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Abstract — Temperature dependencies of survival fecal@olit such aEnterococcus faecaliStaphylococcus aurewsd
Escherichia coliin water were investigated between 25 - 65° C. Memb dependencies had "bell" shaped form with
maximum bacterial viability at 35 - 45 °C. The ratdgrowth and decay of bacterial viability depesmspecific forms of
bacteria. At temperatures of 60 - 65 °C the numiberable bacteria decreased in one hundred timesmparison with the
maximum value. Similar "bell* shape forms were fddar dependencies between bacterial viability timeé of microwave
(dielectric ) heating of water. The dependencis tmaximum value at 1 - 2 min of microwave heatiffien, the number of
viable bacteria decreased, and at 4 - 5 min ofaniave heating, became insignificantly small. Theppsed mathematical
models for conventional and microwave heating tiotd account "growth" and "death” factors of baieteand had forms of
second degree polynomial functions. The resultsvsdogood relationships ( with coefficient corredati0.84 - 0.99 )
between the proposed mathematical models and expetal data for both conventional and microwavdihga

Key words: Microwave or Dielectric Heating, Conventional Hagt Bacteria, Mathematical Modé&tnterococcus faecalis
Staphylococcus aureuBscherichia coli

INTRODUCTION thermal disinfection. Thermal disinfection
(deactivation) is among the earliest and most

Recognized as environmental indicators, fecgommon techniques used for water purification.
coliforms such as Enterococcus faecalis, Currently, there are two methods used for
Staphylococcus aureusnd Escherichia coliare thermal disinfection: conventional radiant

used by health professionals to denote unsanitafgating and microwave or dielectric heating.
conditions [4,5]. Recently, World Health _ )
Organization (WHO) reported that the Kamau et al. [9] studied thermal destruction

deactivation of these fecal coliforms is a vitaPf Listeria monocytogenes andtaphylococus
step in reduction of water related diseases, whi@réusin milk at temperature of 55.2 °C and
are major causes of morbidity and mortalifound that the lactoperoxidase system enhanced
worldwide [2]. Therefore, ways are being Sougﬁpls destruction. Moats [16] investigated viability

for address this problem. In the present report vi Streptococcusaecalisat water temperature of
examine the potential of 60°C, which depended on time of heating. He

found a significant decrease in bacterial viability
after 18 minutes. King et al.[11] reported data (in
Abbreviations: CFU, Colony Forming Unit CoC, accompany with data of other scientists) which
Coefficient of correlation; E coli , Escherichia coli; were devoted to Calculations Of bacterial death

Efaecalis, Enterococcus faecalismin, —minute; ML, o405 for different forms of bacteria during
milliliters; S. aureus, Staphylococcus aureu§SA, Tryptic

Soy Agar;TSB, Tryptic Soy Broth:WHO, World Health conventional heating of water at const_ant
Organization. temperatures. Mattick et al.[15] studied
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Mathematical Model of Bacteria Deactivation

dependencies between the number of viabferm and, therefore, predicts straight lines. The
Salmonellabacteria and time of conventionalvitalist approach assumes differences in
water heating for several temperatures intervapopulation sensitivity thereby allowing for varied
ranging from of 55 - 80 °C. They found thatdeactivation patterns. Although the mechanistic
power functions could be used for dependenciegew of bacterial deactivation is still found ineth
between the logarithmic number of viablditerature, the fact that research data does not
bacteria and time of heating. Abraham et al.[1dlosely resemble this model has weakened
studied thermal destruction of Bacillus support for this approach [10].

zgef(;gﬂ_]irégofg”llﬁ Icrl)r:?rzsievr\?ifhegﬁuer?sggﬂggs Most mathematical models were prepared for
thev found tha.t dependencies between na,[ure>fplanation of dependencies between bacterial
o ;rithm of numberpof viable bacteria and tim Qrvival and time of conventional heating. These
ofg heating at constant temperature had initi odels cover bacterial strains  such as
growth and then decay ( "shoulder form" ). The lostridium botulinum Salmonella enterica,

; : seudomonas viscgsa Bacillus
decided that high temperature level and sho . e
duration of the heat treatment prevent a Qearothermophllus Salmonella typhimurium

) ) ) . A% ochothrix thermosphacta and Listeria
interpretation of an increase in population

LT . aﬁmnocytogenesStreptococcus faecalis (later
growth. The_y explain this initial growth of Vlablename Enterococcus faecalis) along with several

bacteria with the presence of uncountablg,[her bacteria [1, 3, 9, 10, 13, 16, 18%everal

