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a b s t r a c t

Breads are prone to rapid microbial spoilage, particularly mold growth. In order to develop in-package
pasteurization treatments based on radio frequency or microwave energy, a combined open-ended coax-
ial probe and mixture equation method was used to obtain bread dielectric properties over the frequency
range of 1-1800 MHz and the temperature range of 25 �C–85 �C. Influences of frequency, moisture con-
tent and temperature on bread dielectric properties were analyzed. The Lichtenecker Equation (LE)
was suited for calculating dielectric constant, and the Landau and Lifshitz, Looyenga Equation (LLLE)
for dielectric loss factor of bread. Penetrations of both RF and microwave energies decrease with increas-
ing temperature and moisture content. Overall, RF energy has several times the penetration in white
bread than microwave energy.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction Limited studies on dielectric properties of bakery products can
Intermediate and high moisture bakery products are prone to
rapid microbial spoilage, particularly mold growth, which greatly
limits their shelf life. Thus methods to control microbial spoilage
are of great importance to the bakery industry (Smith et al.,
2004). Microwave (MW) and radio frequency (RF) heating have
been studied as a means to control mold growth and extend shelf
life of finished bakery products (Cathcart et al., 1947; Bartholomew
et al., 1947; Olsen, 1965; Zhao et al., 1999; Piyasena et al., 2003;
Tang et al., 2005; Lakins et al., 2008). In order to obtain desired
heating performance in microwave and RF heating treatment, rel-
evant properties of foods must be obtained, among which dielec-
tric properties are the most important.

Dielectric properties of a material are described by the complex
relative permittivity (e, relative to that of free space) (Von Hippel,
1954a,b):

e ¼ e0 � je00 ð1Þ

where j ¼
ffiffiffiffiffiffiffi
�1
p

.
Dielectric properties of a given food are influenced by various

factors, including frequency, temperature, moisture content and
other food compositions, in particular salt and fat contents (Calay
et al., 1995; Sun et al., 1995; Tang et al., 2002; Tang, 2005; Venk-
atesh and Raghavan, 2004). Dielectric properties of foods have
great influence on the temperature distribution during microwave
sterilization and pasteurization processes (Ohlsson and Bengtsson,
1975; Wang et al., 2003).
ll rights reserved.

: +1 509 335 2722.
be found in the literature, in particular, in the radio frequency
range (10–100 MHz). Most of the reported measurements were
performed on products at MW frequencies. Goedeken et al.
(1997) reported that the dielectric constant of pregelatinized bread
dough was independent of salt content, while dielectric loss factor
increased with salt. In addition, the dielectric constant increased
with temperature from 25 to 60 �C and then became constant from
60 to 95 �C, while dielectric loss factor increased linearly from 25
to 95 �C for samples containing 1% salt and decreased linearly for
samples without salt. Dielectric properties of breads and cakes
baked in microwave, microwave-jet impingement and micro-
wave-infrared ovens were shown to be dependent on formulation,
baking time and temperature. Both dielectric constant and loss fac-
tor decreased sharply within the first 2–3 min of baking and then
remained constant (Sumnu et al., 2006; Keskin et al., 2007; Sakiyan
et al., 2007). All above measurements were made at the microwave
frequency of 2450 MHz.

Among the commonly used measurement methods for dielec-
tric properties, the transmission line technique was reported to
be most suitable for porous materials (Goedeken et al., 1997).
The open-ended coaxial probe method, on the other hand, is easy
to use, has a large bandwidth, and has been commonly used within
the food research community (Nelson and Kraszewski, 1990; Eng-
elder and Buffler, 1991; Nelson, 1999; Tang et al., 2002; Venkatesh
and Raghavan, 2005). But according to several studies, when
dielectric properties of bread were measured using open-ended
coaxial probe method (Sumnu et al., 2006; Keskin et al., 2007; Saki-
yan et al., 2007), the repeatability of the measurement was very
poor. This was attributed to uncontrollable contact pressure and
non-homogenous structure of bread caused by different pore sizes
and uneven pore distribution. It is preferable that a homogenous
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Nomenclature

e porosity
v volume fraction
f frequency, Hz or MHz
M moisture content,% wet basis
T temperature, �C
dp power penetration depth, cm or m
c the speed of light in free space, 3 � 108 m/s

Greek symbols
e complex relative permittivity

e0 dielectric constant
e00 dielectric loss factor
q density, g/cm3

Subscripts
ap apparent
m material
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structure of bread samples be obtained in order to use open-ended
coaxial probe method to provide reliable dielectric property values
of bread.

Dielectric mixture equations can be used to estimate the dielec-
tric properties of an air-particle mixture (Lal and Parshad, 1973a,b;
Sihvola and Kong, 1988; Nelson, 1991; Nelson and Datta, 2001). It
is possible to use those equations in calculating dielectric proper-
ties of original porous bread as long as we obtain dielectric data
for homogenous and truly dense bread materials.

The goal of the study was to obtain reliable dielectric property
information in support of the development of in-package pasteur-
ization process using radio frequency or microwave energy to con-
trol bread molds. Penicillium spp. and Aspergillus spp. are common
molds observed in bread (Jenkins, 1975; Smith et al., 2004). These
two mold species were chosen as the target microorganisms in our
effort to extend shelf-life of white breads. Olsen (1965) reported
that directly exposing bread to heating at 68–71 �C for about
20 min could completely control Aspergillus and Penicillium. In
our studies we selected a temperature range from 25 to 85 �C with
a 15 �C interval for measuring the dielectric properties.

