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3.8. Destruction of Escherichia coli under continuous-flow microwave
and conventional heating (steam) conditions were compared. The cell
suspension containing 106 to 107 CFU/ mL of E. Coli initially at 20°C
was continuously circulated through two helical coils connected in
series for heating and a condenser at the exit for cooling. The two coils
were placed in a steam cabinet for conventional heating or one in each
of two domestic microwave ovens (700 W) for microwave heating. The
sample flow rates were adjusted to result in the same exit temperature
(50-70°C) with both systems. Under a range of experimental
conditions, the surviving microbial population following the heat
treatments were enumerated. The destruction data were then combined
with experimentally measured time-temperature data to compute the
associated decimal reduction times (i.e., time to reduce the viable
counts by a factor of 10, D value). Kinetic data were also obtained by
subjecting small volumes (1 mL) of cell suspensions to batch heating
conditions in a well stirred water bath. D values obtained for
continuous-flow microwave heating ranged from 13 s at 55°C to 0.78 s
at 65°C and were considerably lower in comparison with both
continuous flow steam heating (73 and 3 s at 55 and 65°C,
respectively) and batch heating (173 and 2 s at 55 and 65°C). A
previously tested numerical model assuming a similar flow profile also
indicated under-prediction of microbial lethality under microwave
heating conditions. Hence, there was evidence that microbial lethality
under microwave heating conditions can not be fully accommodated
by conventional models employing thermal kinetics data.

Des études ont permis de comparer la destruction de Escherichia
coli par chauffage en continu avec des micro-ondes et avec un système
conventionnel (vapeur). La suspension de cellules,  à une température
initiale de  20oC et contenant  106 à 107 UFC/ mL de E. Coli, circulait
en continu à travers 2 serpentins hélicoïdaux assemblés en série pour
le chauffage, et à travers un condensateur à la sortie pour le
refroidissement.  Les deux serpentins furent placés dans une bouilloire
pour être chauffés par le système conventionnel, ou dans un des deux
fours à micro-ondes domestiques (700 W). Le débit fut ajusté de
manière à ce que la température des échantillons soit la même à la
sortie des deux systèmes (50-70oC).  La population microbienne fut
évaluée après le chauffage pour une série de conditions expérimentales.
Ces données furent combinées à des données temps-température
mesurées de façon expérimentale, pour calculer le facteur de réduction
décimal (i.e. le temps requis pour réduire la population d’organismes
vivants par un facteur de 10, D). Des données cinétiques furent
également obtenues en soumettant de petits échantillons de suspension

de cellules (1 mL) à des conditions de chauffage en discontinu dans un
récipient d’eau bien agitée.  Pour le procédé de chauffage par micro-
ondes en continu, les valeurs de D obtenues allaient de 13 s à 55oC
jusqu’à 0.78 s à 65oC, et étaient beaucoup plus faibles que les valeurs
des systèmes de chauffage à la vapeur en continu (73s à 55oC jusqu’à
3 s à 65oC) et de chauffage en discontinu (173s à 55oC jusqu’à 2 s à
65oC). Pour les mêmes conditions, un modèle numérique, testé
auparavant, a également sous-estimé le taux de mortalité des bactéries
de la solution chauffée avec des micro-ondes. Il semble donc que les
modèles conventionnels utilisant des données cinétiques thermiques ne
conviennent pas tout à fait  à l’analyse de la mortalité des bactéries
dans des conditions de chauffage par  micro-ondes.    

