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Abstract — Enterococcus faecaliStaphylococcus aureamdEscherichia colsurvival was investigated using microwave
irradiation (power 130 W) both in a water controtldn the presence of aull manganese ion solution. Measured survival
dependencies had "bell' shape form with maximuntebit viability between 1 - 2 min of microwave hieg. Additional
heating revealed bacteria survival decreasing wrton of microwave heating when viability becamsignificantly small.
The total deactivation time of bacteria in the pres of manganese ions was significantly smallen tthat of bacteria
irradiated in the microwave without manganese joesent (4 -5 min). One possible explanation tierrapid reduction of
bacterial survival during microwave irradiation the presence of manganese ions is that increasegganese ion
penetration into bacteria along with microwavedration related to an increase of kinetic energyook, and damaging of
bacteria by metal ions. The proposed mathematicaleinfor microwave heating took into account "grewand "death”
factors of bacteria. It assumes that rates of batgrowth and decay are linear functions of waéenperature, and rate of
bacterial decay that relates with metal conceminaitnto water is also linear, which influenced thferential equation for
the dependence between number of survival baciedatemperature water. By using proportionalitywsen the time of
microwave heating and water temperature we dertheddifferential equation, between bacterial viépibnd time of
microwave irradiation which was used as mathemlatiwzdel for microwave heating in the presence ofammns. This
model had forms of second-degree polynomial funstioNe received good relationships (with coeffitieficorrelation
0.92 - 0.99) between proposed mathematical modekaperimental data for all bacterial deactivation.
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INTRODUCTION accomplished by using microwave irradiation in
comparison with conventional heating. They
Effective disinfection of water, especiallyfound that the deactivation of these bacteria was
from fecal coliforms, is an important step ing result of the dielectric heating and not due to
reducingthe occurrence of pathogenic conditiongny secondary effect of the microwave
and improving overall public health. The Worldjrradiation. Lechowich et al.[19], Vela et al.[36],
Health Organization reports that the deactivatiognd Fujikawa et al.[13] also found that the

of these bacteria is a vital step in reduction Qfeactivation of Streptococcus faecalig(later
water related diseases [3]. Microwave irradiatioplassified as Enterococcus faecalis and

is one of the most useful methods for bacterigaccharomyces  cerevisiae when using

deactivation. Goldblith and Wang [15] conductegnicrowave irradiation resulted from the dielectric
studies showing that the deactivation Oheating. Vaid and Bishop [35] studied
Escherichia colandBacillus subtilisspores was  destruction of bacterial endospores by
microwave irradiation.
Abbreviations:. CFU, Colony Forming Unit E. coli , Conversely, Shin and Pyun [32] compared the
Escherichia coli; E.faecalis, Enterococcus faecalisnin, results of deactivation of Lactobacillus
minute; mL, milliliters; S. aureus, Staphylococcus aureus ; ; o
TSA, Tryptic Soy Agar;TSB, Tryptic Soy Broth;WHO, plantarum b_y Conve.ntlonal heatln_g at 50 °C
World Health Organization. versus continuous microwave heating and pulsed
higher power microwave heating during 30 min.
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They found greater reduction in bacterial survivatarious forms coupled to other compounds.
for pulsed microwave heating relative toPrevious research [8,11] found that the presence
conventional and continuous microwave heating@f silver ions effectively deactivated coliforms.
These results suggested a secondary non-therrdblad et al.[1] found that the existence of copper
mechanism that assisted in the deactivation ahd silver ions into water in combination with
bacteria during higher power of microwavdow levels of chlorine leads to large reduction of
irradiation. Culkin and Fung [12] and Kozempepoliovirus. Similar results were found in other
et al. [17] also suggest that a secondary nopapers [34, 37, 38]. Landeen et al.[18] showed
thermal mechanism could assist in thefficiency of copper and silver ions in
deactivation of certain species of bacteria. combination with low level of chlorine for