There is no data in the literature for bread dielectric properties
over a broad frequency range and a lack of information on the rela-
tionship between dielectric properties and influencing factors. The
objectives of this study were to (1) determine dielectric properties
and penetration depth of sliced white breads using combined
open-ended coaxial probe and mixture equation method at the fre-
quency range of 1–1800 MHz and the temperature range of 25 �C–
85 �C, and (2) study the relationships between bread dielectric
properties and different influencing factors, including frequency,
temperature and moisture content.

2. Materials and methods

2.1. Sample preparation

Sliced white breads (Oven Joy White Enriched Bread made by
Lucerne Foods, Inc.) were purchased from a local grocery store
in Pullman, WA, USA and refrigerated at 4 �C for less than one
week before testing. The ingredients of the bread are shown
in Table 1, among which ash content (AOAC, 2000a), moisture
content (AOAC, 2000b) and porosity (Rahman, 1995, 2005) were
measured in our laboratory and the others were based on the
label.

In order to adjust sample moisture content, bread slices were
either covered with a wetted paper towel to obtain higher mois-
ture contents or laid in air to let go of some water to obtain lower
moisture contents. Moistened and slightly dehydrated bread slices
were packaged in ziploc bags and refrigerated at 4 �C for 48 h to
obtain moisture equilibrium and then placed at room temperature
for 12 h to equilibrate before measurement.
Bread samples were compressed to the shape of a cylinder
(diameter = 21 mm, height = 41 mm) to remove air voids before
measurements, the weight of each bread sample was measured
using an Analytical Plus electronic balance (OHAUS Corporation,
Florham Park, New Jersey).

2.2. Moisture content

Moisture content of the bread on wet basis was calculated from
the difference in weight after vacuum-drying at 98–100 �C for
about 5 h (AOAC, 2000b).

2.3. Density and porosity

The apparent density of the bread crumb was determined by
measuring the mass and volume, while material density of the
bread crumb was measured with a pycnometer Accupyc 1330
(Micromeritics, USA) using toluene as the displacement fluid.
Porosity was given by Rahman (1995, 2005):

e ¼ 1�
qap

qm
ð2Þ
2.4. Dielectric properties measurement

US Federal Communications Commission (FCC) have allocated
five frequencies for industrial, scientific, and medical (ISM) appli-
cations, namely 13.56, 27.12, and 40.68 MHz in radio frequency
range and 915, and 2450 MHz in microwave range. But because
1800 MHz is the upper limit of the measurement system at Wash-
ington State University, we substituted it for 2450 MHz.

In this study, dielectric properties of bread were measured be-
tween 1 MHz and 1800 MHz using the open-ended coaxial probe
technique. The measurement system consisted of an Agilent
4291B impedance analyzer with a calibration kit (Agilent technol-
ogies, Palo Alto, CA), a custom-built test cell, a high-temperature
coaxial cable, and a Hewlett Packard 85070B dielectric probe kit
(Fig. 1). Open-ended coaxial probe method is most commonly used
in broad band dielectric property measurement. The typical accu-
racy of the system is ±8% for dielectric property measurement (Agi-
lent Technologies, 2006) following standard calibration procedure
as described in Wang et al. (2003).

Before measurements, the samples were loaded into the test
cell (21 mm diameter), slightly compressed by the probe to the
fixed height of 38 mm. The sample diameter and thickness are
4.4 and 13.6 times the outer diameter (4.8 mm) and the inner
diameter (2.8 mm) of the outer coaxial conductor, respectively.
Thus the sample satisfied the requirement for accurate dielectric
property measurement using the open-ended coaxial probe meth-
od. A detailed discussion of this requirement is provided in Feng
et al. (2002).



Table 1
Proximate analysis of the white bread samples (mean of three replicates).

Product Protein (%, wet basis) Ash (%, wet basis) Fat (%, wet basis) Carbohydrate (%, wet basis) Moisture content (%, wet basis) Porosity

White bread 6.90 2.89 ± 0.02 1.72 51.72 37.10 ± 0.17 0.8 ± 0.0

Fig. 1. Schematic diagram of the dielectric properties measurement system (Wang et al., 2005).
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Fig. 2. Dielectric constants of compressed white bread samples with 37.1%
moisture content at three densities and 23 �C.
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Dielectric properties were measured at four moisture contents
(34.0–38.6% on wet basis) and three densities (0.9–1.2 g/cm3).
Measurement at each moisture content and density was made in
three replicates.

2.5. Dielectric mixture equations

Several dielectric mixture equations have been used in the liter-
ature to estimate the dielectric properties of an air-particle mix-
ture (Lal and Parshad, 1973a, 1973b; Sihvola and Kong, 1988;
Nelson, 1991; Nelson and Datta, 2001). Four equations were pro-
ven to be applicable to experimental data in our prescreening anal-
yses. These equations are Complex Refractive Index mixture
equation (CRIME):

e1
2 ¼ v1ðe1Þ

1
2 þ v2ðe2Þ

1
2 ð3Þ

Landau and Lifshitz, Looyenga equation (LLLE):

e1
3 ¼ v1ðe1Þ

1
3 þ v2ðe2Þ

1
3 ð4Þ

Bottcher equation (BE):

e� e1

3e
¼ v2

e2 � e1

e2 þ 2e
ð5Þ

and Lichtenecker equation (LE):

ln e ¼ v1 ln e1 þ v2 ln e2 ð6Þ

where e represents the complex permittivity of the mixture, e1 is
the complex permittivity of the medium in which particles of com-
plex permittivity e2 are dispersed, and v1, v2 are the volume fraction
of the respective components, and v1 þ v2 ¼ 1.

