried out on a computer with an Intel Core i7-980X Extreme

processor (Intel Corp., Santa Clara, CA) and 24 GB of RAM

working under Windows 7 Ultimate 64bit operating system

(Microsoft, Redmond, WA).

Determination of the ozone uptake probability on lettuce

leaves. To determine the ozone uptake probability of fresh produce

surfaces, a separate experiment was conducted in a specially

designed continuous flow reactor integrated into the gaseous ozone

treatment setup (Fig. 2). The reactor consisted of a Pyrex glass

cylinder (1.12 m long by 0.06 m in diameter; Chemical Scientific

Glassblowing Lab, Ohio State University, Columbus) closed with

silicone stoppers (size 11.5, Fisher Scientific, Fair Lawn, NJ) on

both ends.

The stoppers had openings for inlet and outlet glass tubes. The

inlet stopper also had an opening for a tube (closed from one end,

1.3 m long by 0.012 m in diameter) housing a movable rod (1.3 m

long by 0.006 m in diameter) coated with lettuce leaves. The

reaction time of ozone gas with the lettuce leaf surface was

controlled by the length of the exposed rod via a set of external and

internal magnets. To eliminate the ozone reaction with unexposed

parts of the leaf, an additional flux of oxygen gas (5% of the total

flux) was passed through the opening in the rod housing tube.

Mathematical treatment of experimental data was based on the

rule of the additivity of kinetic resistances (3), according to which

the overall decomposition rate on the material surface can be

described by the following equation:

1

kobs

¼ 1

kkin

þ 1

kdif

ð5Þ

where kobs is the observed rate constant of the ozone decompo-

sition, kdif is the radial diffusion rate constant, and kkin is the

reaction limited rate constant. For the reaction under fast flow

conditions (Pe .. 1) in a coaxial reactor with an active central rod

ro and passive wall r, the 1/kkin and 1/kdif values may be expressed

by the following equations (4):

1

kdif

¼ r2

KdðqÞDo
p ð6Þ

1

kkin

¼ 2r

vm

1

2c=ð2� cÞ
1� q2

q
ð7Þ

FIGURE 1. (a) Cylinder geometry used for
model verification without cylinder wall
reaction (left) and with cylinder wall
reaction with the lettuce leaf lining (right).
(b) Romaine and green leaf lettuce head
cross sections with randomly selected
channels used for parametric modeling.

TABLE 1. Summary of initial, boundary, and simulation conditions

Condition Note Value Reference

Initial ozone concn Bulk concn co ¼ 0

Channel opening boundary Concn c ¼ 0.1 mol/m3

Lettuce leaf walls Flux n�ð�D�cÞ ¼ �RL

No flux n�ð�D�cÞ ¼ 0

Diffusivity of ozone in water At 208C DW ¼ 1.76 3 10�9 m2/s 7
Diffusivity of ozone in oxygen At 208C DO ¼ 1.46 3 10�5 m2/s 13
Ozone decomposition rate in water At 208C kdw ¼ 5.78 3 10�4 s�1 9
Ozone decomposition rate in air At 208C kda ¼ 2.67 3 10�6 s�1 14
Ozone molecular mass m ¼ 7.97 3 10�23 kg

Ozone uptake probability Unknown

Temp T ¼ 293.15 K
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where Do is the gas-phase diffusivity, Kd is the diffusion rate cell

constant for the coaxial reactor, q¼ ro/r, c is the thermal velocity of

ozone molecules, and c is the probability of ozone uptake. All

experimental parameters are summarized in Table 2.

The overall ozone consumption by the produce can be

characterized by the uptake probability c, reflecting a fraction of

molecules entrapped (reacted) after collision with its surface. To

assess the value of c, several steps were undertaken: (i) using the

coaxial reactor technique, the signal from the spectrophotometer

was measured as a function of reaction time (length of the rod

coated with lettuce exposed to ozone) and (ii) the first-order

reaction rate constant kobs was evaluated by fitting the plot of ln(co/

c) versus reaction time t to equation 8:

kobs ¼
lnðco=cÞ

tc
ð8Þ

With known kobs and kdif, the value of kkin can be estimated

from equation 5, and then the probability of ozone uptake c is

calculated from equation 7.

