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Introduction

Far-infrared (FIR) heaters made of fine ceramics
are now manufactured. Applications of FIR can be
expected to draw considerable interest in a broad field
and in many important industries. In the food processing
industry, the application of FIR to pasteurization for pre-
venting processed foods from microbial contamination is
desirable, and fundamental studies of such application
are required. However, there have been only a few fun-
damental studies3+>10

Previously, for Escherichia coli and Staphylo-
coccus aureus suspended in phosphate-buffered saline
(PBS, pH 7. 0)® and for the bacteria on an agar-plate as a
wet-solid food model®, the pasteurization effects of FIR
irradiation were compared with those of conductive
heating and of hot-air heating respectively. From these
studies it was found that FIR irradiation was a more
effective means of pasteurization than the conventional
heating methods. Moreover, it was found that E. coli and
S. aureus were injured and killed by FIR irradiation even
below the lethal temperature®.

However, the effect of the spectral distribution of
irradiation power on FIR pasteurization has not been
studied. This effect is a very important factor in FIR pas-
teurization, and the mechanism of FIR pasteurization
may be made clear through a good grasp of the effect.

The present purpose is to make clear the interrela-
tion between the pasteurization effect of IR irradiation
and the spectral distribution of irradiation power. The
pasteurization effect of FIR irradiation is compared with
that of near-infrared (NIR) irradiation.

1.  Experimental Apparatus and Methods

1.1 IR pasteurization

The pasteurization sample*> and the irradiation
chamber®*® were the same as those used in the previous
studies. E. coli 745 and S. aureus 9779 were suspended
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in PBS (pH 7.0). A FIR heater (heater A) made of a mul-
lite cylinder or a NIR heater (heater B) made of a quartz
cylinder was used as the radiative heat source. Irradia-
tion” and viable cell counts*> were carried out
according to the previous studies.

The suspension temperature was measured by CA-
thermocouples sheathed by a stainless steel tube (0.25
mmg¢). The measurement method was the same as that
used in the previous studies*>.

1.2 Measurement of irradiation power

Irradiation power was estimated experimentally by
the methods used in the previous study®. The spectral
distribution of radiative power emitted from heater A
was estimated by using the surface temperature and the
emissivity> of the heater, and that emitted from heater B
was measured by a Fourier transform infrared spectro-
photometer (JEOL, JIR-E500).

2. Experimental Results

2.1 Irradiation power

Figure 1 shows the spectral distribution at an irra-
diation power (g;,) of 7.57 x 10> W.m™? and the absorp-
tion coefficient of water (ay,)”. Irradiation power
emitted from heater A is mainly in the region where oy
is very high, whereas that emitted from heater B is
mainly in the region where oy, is low.

2.2 Comparison of pasteurization effects

Pasteurization was performed under the same con-
dition as that in the previous study®. The steady temper-
ature of the bulk suspension was about 313 K, which is
below the lethal temperature.

Figure 2 shows the effect of g;, on the viable ratio
(NJ/N,p) of the test bacteria irradiated with heater A or B
for 20 min.

NyN,, of E. coli irradiated with heater A decreases
slightly with increase in g;,, and the decrease of that of E.
coli irradiated with heater B is negligible. On the other
hand, N/N,, of S. aureus irradiated with heater A at g;, =
7.57 x 10> W.m2 is 5.1 x 10, though that of S. aureus
irradiated with heater B is 4.8 x 10°L.

Because the spectral distribution of irradiation
power affects the penetration of radiative power into the
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Fig. 1 Spectral distribution of irradiation power irradiating
bacterial suspension and absorption coefficient of water
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Fig. 2 Comparison of effect of g, on N/N,y

suspension, the effect of suspension depth on pasteuriza-
tion was examined. Figure 3 shows comparisons of the
pasteurization effects between heaters A and B. The
abscissa (Vy/S,,) is the ratio of the suspension volume to
the area irradiated by IR, and is equivalent to the suspen-
sion depth.

For both E. coli and S. aureus, the differences of N/
N, between heaters A and B is slight in the region of V/
S, thicker than about 1 mm. At V/S;, = 0.91 mm, Ny/N,, of
E. coli irradiated with heater A is 1.9 x 10°!, though that
of E. coli irradiated with heater B almost equals to that of
the initial viable cell number. And N/Nj of S. aureus
irradiated with heater A is 5.1 x 10, though that of S.
aureus irradiated with heater B is 4.8 x 10°!. Thus the
advantage of FIR irradiation for pasteurization is remark-
able for the test bacteria in a very thin suspension layer.

These experimental results indicate that FIR irradi-
ation is more effective than NIR irradiation for pasteur-
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Fig.4 Damping curves of irradiation power irradiating
bacterial suspension

ization of bacteria suspended in PBS below the lethal
temperature.

3. Discussion

By making use of the damping function, ¢(x)®,
given in Eq.(1), penetration of irradiation power into the
suspension is estimated by using the concept described
in the previous study.

o0 j:(l =72) iy, 26XP (=a,,2%) dA
X) =
[ya-ra, a1

It is assumed that the optical characteristics of the
bacterial suspension are the same as those of water in the
region of infrared radiation®”.

Figure 4 shows the calculated values of ¢(x),
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which is integrated numerically over wavelength from
0.78 um to 20 um, and x is the depth from the suspen-
sion surface. For heater A, 90% of the initial value of g;,
is absorbed within the suspension layer of 1.0 X 10" mm
thickness. On the other hand, for heater B, only 43% of
the initial value is absorbed within the suspension layer
of that thickness.

From Fig.4, the temperature close to the surface of
the suspension irradiated with heater A may be much
higher than that with heater B. Thus it is thinkable that
the test bacteria close to the surface of the suspension
irradiated with heater A are stressed more seriously than
the test bacteria irradiated with heater B.

The above suggests that the superiority of FIR pas-
teurization to NIR pasteurization is caused by the inter-
relation between the spectral distributions of the
irradiation power emitted from heater A and the absorp-
tion coefficient of the bacterial suspension.

Concluding Remarks

It is found that FIR irradiation is more effective for
pasteurization than NIR irradiation. The advantage of
FIR irradiation is remarkable for pasteurization of test
bacteria in a very thin suspension layer. The experi-
mental results suggest that the superiority of FIR pas-
teurization to NIR pasteurization is caused by the very
high absorption coefficient of the bacterial suspension in
the FIR region.
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Nomenclature
N, = concentration of viable cells

in bacterial suspension [CFU.dm?3]

VOL. 26 NO. 3 1993

qir = irradiation power [W.m2]
r = reflectivity [-1
M = area of bacterial suspension irradiated

by infrared radiation [m?]
t = heating time [s]
T, = temperature of bacterial suspension [K]
\4 = volume of bacterial suspension [dm?]
X = depth of bacterial suspension layer [m]
o = absorption coefficient [m]
A = wavelength [um]
(] = damping function defined by Eq. (1) [-]
<Subscripts>
a = air
b =bulk
w = water
A = monochromatic
0 = initial state
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