Bread was considered as a mixture of solid bread material and
air voids. In the above equations, the complex permittivity of air,
e1, is 1� j0, the corresponding v1 is the value of bread porosity e;
while e2 is the complex permittivity of solid bread material. It
was difficult to obtain the complex permittivity of truly dense
bread material (without air voids) directly, e2 was therefore esti-
mated by extrapolation from directly measured dielectric proper-
ties of the bread samples that had been compressed to three
different densities.
3. Results and discussion

3.1. Selection of mixture equation

Based on our preliminary study, relationships between dielec-
tric constant (e0), loss factor (e00) and frequency (f, MHz) can be de-
scribed by

e0 ¼ Aþ B
f

ð7Þ

e00 ¼ C þ D
f

ð8Þ

where A, B, C, and D are constants, and Eq. (8) was found to be con-
sistent with findings reported by Tanaka et al. (2004).

Dielectric properties for compressed bread samples of 37.1%
moisture content at three densities and room temperature
(23 �C) are shown in Figs. 2 and 3. The corresponding constants
of Eqs. (7) and (8) are listed in Table 2. The constants, A, B, C, D
in Table 2 are linearly related to sample density, q, as follows:

A ¼ 30:087q� 19:494 R2 ¼ 0:985 ð9Þ
B ¼ 1697:7q� 1415:2 R2 ¼ 0:979 ð10Þ
C ¼ 11:286q� 7:5253 R2 ¼ 0:981 ð11Þ
D ¼ 3406:7q� 2778:3 R2 ¼ 0:979 ð12Þ
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Fig. 3. Dielectric loss factors of compressed white bread samples with 37.1%
moisture content at three densities and 23 �C.

Table 2
Constants along with R2 values in frequency dependency Eqs. (7) and (8) of e0 and e00

for white bread samples with 37.1% moisture content at three densities and 23 �C.

q (g/cm3) A B R2
1 C D R2

2

0.924 8.088 138.943 0.993 2.807 340.073 0.998
1.053 12.683 405.580 0.998 4.570 875.882 1.000
1.154 14.953 525.378 0.998 5.378 1115.462 1.000
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The density of truly compressed white breads was determined to be
qm = 1.4 g/cm3 using toluene displacement method with a pycnom-
eter. The dielectric properties of e0 and e00 of the solid bread material
(bread without air voids) at 37.1% moisture content and room tem-
perature can then be calculated from Eqs. (7) and (8) by setting
q = 1.4 g/cm3 in Eqs. (9)–(12) as

e0m ¼ 22:652þ 962:95
f ðMHzÞ ð13Þ

e00m ¼ 8:2839þ 1993:85
f ðMHzÞ ð14Þ

With the estimated values of e0 and e00 for the solid bread material,
the mixture equations were used to calculate e0 and e00 of the bread
samples at different densities. Measured and calculated dielectric
properties for bread samples of 37.1% moisture content at 23 �C
are shown in Table 3.

As shown in Table 3, the dielectric constant data calculated
from Lichtenecker Equation match with the measured values best,
while dielectric loss factor data calculated from Landau and Lif-
shitz, Looyenga Equation match the measured values best.
Table 3
Measured and calculated dielectric properties for white bread samples with 37.1% moistu

q (g/cm3) f (MHz) e0

Measured Calculated

CRIME LLLE BE

0.924 13.56 21.98 57.96 48.68 59.33
27.12 15.71 28.92 25.06 28.98
40.68 14.49 24.91 21.71 24.87
915 7.95 12.67 11.27 12.58
1800 7.19 12.42 11.05 12.32

1.053 13.56 43.17 72.30 63.83 75.40
27.12 26.95 35.60 32.10 36.50
40.68 24.71 30.60 27.66 31.20
915 13.03 15.30 14.04 15.50
1800 11.47 15.00 13.76 15.20

1.154 13.56 52.13 84.70 77.60 88.00
27.12 32.04 41.30 38.40 42.40
40.68 29.33 35.40 33.00 36.30
915 15.47 17.60 16.50 17.90
1800 13.72 17.20 16.20 17.50
The dielectric properties of compressed bread samples for four
moisture contents (38.6%, 37.1%, 34.6% and 34.0%) at five different
temperatures (25–85 �C) were obtained at 13.56, 27.12, 40.8, 915
and 1800 MHz. At each moisture content level, three different den-
sities were tested. The dielectric properties of bread material with-
out air voids were calculated according to the relationship between
dielectric properties and bread density, and then Lichtenecker
Equation was used to calculate dielectric constant, Landau and Lif-
shitz, Looyenga Equation was used to calculate loss factor of com-
pressed bread.

Errors between calculated and measured dielectric properties
were estimated according to Eq. (15):

Error ¼ Calculated value�measured value
measured value

� 100% ð15Þ

For all the measured dielectric property data, 80% of the error
values fall into the range of ±30%, 97% fall into the range of ±40%,
100% fall into the range of ±50%. Most errors occurred at the high
moisture content and temperatures. The errors seem to be rela-
tively high. But considering the porosity of the bread is 0.8, that
is, the bread material just makes up 20% of the original bread,
the total error of dielectric properties of original bread samples
were at most ±10%.

Therefore, Lichtenecker Equation is applicable to calculation of
dielectric constant and Landau and Lifshitz, Looyenga Equation
was applicable to calculation of dielectric loss factor of original
bread from compressed bread samples.

3.2. Dielectric properties of white bread

The values of e0 and e00 of original white breads (porosity = 0.8)
were calculated from the measured data of compressed bread sam-
ples using the mixture equations for five frequencies (13.56 MHz,
27.12 MHz, 40.68 MHz, 915 MHz, and 1800 MHz), four moisture
levels (38.6%, 37.1%, 34.6%, and 34.0%) and five different tempera-
tures (25 �C, 40 �C, 55 �C, 70 �C, and 85 �C). These values are sum-
marized in Table 4.