Model verification. Model verification was conducted by

comparison of experimental and simulated ozone concentrations at

the bottom of the cylindrical tube (18 mm wide by 90 mm deep,

with one end opened as shown in Fig. 1a) with walls made of glass

or lettuce leaf, the glass to simulate an inert wall and the leaf to

simulate the more realistic case of the produce reacting with the

ozone. The cylinder was placed inside a 2-liter stainless steel

container with feedthroughs for ozone inlet and outlet lines and

fiber-optic cables. The container was supplied with ozone gas for 1

min to reach a target concentration, and then both feedthroughs

were closed to minimize convection within the container.

Experimental data of ozone concentration were obtained with a

spectrophotometer SB4000 (Ocean Optics, Inc., Dunedin, FL) via

two open-ended fiber-optic solarization-resistant probes (0.4 mm;

Thorlabs, Inc., Newton, NJ) with bare ends aligned 15 mm apart at

the bottom of the cylinder. A low pressure mercury lamp (79-7910-

1USA, Jelight Company, Inc., Irvine, CA) was used as a light

source for measurements. The spectrophotometer was calibrated at

253 nm with the Mini Hicon ozone meter installed at the outlet line

of the container. The experimental data were recorded starting

when the ozone concentration reached 90% of its maximum value.

A second set of verification experiments was conducted to

determine whether microbiological inactivation was in qualitative

agreement with the model. We investigated the ozone transport,

self-decomposition, and reaction with produce and the impact of

ozone on the E. coli K-12 cell suspension. In preparation for

experiments, a loop of frozen (�808C) E. coli culture was

inoculated into 50 ml of Luria-Bertani (LB) broth (Difco, BD,

Sparks, MD) and incubated overnight at 378C. The next day,

culture was transferred into fresh LB broth for second overnight

incubation. The bacterial population was determined by spectro-

photometric analysis (Spectronic Genesys 5 spectrophotometer,

Thermo Fisher Scientific, Waltham, MA) as ~109 CFU/ml. For the

experimental evaluation of ozone depletion on produce surfaces

and its impact on E. coli K-12 inactivation, glass tubes (14 and 16

mm internal diameter by 150 mm long; Kimble Chase, Vineland,

NJ) were used. To simulate the ozone reaction with produce,

cylinders made of lettuce leaf were introduced inside the tubes of

internal diameter 16 mm, reducing the opening to 14 mm; thus,

both experiments with and without wall reactions were with tubes

of the same dimensions. Before the experiment, small discs (13

mm in diameter, ~0.033 g) were cut out from the lettuce leaf and

inoculated with three droplets of E. coli K-12 cell suspension (1 ll

each). The inoculum was dried for 1 h in a desiccator, and the

samples were then placed on the bottom of glass tubes and another

two inoculated discs were directly exposed to ozone in a 2-liter

stainless steel vessel. The ozone gas was continuously supplied at a

concentration of 1.5 g/m3 for 30 min at 6 liters/min. For the control

treatment, inoculated leaves were kept under room conditions.

Immediately after treatment, samples were manually stomached in

0.27 ml of peptone water, and decimal dilutions were prepared and

plated on sorbitol MacConkey agar plates (Difco, BD). Inoculated

plates were incubated for 24 h at 378C, and the colonies were

FIGURE 2. Experimental setup for the
ozone uptake probability determination.

TABLE 2. Experimental parameters for the ozone uptake
probability determination

Parameter Value Reference

Radius of central rod covered

with lettuce ro ¼ 0.008 m

Reactor’s passive wall radius r ¼ 0.06 m

Diffusion rate cell constant for

coaxial reactor Kd ’ 1.75 4
Diffusivity of ozone in oxygen

at 208C 1.46 3 10�5 m2/s 13
Thermal velocity of ozone

molecules vm ’ 360 m/s

Gas flow v ¼ 10 liters/min

Ozone concn 20 g/m3
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enumerated. Average log-transformed microbial reductions were

used in the statistical analyses. Comparisons between several

groups were conducted using a one-way analysis of variance with

Statistica 8.0 (StatSoft, Inc., Tulsa, OK). Tukey’s post hoc analysis

was then used to analyze mean differences. Differences were

considered significant at P , 0.05.