Wodels [1,18] have attempted to explain the
ygrowth of the bacteria in these dependencies with

Goldblith and Wang [8] compared thetime at the beginning of treatment by using
deactivation of Escherichia coli and Bacillus exponential laws. Environmental and genetic
subtilisspores by using conventional heating andariations in a given bacteria require the frequent
microwave irradiation. They found that therevision of these mathematical models. Factors
deactivation of these bacteria was a result of tlseich as increased sensitivity or resistance can
dielectric heating and not due to any secondadramatically alter the growth and death of a
effect of the microwave irradiation. Lechowich egiven bacterial population, making the model
al.[14], Vela et al.[19], and Fujikawa et al.[7],0bsolete and no longer able to accurately predict
also suggested that the deactivation dhe life cycle [16].

ggg%cz;occccuuss fl;'::;c;yllss(;?]tgr sg&fgﬁg& sz As can be seen from the work described
Y above, papers that were devoted to the

cerevisiae when using microwave irradiation. S .
9 vestigation of water temperature influence on

, . ) . |
resulted from the dielectric heating . .Sh”? ané:eactivation of bacteria were conducted into
Pyun [17] compared the results of deactivation % . o

igher temperature intervals (more than °gl).

Lactobacillus plantarunby conventional heatin . : .
P y 9 esides, in most of them only dependencies

at 50 °C, continuous microwave heating, an etween bacterial survival and time of heatin
pulsed higher power microwave heating durin 9
ere measured at constant water temperature.

30 min. They found greater reduction of viabl S . . .
bacteria for pulsed microwave heating compar eanwhile, it is very important to investigate the
ehavior of the bacterial life cycle at low

to conventional and continuous microwav ! ) )
peratures. This, in accompany with

heating. Based upon their results, they sugges estigation at higher temperatures, gives the
a secondary non-thermal mechanism that assistyest9at 9 P ' 9
iCture of influence of the temperature on growth

in the deactivation of bacteria during higheP : o
power of microwaves. In addition, Culkin anoOf bacteria and stability of them to temperature

Fung [6] and Kozempel et al.[12], aIso,Changmg'

suggested that a secondary non-thermallso, it is important to compare investigations of
mechanism could assist in the deactivation aonventional and microwave heating that were
certain species of bacteria such Escherichia conducted on the same forms of bacteria. This
coliand Salmonella typhimurium led us to build mathematical models for
(fonventional and microwave heating which
ecame the purpose of our paper.

heat treatment and then destroyed successivel

Currently, there are two major mathematic
models of deactivation of bacteria, mechanisti
and vitalist [13]. The mechanistic assumes that
deactivation of bacteria occurs in an exponential
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MATERIALSAND METHODS

Conventional Heating of bacteria.

BENJAMINE. et al.

temperature resulted in a 25.4% increase in
bacterial viability. The maximum number of

Stock cultures oE. faecalis, S. aureulsnd E. coliwere

created by growing in TSB (Tryptic Soy Broth) oveltign

was then placed into 250 mL Erlenmeyer vials cornai _
100 mL of distilled deionized water purified by Batead e- Secctia  Temperanice (°C)

Table 1. Survival of E. faecalis E. coli and S. aureusat
a Labline Imperial Il Incubator (model # 305) atVvarious temperatures using conventional radiantirgpa
temperature 37°C. A 10 aliquot of each stock culture

Bacterial Survival (CFUs/mL) % Bacterial Survival

Pure System (model # D4641) preheated to 25°C, 37° &/fwecaiis 25
45°C, 55°C and 65°C. The bacteria were then inculdfated 37

5 minutes. 5QL of the test solutions were plated in
exponential spiral fashion on to 10 TSA (TrypticySkgar)
plates for each sample group using a Spiral Biotec
Autoplate 4000 (model # AP 4000). The plates wéent
incubated overnight in a Labline Imperial 1l Inatbr
(model # 305). Finally, the colony forming unitsens

45
55
65

1.398E+08
1.873E+08
1.958E+08
1.209E+08
2 267EHI4

7456
100.0
104.5
64.5
0.01

S, aureus 25
37
45

35

counted using a Spiral Biotech Q-count (model # Z1Qp- 65

plate reader set for a BD exponential spiral pate setting. g on

1.338E+08
3.017E+08
1.446E+08
5.599E+07
8 180E+04

443
100.0
479
18.6
0.03

e
25

The CFUs (colony forming units) were then calculaaed 37

graphed using Grapad Pri8m

Microwave/Dielectric Heating of bacteria.