INTRODUCTION

Several studies have been carried out to evaluate the effect of
microwave heating on biological and chemical systems using
different approaches, experimental designs, and techniques,
some demonstrating additive non-thermal effects to be
associated with them. Various strains of microorganisms and
enzymes have been employed in these studies. It is generally
believed that the microwave effects on biological systems are
mostly caused by the heat generated by the friction of dipole
molecules under the influence of oscillating electrical field;
however, any possible non-thermal effects will always overlay
the thermal effect. It is difficult to precisely evaluate the
effectiveness of microwave heating versus conventional heating
from the literature because of the techniques employed or a lack
of detail in the methods or materials, especially in relation to
temperature monitoring. Lack of temperature measurement,
uneven heating due to microwave field distributions, and
inability to control temperatures of microwave-heated samples
during heating generally have been cited as reasons for the
difficulty in resolving the thermal versus non-thermal effects
controversy. Evaluation of non-thermal effects on biological
systems (which can not be explained by particular time-
temperature history) has been the topic of interest in several
recent studies. Several studies (Culkin and Fung 1975; Dreyfuss
and Chipley 1980; Mudgett 1986; Khalil and Villota 1988;
Kermarsha et al. 1993a, 1993b; Tajchakavit and Ramaswamy
1995,1997; Tajchakavit et al.1998; Koutchma 1997; Kozempel
et al. 1997, 1998) have observed non-thermal or enhanced
thermal effects of microwaves. Others (Goldblith and Wang
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1967; Lechowich et al. 1969; Vela and Wu 1979; Fujikawa et
al. 1992; Fujikawa 1994; Welt et al.1994; Tong 1996) have
refuted the non-thermal effects of microwaves. 

Several theories have been advanced to explain how
electromagnetic energy might kill microorganisms without heat.
One explanation was selective absorption (Palaniappan and
Sastry 1990) of microwave energy within the organism resulting
in its inactivation while the surrounding temperature could still
be low. A theoretical analysis of the controversial question of
non-thermal effects of microwave heating in chemistry was
recently made by Stuerga and Gaillard (1996). Using classical
axioms of physics and chemistry, they concluded that there is no
doubt that an electric field can have different molecular effects
compared with thermal energy. Microwave specific effects may
occur in cases where microwave heating gives particular time-
temperature distributions, which can not be achieved by other
means. This means that in the absence of non-thermal effects,
microbial destruction under microwave heating results from
established time-temperature relationships of thermo-
bacteriology. The use of this approach is rather rare in studies
concerning microwave effects and most results refer to
evaluation of lethality effects without considering thermal
history of the product (Riva et al. 1993). 

The objective of this study was to experimentally evaluate
and compare microbial destruction in microwave and steam
heating systems, both set to achieve similar exit temperatures
under continuous flow conditions. A numerical model also was
used to verify the results.

MATERIAL and METHODS

Micro-organism and cultivation 
A strain of Escherichia coli K-12 (ATCC 29055) obtained from
the American Type Culture Collection (ATCC, Rockville, MD)
was used. The cells were grown to the stationary phase

overnight at 37°C on nutrient agar (Difco
Laboratories, Detroit, MI). After growth,
cells were washed from the agar surface
and suspended in glucose saline medium
M9 (Sigma-Aldrich). All experiments
were conducted with distilled water at
20°C inoculated with E. coli culture. The
microbial populations of initial and
treated suspensions were enumerated
using serial dilution and plating by the
short-cut method recommended by
Vasileva and Samoilenko (1985). The
short-cut method allows multiple plating
of several chosen dilutions of cell
suspensions on one plate. Serial dilutions
were made using 0.1% solution of Bacto
agar (Difco Laboratories, Detroit, MI)
and plated by 0.05 mL drops on nutrient
agar. Colonies were counted after 24>h
incubation at 37°C. The average initial
concentration of cell suspension was in
the order of 106 to 107 CFU/mL.

Thermal death kinetic parameters under batch heating
Thermal destruction of E. coli was measured by subjecting 1 mL
aliquots of cells suspension in 4 mm diameter test tubes to heat
treatments in a well stirred water bath (Polystat circulator, Cole
Parmer Instrument Company, Chicago, IL). Heating times
ranged from 20 s to 25 min depending on the temperature (50-
65°C), and treated samples were cooled immediately in an ice-
water bath prior to counting. All treatments were duplicated.
The come-up and come-down temperature profiles were
recorded using copper-constantan thermocouples attached to the
microprocessor thermometer (Model HH-23, Omega, Montreal,
QC). Kinetic parameters of thermal destruction (D and z-values)
were computed from the semi-logarithmic plots of survivor ratio
vs time and D value vs temperature curves as detailed elsewhere
(Tajchakavit and Ramaswamy 1997). 