In our recent paper [4] we studieddeactivation of_egionella pneumophillaShort et
dependencies between bacterial viability andl.[33] found that compounds of copper ions
time of microwave heating of water for severateduced number ofStaphylococcus aureus
fecal coliforms  Enterococcus faecalis Viability of Escherichia coliwas decreased in
Staphylococcus aureuand Escherichia col. presence of sodium chloride in dry sausage [14].
We found that time dependencies had "bellRagab-Depre [31] found that treatment during 60
shape form with maximum at 1-2 min ofmin of secondary effuents with hydrogen
microwave heating. Bacterial survival therperoxide-ascorbic acid-Cu (Il) resulted in 99%
decreased at 4-5 min of microwave heating andduction of Enterobacteriaceal, total and fecal
became insignificantly small. The proposedoliforms and staphylococci. Oganesov [28]
mathematical model for microwave heatingroposed the device for deactivation of bacteria
accounts for both a "growth" and "death" factonto water by using silver ions. Myers and
of bacteria, and it had forms of second degrédealson [22] studied the influence of manganese
polynomial functions. We received goodoxide on bacterial reduction and growth. Nealson
relationships (with coefficient correlation 0.84 -and Saffarini [25] used iron and manganese for
0.99 ) between proposed mathematical modeherobic respiration studies. Calomiris et al.[10]
and experimental data. studied the influence of different metal io@sI

For increasing efficiency of microwave?®, Pb #*, Zn ?*, Al **, Sn%, and Cd ** on
deactivation of bacteria, we can add definit&scherichia coli Staphylococcus aureusand
(transitional) heavy metal ions into waterseveral other bacteria. They found that the
Transitional metal ions play important role in thexistence ofS\?* andzZr’* sufficiently decreased
life processes of bacteria. Several metals, suchtag number of bacterig&scherichia coliinto
calcium, cobalt, copper, chromium, potassiunwater. Staphylococcus aureusere sensitive to
iron, magnesium, nickel, zinc, manganesall written above metal ions except the ion
sodium, are essential nutrients. In  smaWl*‘[10]. Nakahara et al. [23,24] described
concentrations, they act as micronutrients, whidttistribution of resistance staphylococcal strains
stimulate development of bacteria. These metdls several metal ions and antibiotics. Several
are used in biological processes such as redauthors [2,6,16,20,29,30] indicated that
processes, to stabilize molecules throughansitional ( heavy ) metal ions affect the
electrostatic interactions, as components @ntimicrobial activities of antibiotics.
various enzymes, and for regulation of osmotic Unfortunately, bacterial deactivation using
pressure [7]. Many other metals (for examplenly transitional (heavy) metal ions is time-
silver, aluminum, cadmium, gold, mercury, leadfonsuming and requires several hours or even
may have no biological role, or be none essentialays. Other research suggests that the presence of
and can even be potentially toxic to bacteria [7inetal ions into water can accelerate its bacterial
Toxicity of transitional metal ions depends ordeactivation when used with other methods.
their concentration into water, forms ofButkus et al [9]. found that the presence of silver
compounds, and other factors, including wateéons enhanced inactivation of coliphage MS-2 by
temperature [21, 26, 27]. K. Nageli [5] found thatJV disinfection. As we see from written above,
essential metal ions (for example, copper ions) investigations that were devoted to bacterial
higher concentration into water also showdeactivation by using microwave irradiation did
oligodynamic actions: hampering of bacteriahot use metal ions, which can help to decrease
growth. number of survival bacteria during microwave

Most investigations with heavy metal iongreatment, and reduce the time of treatment. This
were conducted with silver and copper ions in
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observation became the purpose of

investigation. .
® E faecalis Viability (Water)

4 E fasecalis Viability (+ 1pM Mn)

P <

MATERIALSAND METHODS

Microwave Deactivation of E. faecalis, S. aureus Endoli
in Distilled Water

Stock cultures ofE. faecalis, S. aureuand E. coli
(Ward Natural Scientific, Rochester, NY) were crdabsy Microwave time, min
growing them in TSB (Tryptic Soy Broth) overnight &
Labline Imperial Il Incubator (model # 305) at teanature
of 37°C. An aliquot of 10L of stock culture was then
placed into 250 mL sample vials containing 100 nfL o
distilled deionized water purified by a Barnsted wre?

o
E. faecalis Viability (%) E

Figure 1. Effect of Manganese lons on Microwave
Disinfection ofE. faecalis.