RESULTS AND DISCUSSION

Efficacy of gas sanitizers and liquid sanitizers under
bubble entrapment conditions. Figure 3 shows a compar-

ison of the inactivation of the E. coli K-12 with gaseous

ozone (O3; 1.5 g/m3) and liquid sanitizer (200 ppm of

chlorine with 0.1% SDS) with entrapped bubbles. The

suspension was inoculated into different depths (solid

symbols, 0.5 cm; open symbols, 1 cm) of each capillary

tube.

No significant (P . 0.05) reduction in the E. coli K-12

counts was observed after immersing inoculated capillary

tubes upside down in the liquid sanitizer. Even with the

added wetting agent (0.1% SDS), the liquid sanitizer was

unable to reach the E. coli because of an air bubble that

blocked the sanitizer from contacting the inoculum (see Fig.

3 inset). This simple example clearly demonstrates how

uncertain sanitization with a liquid sanitizer can be when the

pathogen is not easily accessible. However, when gaseous

ozone was used, inactivation occurred, with a .1-log

reduction in the E. coli K-12 population. Although this

reduction is far from the inactivation needed, this experiment

represents an extreme case involving deep internalization

and microbial growth.

Probability of ozone uptake by the lettuce surface.
The ozone uptake probability by a fresh produce leaf surface

was estimated as described earlier by fitting the plot of ln(co/

c) versus the reaction time t. A kobs value of 7.68 3 10�4 s�1

was obtained for the given experimental condition. The

radial diffusion rate constant kdif was 3.96 3 10�2 s�1,

indicating a reaction rate–controlled heterogeneous reaction.

With known kobs and kdif, a kkin value of 8 3 10�4 s�1 was

estimated from equation 5. The measured reaction rate of the

ozone decomposition on the surface of the lettuce was of the

same order of magnitude as the reported ozone self-

decomposition rate in tap water (9). The uptake probability

c ¼ 6.57 3 10�7 was calculated from equation 7. The

estimated value represents an effective reaction probability

assuming a smooth surface.

Impact of the uptake probability. Assuming that the

uptake probability c is constant over time, a simulation

taking into account the ozone–lettuce surface interaction was

undertaken. Figure 4 shows the steady-state ozone concen-

tration in the bottom (far) corner of a rectangular channel for

different combinations of channel depth and width. In this

figure, both geometric parameters range from 1 to 100 mm.

In the simulation, the ozone concentration at the

targeted depth dropped significantly with increasing channel

depth and decreasing width. For example, for a channel 5

mm wide, about 80% of the ozone would be consumed

before it reached a depth of 50 mm. For a channel 1 mm

wide, at the same depth of 50 mm only 2% of the initial

sanitizer concentration remained. A significant reduction in

ozone concentration occurred even for the widest channel

opening of 100 mm. At a depth of 100 mm, about 50% of

the ozone would be lost. This result suggests that it may be

beneficial to add convective transport when designing

treatment chambers for redistributing ozone within produce.

Model verification. Figure 5 shows a comparison

between simulated and experimentally obtained ozone

concentrations during diffusion to the bottom of the glass

tube. The simulation was conducted without taking into

account any reaction with the tube walls, and the glass tube

and vessel were assumed to not react with the ozone. The

dashed line corresponds to the ozone concentration inside

the container in the presence of the sample. It took about 1

min for the ozone concentration in the container to reach the

maximum value. The concentration of the ozone remained

practically unchanged (,3% decrease) during the studied

time period. An overall good agreement was observed

between experimental and simulated data. Both curves

reached a plateau after about 1,000 s. The plateau of the

experimental curve was slightly below the maximum initial

ozone concentration, which could have been because of

decomposition of the ozone. The difference in the initial and

intermediate stages of diffusion for the experiment and

simulation was related to the time required to reach the

target concentration of ozone and the presence of some

convective and gravitational forces.