3.3. Frequency dependency

As shown in Figs. 4 and 5 for example, in the moisture content
range between 34.0% and 38.6%, the dielectric constant and loss
factor of white breads decreased sharply with the increase in fre-
quency up to 100 MHz, and then gradual decreased above
100 MHz at any given temperature.
re content at 23 �C.

e00

Measured Calculated

LE CRIME LLLE BE LE

28.59 46.33 93.99 71.26 101.81 23.76
16.69 20.16 36.67 28.77 38.99 12.07
14.77 16.31 28.84 22.82 30.50 10.07
8.25 2.69 5.03 4.16 5.15 2.32
8.10 2.68 4.52 3.75 4.63 2.10
43.31 98.46 120.40 99.11 130.50 43.72
23.75 41.31 46.70 39.30 50.00 20.55
20.75 33.03 36.60 31.03 39.10 16.84
11.00 5.04 6.30 5.51 6.60 3.55
10.79 4.49 5.70 4.96 5.90 3.21
59.17 126.09 143.30 125.30 152.90 69.53
31.01 52.39 55.30 49.10 58.50 30.77
26.86 41.75 43.40 38.60 45.80 24.88
13.76 5.95 7.40 6.70 7.70 4.90
13.49 5.31 6.70 6.10 6.90 4.43



Table 4
Mean ± standard deviation (three replicates) of dielectric properties for white bread samples with different moisture levels at 25–85 �C.

M (%) f (MHz) T (�C)

25 40 55 70 85

38.6 13.56 e0 3.37 ± 0.10 3.56 ± 0.16 3.80 ± 0.29 4.06 ± 0.32 4.32 ± 0.37
e00 10.41 ± 0.59 13.11 ± 0.42 17.33 ± 0.77 22.89 ± 0.84 29.66 ± 2.09

27.12 e0 2.83 ± 0.06 2.97 ± 0.10 3.15 ± 0.19 3.35 ± 0.26 3.55 ± 0.26
e00 4.95 ± 0.25 6.15 ± 0.16 8.00 ± 0.57 10.39 ± 0.30 13.26 ± 0.52

40.68 e0 2.71 ± 0.05 2.84 ± 0.09 3.00 ± 0.17 3.19 ± 0.23 3.37 ± 0.23
e00 4.07 ± 0.19 5.03 ± 0.13 6.52 ± 0.40 8.43 ± 0.34 10.72 ± 0.35

915 e0 2.08 ± 0.03 2.12 ± 0.03 2.17 ± 0.06 2.21 ± 0.10 2.26 ± 0.13
e00 0.69 ± 0.03 0.72 ± 0.04 0.83 ± 0.01 0.98 ± 0.05 1.15 ± 0.03

1800 e0 2.01 ± 0.03 2.05 ± 0.03 2.10 ± 0.05 2.14 ± 0.08 2.18 ± 0.11
e00 0.66 ± 0.02 0.67 ± 0.03 0.72 ± 0.01 0.80 ± 0.01 0.85 ± 0.03

37.1 13.56 e0 3.18 ± 0.03 3.36 ± 0.01 3.64 ± 0.03 3.95 ± 0.05 4.26 ± 0.08
e00 8.18 ± 0.02 10.33 ± 0.30 14.56 ± 0.19 20.53 ± 0.06 28.05 ± 0.47

27.12 e0 2.68 ± 0.02 2.81 ± 0.00 3.02 ± 0.02 3.26 ± 0.03 3.50 ± 0.05
e00 3.90 ± 0.00 4.86 ± 0.13 6.74 ± 0.09 9.34 ± 0.04 12.55 ± 0.18

40.68 e0 2.58 ± 0.02 2.70 ± 0.01 2.89 ± 0.01 3.10 ± 0.02 3.33 ± 0.05
e00 3.23 ± 0.01 4.00 ± 0.11 5.51 ± 0.07 7.60 ± 0.03 10.17 ± 0.14

915 e0 2.03 ± 0.01 2.07 ± 0.01 2.11 ± 0.01 2.17 ± 0.01 2.23 ± 0.02
e00 0.59 ± 0.01 0.67 ± 0.00 0.78 ± 0.00 0.93 ± 0.01 1.13 ± 0.00

1800 e0 2.00 ± 0.03 2.04 ± 0.03 2.08 ± 0.03 2.12 ± 0.03 2.17 ± 0.03
e00 0.57 ± 0.04 0.64 ± 0.02 0.70 ± 0.02 0.78 ± 0.02 0.80 ± 0.03

34.6 13.56 e0 2.76 ± 0.15 2.94 ± 0.15 3.37 ± 0.21 3.81 ± 0.25 4.22 ± 0.27
e00 4.56 ± 0.38 6.07 ± 0.02 10.70 ± 0.11 17.62 ± 0.16 26.55 ± 0.33

27.12 e0 2.35 ± 0.11 2.49 ± 0.11 2.80 ± 0.15 3.14 ± 0.18 3.45 ± 0.19
e00 2.32 ± 0.20 3.00 ± 0.06 5.09 ± 0.06 8.14 ± 0.09 11.98 ± 0.14

40.68 e0 2.27 ± 0.10 2.39 ± 0.10 2.67 ± 0.14 2.98 ± 0.17 3.28 ± 0.18
e00 1.94 ± 0.17 2.49 ± 0.05 4.18 ± 0.06 6.64 ± 0.08 9.71 ± 0.12