Continuous-flow microwave and steam heating set-up 
Both microwave and conventional steam heating systems were
used for subjecting the cell suspension to continuous-flow
treatments as detailed in Tajchakavit and Ramaswamy (1995)
and Le Bail et al. (2000). Briefly, a cell suspension of E. coli
was pumped (“Vera”, Varistaltic Pump Plus, Monostat, New
York, NY), through two helical glass coils (8.9 mm i.d., 2.0 m
length, 125 mL volume) connected in series for heating and
cooled at the exit using a water cooled condenser (Graham
Condenser with 300 mm jacket sealed to inner tube) (Fig. 1).
For microwave heating, the coils were placed one each in two
domestic microwave ovens (700 W-2450 MHz, Sanyo Model,
EM-563C, Sanyo Industries Canada Inc., Montreal, QC and
Model RE-620TC, T. Eaton, Co., Toronto, ON) and for steam
heating, they both were placed in a steam cabinet. The short
length of connecting tube (0.2-0.5 m) between the exit and the
condenser device served as a short holding tube. The direction
of the flow was upward. Thermal probes (copper-constantan
thermocouples welded onto a copper fin) were inserted into the
tubes at inlet, between ovens, and at exit of the cavity and
holding tube. Time temperature data were gathered using a
Hewlett Packard Data Logger (HP-34.970A DVM + HP-

Fig. 1. A schematic of the experimental set-up.
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34.901A multiplexer). Treated samples were collected into pre-
cooled sterile tubes immersed in an ice-water bath at the exit of
the condenser or in some cases immediately at the exit of
microwave cavities. The system was sanitized by circulating hot
water at 70-80°C through the system before and after treatment.
The condenser was sterilized in an autoclave before each series
of experiments. For microwave heating, the cell suspension
(20°C) was pre-circulated in the system to establish steady-state
flow-conditions after which the microwave ovens were turned
on. Test samples were withdrawn both during the transient and
steady state heating periods with exit temperatures in the range
of 50 to 70°C. Each exit temperature was achieved by pre-
adjusting and changing the flow rate. For steam heating, both
coils were located inside the steam cabinet. The fluid flow rates
and steam inlet to the chamber were manually adjusted to give
same exit temperatures.

Kinetics of microbial destruction 
The destruction of microorganisms is generally modeled based
on first order rate reaction kinetics:

(1)dC
dt

kC= −

where:
C = concentration,
t = time, and
k = reaction rate constant.

The thermal resistance of microorganisms also is traditionally
characterized by food microbiologists by means of the D and z
values: 
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The D value represents the heating time at a given temperature
to cause one decimal reduction in surviving microbial
population. The z value represents the temperature range
between which the D values change by a factor of 10. When the
thermal resistance of a microorganism is known, it is possible to
calculate the equivalent lethality, F (same as equivelent time, tref)
necessary for thermal treatment by integration of the time-
temperature history using: 

(4)F dtT t T zt
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where:
T(t) = transient temperature at time t, and
TR = reference temperature.

This approach has been traditionally used in thermal process
calculations. 

A similar concept can be applied for determining kinetics
parameters for the continuous-flow heating systems; however,
these cases involve non-isothermal heating conditions. The D
values are computed using:

(5)
( )D
t
C C
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log /0

where :
teff = effective time (same as F in Eq. 4) with TR as exit

temperature, and 
Co,C = initial and final concentrations of microbial cells,

respectively.
teff is either predicted using a computer model or obtained
experimentally from a time-temperature profile. The use of this
approach is rather rare in studies concerning microwave effects.
There have been only a few studies describing kinetics during
microwave heating and most results refer to evaluation of
lethality effects without considering thermal history of the
product. But, as in thermal destruction, microwave destruction
kinetics of food constituents such as quality attributes, enzymes,
and microorganisms are required for establishing microwave
processing. 