Figure 6 shows data obtained for a diffusion experiment

with lettuce leaf and simulated data from the model taking

into account a reaction with the produce surface. The dashed

line corresponds to ozone concentration inside the container

in the presence of the sample. As for the glass tube, no

FIGURE 3. Inactivation rate of Escherichia coli K-12 suspension
inoculated into capillary tubes at different depths (solid symbols,
0.5 cm; open symbols, 1 cm) and exposed to gaseous sanitizer
(ozone at 1.5 g/m3) and liquid sanitizer (200 ppm of chlorine with
0.1% SDS). Error bars indicate standard deviations.
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significant change in the ozone concentration inside the

vessel was observed. Two separate experiments were

conducted, one with fresh leaf (first run) and another with

the same leaf previously exposed to ozone for 1 h (second

run).

The ozone concentration for the fresh sample increased

far more slowly than for the preexposed sample (Fig. 6), and

the final ozone concentration after 2,000 s was higher for the

second run, which is related to the decreased reaction

probability of ozone with the surface of the lettuce after the

first treatment. The rate of reaction with the produce is

initially at its maximum level and then decreases as the

surface tissue reacts with the ozone. Our experiments for

measurement of the reaction probability were conducted for

relatively brief periods (seconds), whereas the current

treatments lasted 0.5 h. Thus, the reaction rate may be

expected to decrease over time as the tissue reaction

proceeds, resulting in improved ozone delivery to deeply

internalized pathogen sites. However, such tissue reaction

must not cause undesirable changes in the visual appearance

of the produce, rendering it unattractive. The question of

produce appearance will be dealt with separately in another

study from our group.

The model with the uptake probability c¼ 6.57 3 10�7

had good agreement with the first run experimental curve

during the first 2 to 3 min of the experiment, reaching the

plateau at about 20% of the ozone concentration inside the

vessel. Such behavior was expected because the model

assumed a constant reaction probability measured at the

early stages of the reaction. The model with a 10 times lower

uptake probability (c ¼ 6.57 3 10�8) had good agreement

with the experimental data obtained for the sample

previously exposed to ozone for 1 h. Thus, the reaction

probability of ozone with lettuce surfaces can drop by one

order of magnitude during sanitization when the ozone

availability exceeds its demand. In both cases, the plateau

was not reached within the studied time period.

Experimental validation of E. coli K-12 inactivation
by ozone. Figure 7 illustrates the inactivation of E. coli K-12

with gaseous ozone on inoculated leaf discs directly exposed

to ozone and placed inside glass tubes with or without an

internal cylinder made of lettuce leaf.

The initial mean (6standard deviation) E. coli K-12

count was 8.1 6 0.1 log CFU/g for wet inoculum. Drying of

the inoculum for 1 h somewhat inhibited the recovery of the

inoculated population, yielding 7.6 6 0.3 log CFU/g. Ozone

treatment of directly exposed lettuce samples reduced E. coli
K-12 colony counts by 1.4 log CFU/g, whereas treatment of

samples inside glass tubes produced a reduction of 1.2 log

CFU/g. The data analysis, however, revealed no significant

differences (P . 0.05) between colony counts for these two

treatments. For the directly exposed sample surface, the

FIGURE 4. Simulated surface plot of the ozone equilibrium
concentration in the bottom corner of a rectangular channel versus
channel width and depth, calculated from the model.

FIGURE 5. Simulated and experimentally obtained ozone con-
centration at the bottom of a tube (18 mm wide and 90 mm deep)
during ozone diffusion without reaction with tube walls. The
dashed line shows ozone concentration inside the vessel.

