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h i g h l i g h t s

� A wideband microwave reactor with a coaxial cable structure was designed.
� Insertion of a truncated cone-shaped PTFE device was used as a method to reduce microwave reflection.
� The reflection ratio was less than 2% for a 0.1 M NaOH solution.
� Microwave heating at 915 MHz, 1.7 GHz and 2.45 GHz was accomplished.
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a b s t r a c t

A wideband microwave reactor with an output that includes the 915 MHz and 2.45 GHz ISM (Industrial,
Scientific and Medical) bands was designed and fabricated. The reactor structure incorporated a coaxial
cable, and a liquid sample was placed in the space between the inner and outer conductors. Insertion of a
truncated cone-shaped polytetrafluoroethylene (PTFE) device was used as a method to reduce microwave
reflection over a wide frequency range. The reactor had a volume of 360 ml and was designed employing
a 3D electromagnetic simulation. Ultrapure water and a 0.1 M NaOH solution were selected as the liquid
samples and experimentally measured permittivity data for these liquids were employed during the reac-
tor simulations. The measured reflection ratio exhibited the same trend as the simulation results between
800 MHz and 2.7 GHz. The reflection ratio was especially low in the case of the NaOH solution (less than
2%), although this value increased to more than 40% upon removal of the PTFE insert. Microwave heating
tests demonstrated that this reactor was able to heat liquid samples at 915 MHz, 1.7 GHz and 2.45 GHz,
with estimated microwave absorption efficiencies varying between 28% and 66% depending on the fre-
quency, sample type and heating duration. The reflection ratio and heating data demonstrated that this
reactor functioned over a wide frequency range between 800 MHz and 2.7 GHz. A non-uniform temper-
ature distribution in the sample remained a challenge that must be addressed in future work.

� 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Microwave-assisted chemical reactions have attracted signifi-
cant attention over many years, primarily because the microwave
heating mechanism, so-called dielectric heating, is quite different
from conventional heating. One feature of this process is internal
heating; microwaves propagate deeply into materials and thus
simultaneously generate heat on both internal and external
regions of the substance. Another feature is selective heating;
microwaves preferentially heat materials having a large dielectric
loss. Together, these mechanisms allow shorter heating durations
and highly efficient chemical reactions. Indeed, previous studies
have reported that microwave synthesis can reduce reaction times
[1] and that microwave heating is more efficient than convective
heating [2].

With respect to the microwave apparatus, 2.45 GHz and
915 MHz frequencies are used in most cases [1,3–9], for both reg-
ulatory and economic reasons. Worldwide, these frequencies have
been allocated for the purposes of microwave heating and are
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Fig. 1. A cross-sectional schematic of the wideband microwave reactor along the
axial direction. The reactor is rotationally symmetric along the central axis of the
inner conductor.
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known as the ISM (Industrial, Scientific and Medical) bands. The
prevalence of domestic microwave oven usage has led to a dra-
matic cost reduction in the case of high-power microwave units
operating at 2.45 GHz.

The dielectric permittivity of a material is dependent on both
frequency and temperature [10]. This implies that there may be
an optimal frequency other than 2.45 GHz or 915 MHz that allows
more effective microwave-assisted chemical reactions. On the lab-
oratory scale, it is not necessary to use only the ISM bands due to
the low levels of microwave power required to allow investigations
of microwave-assisted reactions in small batches. However, there
are currently no readily available units capable of generating
microwaves in a number of frequency bands. In addition, the radi-
ation type microwave reactors previously reported in the literature
[6,9] are not suitable for wideband microwave irradiation because
of the reactor frequency dependency that results from reflection,
resonance and cutoff.

The objective of the present study was therefore to develop a
wideband microwave reactor. For this purpose, we fabricated a
coaxial cable structure, in which microwaves propagate in the
transverse electromagnetic mode (TEM) with no cutoff frequency.
In previous studies on microwave applicators [11] or radiators [12]
using a coaxial cable, a liquid sample was irradiated with micro-
waves at the open end of the coaxial cable in the manner of dipole
antenna-like radiation. In the present study, however, the micro-
waves were absorbed by a liquid sample based on propagation
similar to that which occurs in a coaxial cable transmission line.
This effect was obtained by positioning the liquid sample directly
between the inner and outer conductors. In terms of the coaxial
structure, a coaxial traveling microwave reactor (TMR) has been
proposed to enable highly uniform microwave heating [13]. The
TMR was designed via electromagnetic simulations only at
2.45 GHz; whereas the novelty of our designed reactor is realiza-
tion of wideband microwave irradiation.

This wideband microwave reactor was designed using 3D elec-
tromagnetic simulations and had a target frequency range of
800 MHz to 2.7 GHz, a range that includes the ISM bands of
2.45 GHz and 915 MHz. Insertion of a truncated cone-shaped sec-
tion of polytetrafluoroethylene (PTFE) device between the inner
and outer conductors was used as a method to reduce microwave
reflection over a wide frequency range. We verified the capabilities
of the reactor, including the effectiveness of the PTFE insert,
through electromagnetic simulations, microwave reflection mea-
surements and microwave heating tests.
2. Materials and methods

2.1. Overview of the wideband microwave reactor

A cross-sectional schematic of the wideband microwave reactor
along the axial direction is shown in Fig. 1. The reactor is rotation-
ally symmetric along the central axis of the inner conductor. The
outer and inner conductors produce the coaxial cable structure
and a portion of a liquid sample is placed in the space between
these conductors. A punched metal plate with 20 holes (each hole
6 mm in diameter) is mounted on the top surface of the liquid sam-
ple in order to prevent microwaves from leaking upwards through
the sample and to avoid increases in the internal pressure of the
reactor. An air release region above the plate buffers the inner
pressure surge caused by sudden boiling. The inner and outer con-
ductors, the metal plate and the wall of the air release area are all
made of stainless steel (SUS 316L).