The procedure for gathering kinetic parameters during
continuous-flow heating has been detailed in Tajchakavit and
Ramaswamy (1997). Briefly, the D-values at the exit
temperatures can be first calculated from the regression of log
residual numbers of survivors versus uncorrected heating time
(residence time), and then the z value is obtained as the negative
reciprocal slope of log D versus temperature plot. Using the
calculated z value, the heating times can be corrected using
Eq. 4, and D-values and subsequently the z, can be corrected.
This step can be repeated as many times as necessary until the
convergence of the z-value.

Numerical modeling
Three simple numerical models were evaluated by Le Bail et al.
(2000) to predict the time-temperature profiles under heating
conditions similar to the one employed in this study. These were
based on three different assumptions for the flow: perfectly
mixed flow (PMF), plug or piston flow (PF), and laminar flow
(LF). The different profiles were assumed based on the
experimentally determined Reynolds numbers (900-1400, which
normally corresponds to laminar regime) and coil geometry of
the heating tubes which causes the presence of the secondary
flows and thus additional mixing of the flow (characterized by
Dean number in the range 200-300). Specific model details are
presented in Le Bail et al. (2000). Briefly, these models were
based on dividing the tube into elements of equal length along
the axis of the coil. Model #1 (PMF) and #2 (PF) were
considered to be equivalent to "an ideal" flow with uniform
temperature and velocity distribution. In Model #2 (PF), since
the fluid was considered to be a moving plug, radial temperature
spread based on heat transfer across the tube wall and across
concentric layers of flow was accommodated. Model #3 was
based on conventional laminar flow (LF) distribution in tubes.

Among these models, the perfectly mixed flow model was
shown to give the best predictions of time-temperature history
during microwave and steam heating, and hence only this model
was used in this study. The lethality (or effective time) achieved
in the PMF model can be calculated from Eq. 4, where T(t) is
the average temperature at a specific location, TR is the
reference temperature. Holding and cooling contributions were
taken into account by the models. Holding time at each exit
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Fig. 2. Thermal destruction curves for E. coli (K-12
ATCC 29055): (a) Survivor plots at different
temperatures; (b) Decimal reduction time plot.

Fig. 3. Mean exit temperatures as a function of mean
volumetric flow rate in continuous flow microwave
(two 700 W MW ovens in series) and steam
heating systems.

 Fig. 4. Mean exit temperatures as a function of mean
residence time in continuous flow microwave (two
700 W MW ovens in series) and steam heating
systems.

temperature was defined by the flow rate. The condenser was
chilled using water at 2 to 4°C. The exit temperature of the cell
suspension was reduced to well below lethal levels within a few
seconds, thus resulting in a minimal contribution to the final
lethality. The resulting lethality was computed both at Exit
Port #1 - immediately after heating (no holding) and Exit
Port #2 – with 0.2 to 0.5 m holding tube. 

RESULTS and DISCUSSION

Destruction kinetics of E. coli (batch heating)
The thermal resistance curve for E. coli K-12 (ATCC 29055)
evaluated from the survival data obtained from batch heating of
small aliquots of test samples is shown in Fig. 2 from which the
D-value at a reference temperature of 55°C (D55) and the z value
were computed as 2.68 min and 5.2°C, respectively. These
values were used for the prediction of the lethality and microbial
survivors when using the numerical methods.

Microwave and steam heating patterns
Typical mean exit temperature as functions of mean fluid flow
rate and mean residence time (volumetric flow rate divided by
volume) during continuous-flow microwave and conventional
heating are shown in Fig. 3 and 4. In the microwave heating set-

up, it took about 1-2 min after turning the microwave on to
reach the target temperature in the range 50 to 70°C, while
equilibrated steady state exit temperatures were achieved in
about 5 min. The flow rates varied from 6.5 to 10 mL/s and
mean residence times ranged from 28.1 to 36.8 s. The flow rates
for steam heating varied from 5.9 to 8.5 mL/s with the average
residence times ranging from 29.4 to 42.3 s. It was desirable to
have the same exit temperature-residence time combinations
under both microwave heating conditions; however, due to
practical difficulties, it was not possible to fully achieve this
objective. In general, under the conditions of study, the
residence times under steam heating were slightly longer (for the
same exit temperature) than under microwave heating
conditions. Steam heating conditions were, therefore, expected
to achieve better microbial destruction than microwave heating.