45
55

65

8.933E+08
1.003E+09
9. 337E+08
5.876E+07
6.130E+04

89.1
100.0
931
39
0.01

Stock cultures oE. faecalis, S. aureusndE. coli
(Ward Natural Scientific, Rochester, NY) were crdabyy  viable E. faecaliswas found between 3¢ and

growing them in TSB (Tryptic Soy Broth) overnight & 45°
Labline Imperial 1l Incubator (model # 305) at teanature

C. This data suggests that°@5is not the

of 37°C. An aliquot of 10L of stock culture was then OPtimal temperature for certain critical process to
placed into 250 mL sample vials containing 100 nfL oOCccur. For water temperature above °@&5
distilled deionized water purified by a Barnsted we® number of viable bacteria was decreased with
System (model # DA4641). The sample vials were theycreasing of water temperature from 104.5% for
microwaved in a Panasonic Inverter Microwave (model o
NN-S543BF) at power 130 W for 1 -5 minutes. Result&empe_ra_ture of m to 0.01% at 6. These
were compared with control samples which were ndiwo distinct regions, the growth and decay, are
microwaved. The CFUs into an aliquot ofii0of the test again observed in Fig.2 forS. aureus
solutions were calculated by the same method as fﬂﬁcreasing water temperature from°@5to 37C
conventional heating. of . . L

lead to a 55.7% increase in bacterial viability. An
maximum value of viabl&. aureusvas found at
37°C. The following increasing of water
temperature from 3T to 65C gave result of a

Effect of Conventional Heating on thegg 905 decrease inS. aureus viability.
Deactivation of E. faecalis, S. aureus and E..coliremperature dependencies fd. coli also

Experimental results for conventional heatinghowed existence of these two processes (Fig.3).
of E. faecalis, S. aureus and E. cofire The growth of number of viable bacteria was
summarized into Table 1 and Figs.1-3. The dafaund in the range of 25 - 3¢ where a 10.9%
shown in Figs.1-3 can be divided into twdncrease irE. coli viability can be observed. A
distinct regions or processes. The first of them B9.9% reduction inE. coli viability is found
increasing of number of viable bacteria wittbetween 37 - 6%C.
initial increasing of water temperature. The The results showed th&. faecalisis more
second region can be observed after passinghermal stable than eith&: aureusor E. coli. A
maximum value for bacterial viability and istemperature of 5& was required to redude.
responsible for decrease in of bacterial survivéecalisviability by 35.5% with 99.9% reduction
with increasing of water temperature. Rates @ccurring at 6%C. S. aureusappeared to be
growth for the first process, rate of decay for theomewhat less thermal stable than E. faecalis
second, location of the optimum temperature fgequiring a temperature of 45 to bring about a
bacterial viability depend on bacterial form. 52 19 reduction in bacterial viability with 99.9%

For E. faecalisFig.1 showed an increase inyedyction occurring at 6. E. coli appeared to
the number of viable bacteria was found in thge the most thermal sensitive of all bacteria
temperature range between°@5and 37C. In  tested. The data suggests a temperature & 55
this region of the graph, a A2 increase in was required to cause a 94.2 % reductiorBin
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Mathematical Model of Bacteria Deactivation

aureus bacterial viability with 99.9% occurring where, the termsA - C are coefficients that
at 65C. depend on bacterial forms. Therefore, we can
expect that a relationship between number N of
Mathematical Treatment of Bacterial Survival o¥iable bacteria and water temperature T will be
Conventional Heating given by second order polynomial function (5).
Consider the kinetics of bacterial survival In accordance with this theory, we performed
which depends on water temperature thapproximation of experimental results with
contained these bacteria. Two processes mustf@ynomial function (5) (solid curves on Figs. 1-
considered for this model. The first of them i88). The values of the coefficients A, B, C that
the “growth factor”. This term refers to thegave the best correlation with experimental
growth of bacterial number with an optimalresults were calculated by using the least square
water temperature range that contributes twethod and placed into Table 3.
bacterial growth. When the temperature is out
side this range we must consider the second
factor named “death factor”. This factor is
related to the reduction of bacterial number with
increasing of water temperature due to bacteria
death. With the starting stage the “growtl

. \ T 120-
factor” is dominant but eventually the “deatt .2
factor” has more influence on bacterial number. 5 1009
In the first approximation, we can assume ths ‘f, 804
the rate of change of bacterial survival numbe &
into both of these processes can be written E 60
linear function of water temperature. W 40
=
B=aiT +by (1) 8
& c L] L] L) L)
Jo=a,T +b, 2) 20 30 40 50 60 70