5

X ﬁ:m B S aureus Viability (Water)
System (model # D4641). The sample vials were the z e L
? R . . X . = 100 4 S aureus Viability (+ 1uM Mn)

microwave irradiated in a Panasonic Inverter Micoe i
(model # NN-S543BF) at power 130 W for 1, 2, 3,4 & % &0
minutes. Results were compared with control sample§ b0
which were not microwave irradiated. ) ::

Fifty microliters of the test solutions were plated ¢ °
exponential spiral fashion on to 10 TSA (TrypticySagar) h 5
plates for each sample group using a Spiral Biotec Microwave time, min
Autoplate 4000 (model # AP 4000). The plates weent rigre 2 Effect of Manganese lons on Microwave

incubated overnight in a Labline Imperial 1l Inatbr
(model # 305). Finally the colony forming units ree
counted using a Spiral Biotech Q-count (model # Z1Qp-

Disinfection ofS. aureus

plate reader set for a D exponential spiral pate setting. — **°] R Sraltuiahity (Veatr)
: : = 1204 4 E.coli Viability (+ 1M Mn)
The CFUs (colony forming units) were then calculated T
graphed using Grapad Pri8m § 1$:
L]
> 60
Microwave Deactivation of E. faecalis, S. aureus &ndoli 3 z_
in 1uM Manganese u g4
Stock cultures dt. faecalis, S. aureuwndE. coli(Ward B .
Natural Scientific, Rochester, NY) were created tywing 0 5
them in TSB (Tryptic Soy Broth) overnight in a Lalsin Microwave:time, min

Imperial Il Incubator (model # 305) at temperatofe87°C.
An aliquot of 1QIL of stock culture was then placed intoFigure 3. Effect of Manganese lons on Microwave
250 mL sample vials containing 100 mL a 1.0 M of  Disinfection ofE. coli

Manganese ion solution. The sample vials were then

microwave irradiated in a Panasonic Inverter Miciow Table 1. Bacteria survival of. faecalis S. aureusE. coli
(model # NN-S543BF) at power 130 W for 1, 2, 3,dd & at various times using microwave heating in thespnee of
minutes. Results were compared with control sampledlanganese ions

which were not microwave irradiated. The CFUs into a

aliquot Of 5Q1|_ Of the test SOlutiOnS were CalCulated by thE Bacteria Time (min) Bacteria survival Bacteria survival, %  Difference. %
same method as for the control samples in distilater.

( - metal 1ons %) (+ metal 1ons %)

E. faecalis 0 100 100 0
RESULTSAND DISCUSSION , o ors o
Effect of Manganese lon on microwave 2 1120 201 919
deactivation of E. faecalis, S. aureus and E. coli 3 1186 0 1186
Experimental results for microwave irradiatior 4 520 0 320

of E. faecalis, S. aureusand E. coli in the sawes o 100 100 0
presence of manganese ions (triangle point 1 1387 1222 165
dotted lines) were summarized in RESULTS > 943 1084 141
AND DISCUSSION Table 1 and Figs. 1 - 3. ; - 06 6
The results showed the existence of tw . o . o

distinct processes: increasing of number ¢
survival bacteria with time of microwave
irradiation on the first stage of heating, passin
through maximum value of survival bacteria witt
following decreasing of number of survival
bacteria with time of microwave irradiation.