915 e0 1.81 ± 0.06 1.86 ± 0.06 1.94 ± 0.07 2.03 ± 0.08 2.13 ± 0.08
e00 0.47 ± 0.01 0.52 ± 0.02 0.67 ± 0.02 0.89 ± 0.02 1.07 ± 0.01

1800 e0 1.75 ± 0.07 1.81 ± 0.07 1.89 ± 0.08 1.98 ± 0.09 2.07 ± 0.08
e00 0.47 ± 0.00 0.50 ± 0.01 0.59 ± 0.01 0.73 ± 0.01 0.76 ± 0.01

34 13.56 e0 2.55 ± 0.01 2.68 ± 0.08 3.24 ± 0.25 3.77 ± 0.37 4.23 ± 0.41
e00 3.35 ± 0.20 4.21 ± 0.00 9.20 ± 0.27 16.90 ± 0.25 25.96 ± 1.96

27.12 e0 2.21 ± 0.00 2.31 ± 0.04 2.70 ± 0.16 3.10 ± 0.31 3.47 ± 0.29
e00 1.73 ± 0.10 2.10 ± 0.00 4.39 ± 0.43 7.82 ± 0.16 11.17 ± 0.21

40.68 e0 2.15 ± 0.00 2.24 ± 0.04 2.58 ± 0.15 2.95 ± 0.28 3.29 ± 0.27
e00 1.46 ± 0.09 1.76 ± 0.00 3.62 ± 0.35 6.39 ± 0.19 9.67 ± 0.12

915 e0 1.77 ± 0.01 1.82 ± 0.00 1.92 ± 0.05 2.04 ± 0.10 2.18 ± 0.14
e00 0.38 ± 0.02 0.39 ± 0.03 0.55 ± 0.00 0.84 ± 0.07 1.01 ± 0.03

1800 e0 1.75 ± 0.03 1.80 ± 0.02 1.89 ± 0.03 1.99 ± 0.08 2.10 ± 0.12
e00 0.36 ± 0.02 0.37 ± 0.02 0.46 ± 0.00 0.62 ± 0.01 0.72 ± 0.03
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The trend for dielectric constant with frequency is consistent
with findings reported by Nelson (1978) that dielectric constant
either decreased or remained constant as frequency increased, pro-
vided all other conditions were held constant. Dipole rotation and
ionic conduction are the two primary loss mechanisms for RF and
MW absorption in food materials. Ionic conduction plays a major
role at frequencies below 1 GHz (Ryynänen, 1995). Since the fre-
quency range of this study is 1–1800 MHz, the dominant loss
mechanism is ionic conduction.

The frequency dependent regression equations of dielectric
properties for white bread samples at five temperatures and
37.1% moisture content are listed in Table 5.
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Fig. 4. Values of bread dielectric constant at five temperatures and 37.1% moisture
content.
3.4. Moisture content dependency

At any given frequency, dielectric constant and loss factor in-
creased linearly with the increase in moisture content within the
temperature range of 25–85 �C. It could be attributed to the in-
creased the amount of water molecules in breads at higher mois-
ture contents (Datta et al., 2005). At RF frequencies ranging from
13.56 to 40.68 MHz, a sharper increase was observed in the loss
factor with increasing moisture content as compared to the change
in the dielectric constant, while at MW frequencies ranging from
915 to 1800 MHz, increase in loss factor is flatter. The higher fre-
quency corresponded to the smaller influence of moisture content
on dielectric constant and loss factor as illustrated in Figs. 6 and 7.
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Fig. 5. Values of bread loss factor at five temperatures and 37.1% moisture content.



Table 5
Frequency, moisture content and temperature dependent regression equations of dielectric properties for white breads.

Frequency (f, MHz) dependent regression equations:
M (%) T (�C) Dielectric constant Loss factor
37.1 25 e0 ¼ 2:111þ 11:659

f ðR2 ¼ 0:997Þ e00 ¼ 0:803þ 76:088
f ðR2 ¼ 0:995Þ

40 e0 ¼ 2:165þ 13:015
f ðR2 ¼ 0:997Þ e00 ¼ 0:903þ 97:254

f ðR2 ¼ 0:995Þ
55 e0 ¼ 2:242þ 15:396

f ðR2 ¼ 0:996Þ e00 ¼ 1:091þ 138:862
f ðR2 ¼ 0:995Þ

70 e0 ¼ 2:330þ 18:017
f ðR2 ¼ 0:994Þ e00 ¼ 1:337þ 197:650

f ðR2 ¼ 0:995Þ
85 e0 ¼ 2:423þ 20:544

f ðR2 ¼ 0:992Þ e00 ¼ 1:621þ 271:783
f ðR2 ¼ 0:995Þ

Moisture content (M, %) dependent regression equations:
T (�C) f (MHz)
25 13.56 e0 ¼ 0:173M � 3:286ðR2 ¼ 0:983Þ e00 ¼ 150:920M � 47:817ðR2 ¼ 0:999Þ

27.12 e0 ¼ 0:131M � 2:221ðR2 ¼ 0:987Þ e00 ¼ 68:169M � 21:366ðR2 ¼ 0:998Þ
40.68 e0 ¼ 0:122M � 1:964ðR2 ¼ 0:987Þ e00 ¼ 55:331M � 17:286ðR2 ¼ 0:997Þ
915 e0 ¼ 0:071M � 0:650ðR2 ¼ 0:979Þ e00 ¼ 5:254M � 1:375ðR2 ¼ 0:941Þ
1800 e0 ¼ 0:065M � 0:463ðR2 ¼ 0:921Þ e00 ¼ 5:197M � 1:371ðR2 ¼ 0:921Þ