Survival profiles
The microbial lethality at the exit of the microwave heating
system was found to be developing during the initial transient
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Fig. 5. Line plots of survivor data (E. coli K-12 ATCC
29055) and associated mean residence times at
selected temperatures in continuous flow micro-
waves (two 700 W MW ovens in series) and steam
heating systems (temperature axis not to scale).

Table 1. Experimental D-values (s) obtained for E. coli
K-12 under batch (water bath) heating and
under continuous flow microwave and
conventional conditions.

  

Heating system
Temperature (°C)

55 60 65

Batch method
Water bath

170 18 2.0

Continuous flow
Steam cabinet
Heat-hold-cool
Exit Port #2

73 18 3.0

Continuous flow
Microwave oven
Heat-hold-cool
Exit Port #2

20 8.3 2.0

Continuous flow
Microwave oven
Heat-cool
Exit Port #1

13 6.3 0.78

Exit Port #1 - exit after microwave cavity (4 m coil)
Exit Port #2 - exit after holding section (0.2-0.5 m length tube
                       from exit cavity)

period and reached a characteristic maximum a little after the
target exit temperature was achieved (1-2 min after turning the
microwave ovens on). The survival ratio, however, reached its
minimum value in approximately 5 min when full steady state
heating conditions were established. All subsequent microbial
evaluations were made only during the steady state period.

Typical experimental survival curves of E. coli K-12
obtained under the continuous-flow microwave and steam
heating systems for steady state exit temperatures in the range
of 50 to 70°C are shown in Fig. 5. This form of presentation has
been the conventional approach used by researchers for
presenting data for comparative purposes. It is obvious that the
two survival curves have a similar character. The figure shows
only a small difference in E. coli survivors between microwave
and steam heating (Exit Port #2) systems. The difference does
not demonstrate any major effect due to microwave heating on
E. coli strain. A similar profile (not shown) of bacterial
destruction was observed also at Exit Port #1 (which only
included heating and cooling, but no holding), and obviously the
survival ratios were relatively higher. The survival curves with
a shoulder between 50 and 60°C are similar to the trend
described by Fujikawa et al. (1992). 

What is not apparent from the conventional survival ratio
plotted against temperature (Fig. 5), however, is the fact that the
flow rates employed for achieving the different temperatures
were different. Further, for the same exit temperature, the
residence times in the microwave and steam heating conditions
were also different. The mean residence time for the different
heating conditions (temperature, heating mode) also are
included in Fig. 5 to provide a comparison. Obviously, the
residence time in each system steadily increases as the exit
temperature is elevated, thus giving a compounded destruction
effect due to the higher temperature and longer residence time
combination. The steep drop in survivor ratios shown in Fig. 5
is the result of such combination effects. From Fig. 4 it can also
be seen that at each exit temperature, the residence time under
steam heating is relatively higher than the residence time under

microwave heating conditions. This should have translated to
much larger destruction (lower survivors) under steam heating
which is not the case. In other words, the microwave heating
conditions achieved a similar level of microbial destruction as
in steam heating, but with shorter residence times. This suggests
that microwave heating is more effective than steam heating
under comparable conditions. Quantitative comparisons under
these heating conditions can be made using computed D values
[D = heating time /(log reduction in survival ratio)]. Clearly,
even by using the residence times, lower D values could be
expected for microwave heating. The difference between the
two systems further broadens due to the fact the axial
temperature profile under microwave heating is somewhat linear
while that under conventional steam heating is mostly
logarithmic. Such a temperature profile would result in an even
longer effective time under steam heating (Eq. 4), further
increasing the associated D values. Without such a treatment of
data, meaningful comparison can not be made between the two
systems. 