FIGURE 6. Simulated and experimentally obtained ozone con-
centration at the bottom of tube (18 mm wide and 90 mm deep)
during ozone diffusion with reaction with tube walls (lettuce) taken
into account. The dashed line shows ozone concentration inside
the vessel.
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come-up time is practically instantaneous, thus the extent of

inactivation may be estimated from the data of Figure 3,

which shows an approximately 1.3-log reduction in cell

population. The ozone treatment in the present study

resulted in a 1.4-log reduction, which is in close agreement

with predictions. For the samples within glass tubes, the

model for ozone concentration at this point (Fig. 3 inset; c¼
0) shows the predicted come-up time for ozone concentra-

tion. The ozone concentration approaches 75% of its steady-

state value in just under 1,000 s, and values slowly approach

the steady state thereafter. This treatment translated to a 1.2-

log reduction, which, although not significantly different

from the results for the directly exposed samples, is

qualitatively attributable to the lower ozone concentration

over the 0.5-h study duration. These results suggest that

even after ozone reaches the pathogen location, a sufficient

reaction time must be provided to ensure inactivation.

Insertion of a lettuce cylinder into the glass tube with

the sample on the bottom significantly affected (P , 0.05)

the inactivation of E. coli K-12, reducing the total

inactivation to only 0.6 log CFU/g. This result clearly

shows the impact of ozone depletion on E. coli inactivation

through diffusion and reaction with the produce surface.

Again, the model predictions are in qualitative agreement.

For the early stages, little or no ozone is delivered to the

pathogen site (see Fig. 7 inset, curve for c ¼ 6.57 3 10�7).

However, over time as the reaction with tissue proceeds,

more and more ozone is delivered to the pathogen site (see

Fig. 7 inset, curve for c¼6.57 3 10�8). However, overall the

ozone concentration was always lower than that for the inert

tubes, thus confirming that the model prediction is in

qualitative agreement with experiment.

A detailed quantitative microbiological assessment was

not attempted in the present study because lengthy

experimentation would be required to determine tissue

reaction rates over time and a detailed characterization of E.

coli K-12 inactivation kinetics under ozone treatment would

be needed. Nevertheless, the results obtained in this study

reveal that the general inactivation trends may be predicted

by diffusion-reaction models.

Impact of sanitizer state and diffusivity. The state of

the sanitizer determines its two major characteristics:

stability and mobility. For ozone-based sanitizers, the

difference in these characteristics between the gaseous

ozone and the ozone dissolved in water is highly significant.

The diffusivity of ozone molecules in water is about four

orders of magnitude lower than that of the gaseous state

(~1.76 3 10�9 versus ~1.46 3 10�5 m2/s at 208C) (7, 13),
the half-life of ozone in an aqueous medium is about two

orders of magnitude shorter than that of the gaseous state

(~1.2 3 103 versus ~2.6 3 105 s at 208C) (9, 14). In

practical terms, these two parameters will affect the time

required for sanitizer to reach the microorganism and the

final sanitizer concentration when contact occurs. Assuming

that sanitizer is delivered to the opening of a rectangular

pore 1 mm wide with a depth of 1 to 100 mm and filled with

gas and water, the ozone infiltration can be simulated. Figure

8 shows the change in ozone concentration at different

depths of a 1-mm-wide rectangular channel for the liquid

and gaseous ozone. In this example, the transport was

assumed to be by diffusion with no reaction with surfaces,

n�(�D�c) ¼ 0.

The difference in time required for molecules of ozone

to reach the same depth of 1 mm in gaseous and liquid

medium is proportional to the difference in diffusivity of the

medium (about four orders of magnitude). The gaseous

ozone can reach equilibrium at 1 mm depth practically

instantly (~10�1 s). In contrast, the liquid ozone reaches

equilibrium in about 15 min, and when the plateau is

reached about 15% of the ozone has been depleted due to the

self-decomposition. In the same amount of time (15 min),

FIGURE 7. E. coli K-12 inactivation after 30 min of exposure to
ozone at 1.5 g/m3. Values for bars with different letters are
significantly different (P , 0.05). Error bars indicate standard
deviations. Inset: model prediction of ozone concentration at the
closed end of the tube (as percentage of original vessel
concentration) over time, at different reaction probabilities (c).