Temperature, °C

where g apdé A gquth and decay of t){’ICJ[e“aIFigure 1. Effect of Conventional heating oB. faecalis
number with changing water temperature on 1 §ival.

related with “growth factor” and “death factor”,
respectively, T -water temperature,,aby, &, b
constant coefficients depend on form of bacteria.
By using this assumption rate the change
dN/dTof survival number with water temperature

T will be 120~

1004 E

80+

dN/dT =8 -5 3)

After substitution formulas (1) and (2) into
expressions (3) we will receive

'Y
o
L

dN/dT = AT + B, (4)

20+ "
whereA; = a; —&, B; = by — b - coefficients
that depend on bacterial forms.

Percent S. aureus Survival
()]
(=]
'

J

To find the number of survival bacteria at o 30 b % . g0 o
given water temperatur& we first performed Temperature, °C
simple algebraic rearrangement and then took thfyre 2. Effect of Conventional heating o8. aureus
integral of the rearranged expression (4) Survival.

N(T)=[(AT+B,)dT = AF+BT +C (5)
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_ 1201
g -
S 1004 § 1407
= o L] T 1204
@ 804 %
= 100
S 601 2
I..Li g SD-I-
£ 40 8 604
@ .
£ 204 w 404
o T
o o) a
0 T T T T e Q 20"
20 30 40 50 60 70 o
o 0 T T L] L] L
Temperature, °C 0 1 2 3 4 5 6
Figure 3. Effect of Conventional heating of. coli Microwave Time, min
Survival.

EffeCt. of_l\/llcrowave/Dle_Iectrlc Heating on theFigure 4. Effect of Dielectric Heating onE. faecalis
Deactivation of E. faecalis, S. aureus and E..colgpival.

. : @
Experimental results were summarized int.Z 1604
Table 2 and Figs.4-6. 1404 E
120-

Table 2. Survival of E. faecalis E. coli and S. aureusat

=
=
w
0
various times using microwave heating E 1004
e - o
Bacteria Microwave time (min) Bacterial Survival (CEUs/ml) % Bacterial Survival % 80+
E. faecalis Control sample 1.496E+08 100.0 UJ. 60
1 1.799E+08 120.3 s
2 1.676E+08 1120 E 40+
3 1.774E+08 118.6 O 204
4 4 78TE+0T7 32.0 [
5 4.190E+05 028 . o 0 0 ‘ll i :',' 4 1'5
S aurens  Control sample 1.708E+08 100.0 Microwave Time’ min
1 2 369E+08 1387
: 1.G1E*08 3 Figure5. Effect of Dielectric Heating o8. aureusSurvival.
3 1.250E+08 73.20
4 1.022E+06 060 —
5 4.090E+04 0.02 o 1204 I
> -
E coii Control Sample 5.198E+08 100.0 '=' 100_‘_
1 6.065E+08 116.7 w
2 5.652E+08 108.7 % 801
3 1.292E+08 249 Q
4 2.040E+04 0.004 uj GD-
The results showed that coli was the most E 404
thermal sensitive of all tested bacteria. | 8 504 u
. . . . D
required only three minutes of microwave time t a

bring about a 75.1 % reduction in the bacteric co 1 2 3 :
viability with 99.9% reduction occurring after Microwave Time. min

four minutes.E. faecalisappeared to be the most ’

thermal stable of all the bacteria tested. Tha ddtigure 6. Effect of Dielectric Heating o&. coli Survival.
suggested that four minutes of microwave time

were required to cause a 68.0 % reduction e control sample (t =0 min) and first minute
bacterial V|ab|I|_ty and five minutes r_esultlng N 8f microwave heating showing a 20.3% increase
99.3% reduction. S. aureus required three ;, pacterial viability. After this initial increas
minutes to show a 26.8% reduction in viability=  t56calis viability was stable until three
with 99.4% occurring after four minutes. ~ yiqytes with no significant change in viability.
Similar to the result found with conventionalrpa «qeath factor” occurs between three and five
heating, dielectric heating showed the “growtiyintes where there was a 118.3% bacterial

factor” and “death factor” processes. HBr \japjlity reduction. S. aureusshowed a “growth
faecalisthe “growth factor” was found between ¢;.tor” process over the first minute with a