Temperature (T, �C) dependent regression equations:
f (MHz) M (%)
27.12 34.0 e0 ¼ 0:0001T2 þ 0:0060T þ 1:9482ðR2 ¼ 0:9918Þ e00 ¼ 0:0023T2 � 0:0896T þ 2:3960ðR2 ¼ 0:9989Þ

34.6 e0 ¼ 9� 10�5T2 þ 0:0093T þ 1:9973ðR2 ¼ 0:9973Þ e00 ¼ 0:0021T2 � 0:0661T þ 2:3147ðR2 ¼ 0:9998Þ
37.1 e0 ¼ 8� 10�5T2 þ 0:0050T þ 2:5004ðR2 ¼ 0:9985Þ e00 ¼ 0:0017T2 � 0:0373T þ 3:7637ðR2 ¼ 0:9998Þ
38.6 e0 ¼ 4� 10�5T2 þ 0:0072T þ 2:6158ðR2 ¼ 0:9995Þ e00 ¼ 0:0014T2 � 0:0221T þ 4:8613ðR2 ¼ 0:9995Þ
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The dielectric constant (e0), loss factor (e00) and moisture content
(M, %) of bread can be correlated using a linear relationship. The
moisture content dependent regression equations of dielectric
properties for white bread samples at five frequencies and 25 �C
are listed in Table 5.

3.5. Temperature dependency

At RF and MW frequencies ranging from 1 to 1800 MHz, dielec-
tric constant and loss factor gradually increase with temperature
as illustrated in Figs. 4 and 5 and shown in Table 4. The observed
trend in changes of dielectric constant with temperature is consis-
tent with general observation reported in the literature for low
moisture or intermediate moisture foods (Nelson, 1978; Feng
et al., 2002). The bread samples had more than 2% ash content (Ta-
ble 1). The dissolved ions (included as a part of the ash content),
thus, should contribute significantly to the overall loss factor of
the bread samples. It has been documented that over the tested
frequencies in our study, the loss factor due to ionic polarization
increases with increasing temperature (Sun et al., 1995; Venkatesh
and Raghavan, 2004; Guan et al., 2004).

Based on preliminary study, dielectric constant (e0), loss factor
(e00) and temperature (T, �C) can be correlated quadratically. The
temperature dependent regression equations of dielectric proper-
ties for white bread samples at four moisture contents and
27.12 MHz are listed in Table 5. A sharper increase is observed in
loss factor compared with dielectric constant. The higher moisture
1

2

3

4

33 34 35 36 37 38 39

M (%)

ε'

13.56 MHz

27.12 MHz

40.68 MHz

915 MHz

1800 MHz

Fig. 6. Moisture content dependency of bread dielectric constant at five frequencies
and 25 �C.
content corresponds to the smaller temperature influence on
dielectric constant and loss factor.

3.6. Power penetration depth

Power penetration depth is the distance over which the power
intensity of electromagnetic waves is reduces to 36.79% of the ori-
ginal level. It was calculated according to (Von Hippel, 1954b):

dp ¼
c

2pf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðe00e0 Þ

2
q

� 1
� �s ð16Þ

where f is in Hz and dP in m.
Power penetration depth in bread decreases with increase in

moisture content and frequency (Table 6). This is consistent with
findings reported by Mudgett (1982) and Tang (2005). The value
is 3–6 times that in vegetables, fruits and yogurt, 10 times that
in cooked beef and 20 times that in cooked ham (Tang, 2005). This
large difference is mainly due to the porous structure of the breads.

Since loss factor of air is zero, from Eq. (16) we can see that pen-
etration depth in air is infinite. Therefore, porous materials like
bread can be easily heated with RF and MW, which is the advan-
tage of RF and MW heating over conventional heating in which
low thermal conductivity in porous structure hinders heat flow.

The penetration depth decreases sharply with temperature at
all the listed frequencies in Table 6. But even at the highest tem-
perature studied (85 �C), the penetration depth of 1800 MHz or
lower frequency electromagnetic waves can still penetrate more
than 4 cm in white breads. Overall, electromagnetic energy at radio
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Fig. 7. Moisture content dependency of bread loss factor at five frequencies and
25 �C.



Table 6
Power penetration depth (cm) of RF and MW energy in white bread samples.

M (%) f (MHz) T (�C)

25 40 55 70 85

38.6 13.56 122.7 ± 4.0 106.7 ± 1.5 90.5 ± 1.7 77.1 ± 1.1 66.7 ± 2.3
27.12 71.2 ± 2.3 61.4 ± 0.7 51.7 ± 1.9 43.9 ± 0.3 37.8 ± 0.6
40.68 61.9 ± 1.9 53.3 ± 0.6 44.7 ± 1.4 37.8 ± 0.6 32.6 ± 0.3
915 11.9 ± 0.4 10.7 ± 0.6 9.4 ± 0.0 8.1 ± 0.2 7.0 ± 0.0
1800 6.3 ± 0.2 6.0 ± 0.2 5.6 ± 0.0 5.0 ± 0.0 4.4 ± 0.1

37.1 13.56 142.8 ± 0.0 123.3 ± 2.3 100.2 ± 0.7 82.0 ± 0.1 68.8 ± 0.6
27.12 84.3 ± 0.2 72.1 ± 1.4 57.8 ± 0.5 46.9 ± 0.1 39.1 ± 0.3
40.68 73.3 ± 0.1 62.6 ± 1.3 50.0 ± 0.4 40.4 ± 0.1 33.6 ± 0.2
915 12.3 ± 0.2 11.3 ± 0.0 9.9 ± 0.0 8.4 ± 0.0 7.1 ± 0.0
1800 6.3 ± 0.4 6.0 ± 0.1 5.6 ± 0.1 5.0 ± 0.1 4.5 ± 0.1