Decimal reduction time comparisons 
The D-values estimated from the experimental survivor data at
different temperatures are shown in Table 1 which provides
some interesting comparisons between the microbial destruction
in the two heating systems. The D-values obtained under
conventional batch heating conditions (commonly employed in
thermal death studies by subjecting small test samples to various
times under isothermal heating conditions in a water bath)
varied from 170 s at 55°C to 2 s at 65°C. The values obtained
under continuous flow steam heating were relatively lower (73,
16, and 3.0 s at 55, 60, and 65°C, respectively). This difference
is mainly attributed to the batch vs continuous mode heating
conditions. While it is possible to carry out predominantly



LE GÉNIE DES BIOSYSTÈMES AU CANADA                KOUTCHMA, Le BAIL and RAMASWAMY3.6

Table 3. Numerical model predicted lethality and survivor ratio of E. coli in microwave heating system.
  

Temperature (°C) Lethality, Fo (min) Survivor ratio, S

Exit Port #1 Exit Port #2 Exit Port #1 Exit Port #2 Exit Port #1 Exit Port #2

PMF model predicted

55.2
60.1
65.4

55.1
60.0
65.2

0.035
0.33
3.04

0.11
0.94
9.40

0.97
0.77

8.8x10-2

0.92
0.47

5.5x10-4

Experimental

55.4±0.1
60.5±0.1
65.5±0.1

55±0.1
60±0.1
65±0.1

0.61
1.51
11.1

1.04
2.88

12.83

0.62±0.2
0.30±0.17

(1.4±1.2)x10-4

0.46±0.2
0.24±0.17

(5.9±3.2)x10-5

Exit Port #1 - exit after microwave cavity (4 m coil)
Exit Port #2 - exit after holding section (0.2-0.5 m length tube from exit cavity)
Initial temperature 20°C
Fo = accumulated lethality at 55°C

Table 2. Numerical model predicted lethality and survivor ratio of E. coli in steam heating system.
  

Temperature (°C) Lethality, Fo (min) Survivor ratio, S

Exit Port #1 Exit Port #2 Exit Port #1 Exit Port #2 Exit Port #1 Exit Port #2

PMF model predicted

55.1
60.2
65.2

54.9
60.0
64.9

0.05
0.56
6.36

0.12
1.32
14.7

0.96
0.62

4.23x10-3

0.91
0.2

3.27x10-6

Experimental

55.4±0.1
60.5±0.1
65.5±0.1

55±0.1
60±0.1
65±0.1

-
-
-

0.31
1.91

13.55

-
-
-

0.78±0.12
0.22±0.03

2.0±0.3x10-5

Exit Port #1 - exit after microwave cavity (4 m coil)
Exit Port #2 - exit after holding section (0.2-0.5 m length tube from exit cavity)
Initial temperature 20°C
Fo = accumulated lethality at 55°C

isothermal experiments under batch heating conditions
employing small sample volumes, the continuous flow systems
are necessarily non-isothermal, especially in the absence of a
holding time. The uncertain residence time and temperature
distribution in continuous systems and the conservative averages
employed may yield lower D values. The lowest D-values were
observed with the continuous-flow microwave heating section
which ranged from 13 s at 55°C to 0.78 s at 65°C. The D-values
associated with microwave heat-hold-cool (D-values of 20, 8.3,
and 2.0 s at 55, 60, and 65°C, respectively) were considerably
lower than those obtained for steam heating. Overall, the D-
values obtained under conventional batch heating were 2 to 10
times those obtained under microwave heating. 