o -
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38.7% increase in bacterial viability. The “death Now, we can replace temperatufie into
factor” for S. aureusvas observed between onesxpression (5) with formula (10), and receive for
to five minutes where the bacterial viability waswumber of viable bacteria
reduced from 138.7% to 0.02%. Her colithe
“growth factor” was found within the first minute N(t) = A( k + kot )> + B(ky + kst ) + C =
where bacterial viability was increased by 16.5% Ak,’t” + ( 2Akik, + Bky )t + Ak', + Bk, + C =
A short stabilization phase was found at the (1D
second minute with the “death factor” process A t” + Bt +C,
occurring between three and four minutes
showing a 108% reduction in bacterial viability. where A,= Ak,?, B, = 2Akk, + Bk, , C, = Ak/?
Table 3. Coefficients of Mathematical Model (Equation 5)+Bkl +C - constant coefficients depend on forms
for Conventional Heating of bacteria. Therefore, we can expect that the
relationship between numbhrof viable bacteria
and microwave time will be given by second
S = L & Co€  order polynomial function (11). In accordance
E faecalis 0158 12.35 1367 0% with this theory, we performed approximation of
;“;:"” Eg:i 4:: 'ff'; Ei experimental results with polynomial function
— ' ' ' (11) (solid curves on Figs. 4-6). The values of
Mathematical Treatment of Bacterial Survival othe coefficients A B, C, that gave the best
Microwave Heating correlation with experimental results were
Let's consider relationship between number Malculated by using the least squares method and
of bacterial survival and microwave heating tim@laced into Table 4.
t. All experiments were conducted at constaRiye 4. Coefficients of Mathematical Model (Equation 11)
power of microwave (P = 130 W). In this casefpr Microwave Heating
energy E that transferred to sample of water

placed into microwave during tintevill be - = B © coe
. faecalis -10.01 28.80 100.7 0.95
S aureus -14.24 3051 1057 0.98
E = Pt (6) E. coli -11.28 1586 1058 0.95
Part of this energy transformed to h&at DISCUSSION
AQ = kE = kPt (7) Temperature  dependencies of  survival

bacteria that were recorded in our experiments
where k — constant coefficient if water masshow the existence of two factors: growth of

unchanged. number of viable bacteria with initial increasing
But heat4Q is related to the changing of waterof water temperature, passing through maximum
temperaturedT value at 35- 45°C, concluding in significant
decreases in numbers of viable bacteria at
AQ = ¢,mAT =c,m( T-T) (8) temperatures between 60 - 66. These two

processes lead to "bell* shape form for
where T and T; — current and initial water temperature dependencies of bacterial survival.

temperature, respectively, The rate of growth and decay depended on
¢, — specific heat of water, m — mass of water. specific forms of bacteria. This observation is in
By using formulas (7) and (8) we can write agreement with the results of Abraham et al.[1].
However, our experiments in contrast with [1]
c,mT —gmT = kPt (9) began with increasing water temperature from
low values. For this case, we can decide that
From formula growth of viable bacteria with initial increasing
of water temperature relates with improving
T=T+ (kP/lgm )t =k + kt (10) conditions for bacteria reproduction.Similar

wherek, andk, — constants for a given mass ofbell” shape forms were found for bacterial

water, its initial temperature, and microwaveiability and the time of microwave heating.
power during heating. After 1-2 min of microwave heating the number

of bacteria decreased and between 4-5 minutes of
microwave heating became insignificantly small.
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Similarity of forms of temperature dependencie8 Bellara, S.R., Fryer, P.J., McFarlane, C.M., Thamas

for conventional heating and time dependenciésR. Hocking, P.M., and Mackey, B.M. Visualizatiordan
odeling of the thermal inactivation of bacteriaairmodel

for microwave heating bear witness of fact thafrgod. Appl. Environ. Microbiol. 199%5: 3095-3099.

the principal factor that affect bacterial behavio§. Byamukama, D., Kansiime, F., Mach, R.L., and
during microwave heating is transformation ofarnleitner, A.H., Determination ofEscherichia coli
electrical energy into heat energy, and jtgontamination with chromocult coliform agar shoveedigh
following influence on life cycle of bacteria. This/€ve! of discrimination efficiency for differing ¢l

.. . ollution levels in tropical waters of Kampala, Wgda.
is in agreement with the results of works [7, 82\pp|_ Environ. Microbioﬁ_ 200066: 864-868. P
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of microwave heating and time of microwavenicrowave-cooked soups. J. Milk Food Technol. 196,
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The proposed mathematical models relatlnES\lironl Microbiol. 199258: 920-924.

bacterial survival to temperature dependencies Q_?Gombmh, S.A., and Wang, D.I.C., Effect of nowaves
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. . 600
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