34.6 13.56 210.5 ± 10.5 173.2 ± 1.4 120.6 ± 0.3 89.6 ± 0.1 71.0 ± 0.1
27.12 128.3 ± 7.1 105.4 ± 0.2 72.1 ± 0.2 52.9 ± 0.1 41.7 ± 0.0
40.68 107.9 ± 6.4 88.6 ± 0.3 60.3 ± 0.2 44.0 ± 0.1 34.6 ± 0.0
915 14.9 ± 0.1 13.8 ± 0.3 11.0 ± 0.1 8.6 ± 0.0 7.2 ± 0.1
1800 7.6 ± 0.1 7.2 ± 0.0 6.2 ± 0.0 5.2 ± 0.1 4.7 ± 0.0

34.0 13.56 262.1 ± 8.6 222.1 ± 1.2 132.4 ± 0.7 91.8 ± 0.1 71.3 ± 1.7
27.12 156.0 ± 5.9 133.9 ± 0.6 77.0 ± 3.2 53.1 ± 0.1 41.8 ± 0.0
40.68 136.2 ± 5.2 117.2 ± 0.3 66.9 ± 2.8 45.2 ± 0.1 34.7 ± 0.1
915 18.3 ± 0.7 18.3 ± 1.0 13.1 ± 0.1 9.0 ± 0.3 7.2 ± 0.0
1800 9.8 ± 0.3 9.7 ± 0.4 8.0 ± 0.0 6.2 ± 0.0 4.8 ± 0.0
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frequencies (13.56, 27.12, 40.68 MHz) has deeper penetrations in
white breads as compared to microwave frequencies (915 and
1800 MHz). It is likely that RF energy provides more uniform
heating.

4. Conclusions

The use of combined open-ended coaxial probe and mixture
equation method enabled estimation of the dielectric properties
of porous breads. Inverse, linear and quadratic relationship be-
tween dielectric properties and frequency, moisture content and
temperature were observed in bread.

A significantly higher power penetration depth was estimated
in bread than for other solid foods, which confirmed the advantage
of RF and microwave heating over conventional heating for porous
materials. Bread penetration depth values show RF heating to be a
better choice than microwave heating for a whole package of
bread.

Acknowledgements

The research was conducted at Washington State University,
Pullman, WA. The authors acknowledge financial support from
China Scholarship Council and partial support from Washington
State University Agriculture Research Center. The authors thank
Gopal Tiwari and Galina Mikhaylenko for technical assistance.

References

Agilent Technologies, 2006. Agilent 4291B 1.8 GHz Impedance/Material Analyzer
Product Overview.

AOAC (2000a). AOAC official method 923.03.
AOAC (2000b). AOAC official method 925.09.
Bartholomew, J.W., Harris, R.G., Sussex, F., 1947. Electronic preservation of boston

brown bread. Food Technology 2, 91–94.
Calay, R.K., Newborough, M., Probert, D., Calay, P.S., 1995. Predictive equations for

the dielectric properties of foods. International Journal of Food Science and
Technology 29, 699–713.

Cathcart, W.H., Parker, J.J., Beattie, H.G., 1947. The treatment of packaged bread with
high frequency heat. Food technology 1, 174–177.

Datta, A.K., Sumnu, G., Raghavan, G.S.V., 2005. Dielectric properties of foods. In: Rao,
M.A., Rizvi, S.S.H., Datta, A.K. (Eds.), Engineering Properties of Foods. CRC Press,
Boca Raton, pp. 501–565.

Engelder, D.S., Buffler, C.R., 1991. Measuring dielectric properties of food products at
microwave frequencies. Microwave World 12 (2), 6–15.
Feng, H., Tang, J., Cavalieri, R.P., 2002. Dielectric properties of dehydrated apples as
affected by moisture and temperature. Transactions of the ASAE 45 (1), 129–
135.

Goedeken, D.L., Tong, C.H., Virtanen, A.J., 1997. Dielectric properties of a
pregelatinized bread system at 2450 MHz as a function of temperature,
moisture, salt and specific volume. Journal of Food Science 62 (1), 145–149.

Guan, D., Cheng, M., Wang, Y., Tang, J., 2004. Dielectric properties of mashed
potatoes relevant to microwave and radio-frequency pasteurilization and
sterilization processes. Journal of Food Science 69 (1), E30–E37.

Jenkins, S.M., 1975. Bakery Technology. Lester and Orpen Limited, Toronto. pp. 231–
241.

Keskin, S.O., Sumnu, G., Sahin, S., 2007. A study on the effects of different gums on
dielectric properties and quality of breads baked in infrared-microwave
combination oven. Europe Food Research Technology 224, 329–334.

Lakins, D.G., Echeverry, A., Alvarado, C.Z., Brooks, J.C., Brashears, M.T., Brashears,
M.M., 2008. Quality of and mold growth on white enriched bread for military
rations following directional microwave treatment. Journal of Food Science 73
(3), M99–M103.

Lal, K., Parshad, R., 1973a. The permittivity of heterogeneous mixtures. Journal of
Physics D: Applied Physics 6, 1363–1368.

Lal, K., Parshad, R., 1973b. Permittivity of conductor–dielectric heterogeneous
mixtures. Journal of Physics D: Applied Physics 6, 1788–1792.

Mudgett, R.E., 1982. Electrical properties of foods in microwave processing. Food
Technology, 109–115.

Nelson, S.O., 1978. Electrical properties of grain and other food materials. Journal of
Food Processing and Preservation 2, 137–154.