E. coli 0 100 100 0

1 116.7 103.0 137

2 108.7 109.0 -03

249 0 249

0.004 0 0.004
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We can take into account two processes a&pends on bacterial forms had significant value
described before in the paper [4]: "growth factorlintii 4 — 5 min of microwave treatment. The
and "death factor" processes. [orfaecalisthe faster reduction of bacterial survival during
"growth factor" was found at interval until themicrowave treatment in the presence of metal
first minute of microwave heating showing aons can be explained by increasing of kinetic
7.4% increase in bacterial viability. After passingnergy of metal ions with increasing temperature
the maximum value E. faecalis viability of the water due to transformation of vibrational
decreased. The "death factor® that occumnergy from microwave to heat energy of the
between the first and third minutes leads twater. Metal ions with higher energy have larger
107.4% of bacterial viability reduction. Thepossibility to enter into bacterial cell. On first
largest rate of bacterial viability reduction wastage of penetration into cell, essential metad ion
found between the first and second minutes stich as manganese can improve stability of
microwave irradiation (87.3% per minute)S. bacteria. But with following increasing kinetic
aureus showed the "growth factor" at intervalenergy of ions they damage cell membranes of
until the first minute of microwave irradiation (abacteria, disrupt cellular functions, and destroy
22.2% of bacterial viability growth). After the structure of DNA [7].
passing the maximum valué&. aureusviability
decreased but slower in compare viithfaecalis Mathematical  Treatment of  Microwave
Between the first and second minute obeactivation of E. faecalis, S. aureus and E. coli
microwave irradiation S. aureus bacterial with and without 1uM Manganese lon
viability decreased by 13.4%. The largest
reduction of S. aureusbacterial survival was  For preparation of mathematical model for
found between the second and third minutes bfcterial deactivation in the presence of metal
microwave irradiation where there was a 107.8%ns, we have used the assumptions of existence
of bacterial viability reduction. of two processes. Growth of bacteria by
For E. coli the "growth factor" was found within improving conditions of their reproduction on
the first two minutes of microwave irradiationinitial stage of microwave heating, and following
where bacterial viability was increased by 9%eduction of survival bacteria by increasing of
The "death factor® is responsible for theé'death” factor with increasing the time of
following reduction of 109.0% of survival microwave irradiation.
bacteria into the interval from two to three In our previous work [4] we found that rate of
minutes of microwave irradiation. ForchangedN/dT of survival bacteria with water
comparison, in Table 1 and Figs. 1 — 3 we algemperatureT , is described by formula
show data from our companion paper [4] for

microwave treatment of the same bacteria intdN/dT =8 -39 Q)
water without the presence of manganese ions
(square points, solid lines). where 8 and J - growth and decay of bacterial

Results show that dependencies betweeumber with changing water temperature on 1 C
bacterial survival and time of microwaverelated with “birth factor” and “death factor”,
irradiation have similar “bell” Shape form forrespective|y_ B and d depend on temperature,

both experiments with and without manganesgnd in the first approximation, we can use linear
ions, however, the numbers of survival bacterigynctions

at the same times of microwave heating usually

were smaller for experiments with manganesg= g T + b, andd= a,T + b, )
ions into water as compared with experiments

conducted with distilled water. Also, the graphgynere a,, by, a, by - coefficients that depend on
for time dependencies were shifted to lowejgrms of bacteria.

values for microwave treatment for the | \water contains also metal ions with

manganese enriched groups relative to the waigncentrationM, we have to change the formula

control group. After initial increasing of the(1) and include the term that gives influence of
number of viable bacteria, dependencies passgfétal ions on bacterial death. After this

through maximum value at time 1 -2 min Ofransformation formula (1) will be

microwave irradiation with following reduction dN/dT =6-8,— 3> 3)
to insignificant level at 3 min. In the experiments

without metal ions into water viability of bacteria
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Where,d = alT + bl - decay of bacteria number Bacteria A, B, C, Coefficient of correlation
that relates with changing water temperature on . fecaiss 6875 1811 081 092

C, & (M) - decay of bacteria number that relate s . e.s 3265 6657 971 099

Wlth changlng metal ions concentration. In the, .. soo sis 011 005

first approximation, we can also use linea

function Comparison of mathematical model with
&H=aM+Dh, (4) experimental results shows good correlation

(coefficient of correlation 0.92 - 0.99 ) that

If we put formulas (2) and (4) into expressioreonfirm the assumptions accepted in this model.
(3) we will receive Existence of mathematical model for
microwave heating of water with metal ions
dN/dT = (@ —a) T-3M +by—b — b, (5) allows the determination of bacterial survival
If metal ions concentration is permanent than wévels at predetermined times.
can simplify the expression (5)
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