FIGURE 8. Simulated ozone concentration change at different
depths of a rectangular channel (1 mm wide) for aqueous (solid
lines) and gaseous (dashed lines) ozone sanitizers.
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the gaseous sanitizer can reach a depth of 100 mm without

any depletion. For liquid sanitizer, significant more time is

required to reach equilibrium, and a decrease in ozone

concentration occurs as the theoretical pathogen internali-

zation depth increases. At 8 mm depth, practically all ozone

is decomposed within the penetration time, which exceeds

several hours. Hence, when pathogens are internalized

deeper than 1 mm in leaf surface macro structures in the

presence of a water barrier, the efficacy of short time

inactivation with water-based sanitizers might be question-

able. This observation with ozone can be expanded to

chlorine and other water-based sanitizers because diffusivity

of the active components in aqueous solutions is comparable

(20). The current industry practice of using short duration

washing and decontamination (often ,1 min duration) may

be insufficient to assure inactivation of internalized bacteria.

Impact of the lettuce head matrix. Figure 9 provides

a comparison of the penetration of gaseous ozone into

individual channels of romaine and green leaf lettuce heads

(see also Fig. 1). A steady-state simulation was conducted

for a two-dimensional geometry assuming constant ozone

concentration at the opening on the top of the lettuce head.

The reaction with the leaf surface was taken into account,

and in addition to the measured reaction probability (c ¼
6.57 3 10�7) simulations were also performed for probabil-

ities that were one order of magnitude higher and lower than

the measured value.

Comparing ozone penetration into individual channels

at the same reaction probability, romaine lettuce is more

accessible and ozone penetrates more deeply. However, a

channel contraction next to the opening significantly reduces

penetration depth in green leaf lettuce. In both cases, a

narrow tail at the bottom of the channel remains practically

inaccessible, even for ozone. This gas behavior is consistent

with the information shown in Figure 4, as the distance

between walls reduces to 1 to 2 mm. The current simulation

presents a worst-case scenario when gas can penetrate only

from the top of the lettuce head. However, in actual three-

dimensional lettuce heads multiple openings occur on the

sides and bottom of the head.

Evaluation of the reaction probability reveals its

significant impact on the depth of ozone penetration into

the lettuce head channels. For a onefold higher than

measured probability, the ozone is quickly consumed by

the channel walls, and penetration depth is limited to about

10 to 20 mm below the channel opening for both geometries.

Reduction of the reaction probability by one order of

magnitude significantly improves penetration, enabling the

sanitizer to reach the tail area of the channel.

According to simulations and experimental results,

when designing a sanitization step for a particular product

the processor must consider both the inactivation capability

of disinfectant and its characteristics, including stability,

reaction kinetics with product, and transport properties.

Even the most potent sanitizer is unable to kill a pathogen

unless the sanitizer and pathogen can come into contact.

Thus, sanitizing time must be long enough to permit

sanitizer diffusion into product crevices, which can provide

a shelter for bacteria. Mathematical models, once verified,

can be useful tools for designing such processes. Sanitiza-

tion time differs significantly depending on the sanitizer

state. For aqueous ozone sanitizer, the time required for

diffusion competes with the rate of ozone self-decomposi-

tion, limiting the ozone penetration to several millimeters.

For gaseous ozone, penetration depth is mainly limited by

self-decomposition on product surfaces and decreases with

reduction in channel width. Further study is required to

assess the impact of different processing conditions (e.g.,

temperature, humidity, presence of moisture, and dust on

leaf surfaces) on ozone-product reaction kinetics. Our

studies were designed to represent extreme conditions of

deep internalization. In general, internalization may be at

much shallower depths; thus, the prospect for gaseous

sanitization in such cases is far more optimistic. These

results indicate that the use of liquid sanitizers in a high-

speed washing situation is not useful for decontamination of

fresh produce, except for dislodging visible dirt from

produce surfaces and for decontaminating the wash water

being recycled during the work shift. For dirt-free produce

with modest levels of internalized pathogens, gaseous

sanitizer treatment represents a more viable option.
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