Nelson, S.O., 1991. Review: Dielectric properties of agricultural products
measurements and applications. IEEE Transactions on Electrical Insulation 26
(5), 845–869.

Nelson, S.O., 1999. Dielectric properties measurement techniques and applications.
Transactions of the ASAE 42 (2), 523–529.

Nelson, S.O., Datta, A.K., 2001. Dielectric properties of food materials and electric
field interactions. In: Datta, A.K., Anantheswaran, R.C. (Eds.), Handbook of
Microwave Technology for Food Applications. Marcel Dekker, New York, pp. 69–
114.

Nelson, S.O., Kraszewski, A.W., 1990. Dielectric properties of materials and
measurement techniques. Drying Technology 8 (5), 1123–1142.

Ohlsson, T., Bengtsson, N.E., 1975. Dielectric food data for microwave sterilization
processing. Journal of Microwave Power 10 (1), 93–108.

Olsen, C.M., 1965. Microwaves inhibit bread mold. Food Engineering 37 (7), 51–53.
Piyasena, P., Dussault, C., Koutchma, T., Ramaswamy, H.S., Awuah, G.B., 2003. Radio

frequency heating of foods: principles, applications and related properties-a
review. Critical Reviews in Food Science and Nutrition 43 (6), 587–606.

Rahman, S., 1995. Food Properties Handbook. CRC Press LLC, Boca Raton.
Rahman, M.S., 2005. Mass-volume-area-related properties of foods. In: Rao, M.A.,

Rizvi, S.S.H., Datta, A.K. (Eds.), Engineering Properties of Foods. CRC Press, Boca
Raton, pp. 1–39.

Ryynänen, S., 1995. The electromagnetic properties of food materials: a review of
the basic principles. Journal of Food Engineering 26, 409–429.

Sakiyan, O., Sumnu, G., Sahin, S., Meda, V., 2007. Investigation of dielectric
properties of different cake formulations during microwave and infrared-
microwave combination baking. Journal of Food Science 72 (4), E205–E213.

Sihvola, A.H., Kong, J.A., 1988. Effective permittivity of dielectric mixtures. IEEE
Transactions on Geoscience and Remote Sensing 26 (4), 420–429.



Y. Liu et al. / Journal of Food Engineering 93 (2009) 72–79 79
Smith, J.P., Daifas, D.P., El-Khoury, W., Koukoutsis, J., El-Khoury, A., 2004. Shelf life
and safety concerns of bakery products – a review. Critical Reviews in Food
Science and Nutrition 44, 19–55.

Sumnu, G., Datta, A.K., Sahin, S., Keskin, S.O., Rakesh, V., 2006. Transport and related
properties of breads baked using various heating modes. Journal of Food
Engineering 78 (4), 1382–1387.

Sun, E., Datta, A., Lobo, S., 1995. Composition-based prediction of dielectric
properties of foods. Journal of Microwave Power and Electromagnetic Energy
30 (4), 205–212.

Tanaka, F., Morita, K., Mallikarjunan, P., Hung, Y.-C., Ezeike, G.O.I., 2004. Analysis of
dielectric properties of soy sauce. Journal of Food Engineering 71, 92–97.

Tang, J., 2005. Dielectric properties of foods. In: Schubert, H., Regier, M. (Eds.), The
Microwave Processing of Foods. Woodhead Publishing limited, Cambridge, pp.
22–40.

Tang, J., Feng, H., Lau, M., 2002. Microwave heating in food processing. In: Yang,
X.H., Tang, J. (Eds.), Advances in Bioprocessing Engineering. World Scientific
Publishing Co. Pte. Ltd., New Jersey, pp. 1–44.

Tang, J., Wang, Y., Chan, T.V.C.T., 2005. Radio-frequency heating in food processing.
In: Barbosa-Canovas, G.V., Tapia, M.S., Cano, M.P. (Eds.), Novel Food Processing
Technologies. CRC, New York, pp. 501–524.
Venkatesh, M.S., Raghavan, G.S.V., 2004. An overview of microwave processing and
dielectric properties of agri-food materials. Biosystems Engineering 88 (1), 1–
18.

Venkatesh, M.S., Raghavan, G.S.V., 2005. An overview of dielectric properties
measuring techniques. Canadian Biosystems Engineering 47, 7.15–
7.30.

Von Hippel, A.R., 1954a. Dielectric Materials and Applications. The Technology Press
of M.I.T. and John Wiley and Sons, New York.

Von Hippel, A.R., 1954b. Dielectrics and Waves. John Wiley and Sons,
New York.

Wang, Y., Wig, T.D., Tang, J., Hallberg, L.M., 2003. Dielectric properties of foods
relevant to RF and microwave pasteurization and sterilization. Journal of Food
Engineering 57, 257–268.

Wang, S., Monzon, M., Gazit, Y., Tang, J., Mitcham, E.J., Armstrong, J.W., 2005.
Temperature-dependent dielectric properties of selected subtropical and
tropical fruits and associated insect pests. Transactions of the ASAE 48 (5),
1873–1881.

Zhao, Y., Flugstad, B., Kolbe, E., Park, J.W., Wells, J.H., 1999. Using capacitive (radio
frequency) dielectric heating in food processing and preservation – a review.
Journal of Food Process Engineering 23 (1), 25–55.


	Analysis of bread dielectric properties using mixture equations
	Introduction
	Materials and methods
	Sample preparation
	Moisture content
	Density and porosity
	Dielectric properties measurement
	Dielectric mixture equations

	Results and discussion
	Selection of mixture equation
	Dielectric properties of white bread
	Frequency dependency
	Moisture content dependency
	Temperature dependency
	Power penetration depth

	Conclusions
	Acknowledgements
	References