In earlier studies with a similar set-up, Tajchakavit et al.
(1998) evaluated the destruction kinetics of S. cerevisiae and L.
plantarum in apple juice under continuous flow microwave
heating conditions (52.5-65°C) and compared with conventional

water bath treatments. The time-corrected D-values shown for
both strains under conventional heating were reported to be 4-12
times those observed in microwave heating. Thus microbial
destruction occurred much faster under microwave heating than
under thermal heating suggesting some enhanced effects
associated with microwave heating. Riva et al. (1991) attributed
the differences found in destruction kinetics between
conventional and microwave to different heating kinetics and
non-uniform local temperature distributions during microwave
heating than to existence of non-thermal effects. Aktas and
Ozilgen (1992) evaluated the injury of E. coli during
pasteurization with microwaves in a tubular flow reactor and
indicated the destruction effect to be influenced by the flow
behavior and other experimental conditions. They also
suggested that microbial death might be caused through damage
to a different sub-cellular part under each experimental
condition. Fairchild et al. (1994) reported that the kinetics
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parameters (D and z-values) of Listeria innocula in skim milk
obtained under thermal batch and continuous heating were
different. The statement by Sastry and Palaniappan (1991) that
the effects of microwaves are clearly the field in which the
knowledge gap is still vast and much further studies are needed
to understand the details is still valid. Moreover, the principles
stated by Risman (1996) must apply to any microwave effects:
"Verified theories should be used to experimental data based on
macroscopic temperature histories. Comparative results also
should exist. Any effects, which can not be explained by using
those approaches, are non-thermal. The cases where microwave
give particular time-temperature distributions which can not be
achieved by other means are microwave specific". Although no
non-thermal effects are implicated in this study, it may be
possible that the microbial destruction under microwave heating
could be different from the conventionally assumed first order
effects which might explain the enhanced effects. Kermasha et
al. (1993a, 1993b), while reporting non-thermal effects due to
microwave heating, gave the following explanation. Proteins, as
complex macro-molecules, generally have numerous polar
and/or charged moities (i.e., COO-, and NH4+) which can be
affected by the electrical component of the microwave field
(Decareau 1985). Although the microwave energy may be
insufficient to disrupt covalent bonds, the non-covalent bonds
such as hydrophobic, electrostatic, and hydrogen bonds, may
well be disrupted. Thus, the direct microwave effect could be
more pronounced, immediate, and specific than the random
kinetic energy mechanism associated with conventional heating.

Numerical modeling results
Table 2 (steam cabinet) and Table 3 (microwave system) show
the results of the computation of mean temperatures, survival
ratio, and lethality values (based on kinetic data obtained from
the conventional batch heating approach) at Exit Port #1
(immediately after the heating coils) and Exit Port #2 (with
additional holding tube section ~0.2-0.5 m length) using the
PMF model. The PMF model predicted the exit temperature
with a better agreement with respect to the experimental ones at
the ports for both heating modes. Comparison with experimental
values of lethality and microbial survival ratio showed that the
PMF model resulted in good predictions for steam heating. The
other two models did not yield good matching (data not shown).
The model, however, failed to accurately predict the lethality
and microbial survival under microwave heating, especially
demonstrating large underestimations at the Exit Port #1
(microwave heating only), with only slightly better prediction at
Exit Port #2 after accommodating hold time contributions. Since
the "microwave contribution" can only occur while the test
sample is inside the oven, the results at Exit Port #1 (without
hold time) should be viewed as more representative. Survival
ratios at Exit Port #2 will have added destruction due to thermal
hold time (in both systems). The model results thus confirm the
suitability of the numerical models based on conventional
kinetic data for prediction of microbial destruction under steam
heating conditions while they tend to underestimate the
destruction under microwave heating conditions. The likely
reason for such a behavior is the superior destruction which may
be possible under microwave heating conditions. 

CONCLUSIONS

Decimal reduction times for E. coli for both continuous-flow
heating systems were computed based on macroscopic
temperature profiles of a perfectly mixed flow and taking into
account the effective residence times and the microbial survivor
data. D-values under microwave heating were considerably
lower than those in microwave heat-hold or steam heat-hold
systems. The D-values obtained from the continuous systems
were also lower than those from batch system. The data suggest
that the mechanism of microbial destruction may be different
between the heat transfer mode (conventional vs microwave
which results in internal heat generation) and between methods
of heat treatments (batch or continuous). 
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