The microwave irradiation port consists of a commercially-
available Type N connecter with a characteristic impedance of 50
X. A tapered section is inserted to smoothly connect the reactor
and the microwave irradiation port. The characteristic impedance
was maintained at 50 X by adjusting the ratio of the diameters
of the inner and outer conductors. The space between the conduc-
tors was filled with PTFE to prevent the liquid samples from flow-
ing out at the tapered section.

The truncated cone-shaped PTFE insert plays a role of reducing
microwave reflection over a wide frequency range. In the present
study, we used aqueous samples, as described in Section 2.2. Since
the relative permittivity of such samples is usually high, smooth
microwave propagation is essential to reduce microwave reflec-
tions at the boundary surface between the tapered section and
the liquid sample. In Section 4.1, we discuss the effectiveness of
the PTFE insert.

2.2. Liquid samples

Two liquid samples were selected: ultrapure water (henceforth
water) as a dielectric sample and 0.1 M NaOH (henceforth NaOH
solution) as a dielectric and conductive sample. The water was
obtained from an ultrapure water system (ELGA PURELAB Flex3
PF3XXXXM1) and had an electrical resistivity greater than
18 MX cm. The NaOH solution was obtained by dissolving NaOH
(JIS Special Grade, Wako Pure Chemical Industries, Ltd.) in the
same water.

2.3. Permittivity measurements of samples

The permittivity of the liquid sample is an important factor to
consider when designing a microwave reactor. In general, permit-
tivity is dependent on temperature and frequency [10]. For the
reactor to be useful, the microwaves must penetrate into the liquid
sample with minimal reflections at all frequencies and
temperatures.

Permittivity measurements of the liquid samples were con-
ducted using the coaxial probe method [14], which is a common
means of assessing the dielectric properties of liquids [15,16]. A
diagram of the permittivity measurement system is shown in
Fig. 2. The liquid sample was placed in a glass bottle and subse-
quently both heated and stirred using a hot plate stirrer (AS ONE
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Fig. 2. A diagram of the permittivity measurement system.
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DP-1S) while the sample temperature was monitored by a fiber
optic thermometer (ANRITSU FL-2000). A slim dielectric probe
(Agilent 85070E) was immersed in the sample and a network ana-
lyzer (Agilent N5242A) measured the reflection coefficient for the
microwaves at the boundary between the probe and the sample,
and the relative complex permittivity was then calculated over
the frequency range from 500 MHz to 20 GHz. Permittivity mea-
surements were repeated five times at temperatures of 30, 40, 50
and 60 �C.
2.4. Designing the wideband microwave reactor

The wideband microwave reactor was designed with the aid of
the 3D electromagnetic simulation software package Femtet ver.
2015 (Murata Software). Femtet solves electromagnetic fields
using the finite element method and calculates the reflection coef-
ficient, S11, for the input microwave port, defined as the element of
the scattering matrix in a 1-port network circuit [17].

We simulated two types of reactors, as shown in Fig. 3. Fig. 3(a)
presents our reactor design, in which the truncated cone-shaped
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Fig. 3. Cross-sectional schematics of the two simulated microwave reactors: (a)
with and (b) without the truncated cone-shaped PTFE insert. The reactors are
rotationally symmetric along the central axis of the inner conductor.
PTFE piece is inserted (also shown in Fig. 1). Fig. 3(b) is a schematic
of a reactor in which the PTFE part is not present. Although the lat-
ter reactor was not produced, we compared these two reactors by
electromagnetic simulations to establish the effectiveness of the
PTFE insert.

The general simulation setup involved frequencies ranging from
800 MHz to 2.7 GHz with an input microwave power of 100 W. The
values for the real part of the relative permittivity, the dielectric
loss tangent and the density of the PTFE were 2.1, 0.002 and
2.16 kg/m3, respectively. The conductivity and density of the SUS
316L were 1.35 � 106 S/m and 798 kg/m3, respectively. The relative
permittivity of water and the conductivity and relative permittivity
of the NaOH solution were acquired from experimental data, as
described in Section 3.1.
2.5. Microwave reflection measurements for the newly developed
reactor

Microwave reflection measurements are an important aspect
when investigating the reactor performance. A greater degree of
microwave reflection leads to longer heating times and larger
energy losses since less microwave energy penetrates into the
sample.

A diagram of the microwave reflection measurement system is
shown in Fig. 4. The reflection coefficient of the microwaves at the
input port of the reactor, S11, was measured using a network ana-
lyzer (Agilent N5242A). S11 is generally a complex number, and its
absolute value, |S11|, is less than or equal to 1. Here we introduce
the reflection ratio, R, which is the ratio of the input power to
the reflected power, as a means of intuitively understanding the
applicator performance. R is calculated from the reflection coeffi-
cient by the following equation:

R ¼ 100% � jS11j2: ð1Þ
A 360 mL aliquot of the test sample, either pure water or the

NaOH solution, was poured into the reactor, at which point the liq-
uid level reached the metal plate, as shown in Fig. 1. As the output
power from the network analyzer was too weak to heat the sam-
ple, an electric heater was wound around the reactor as an alterna-
tive heating method. The sample temperature was measured using
a multichannel fiber optic thermometer (ANRITSU FL-2400)
at depths of 15, 10 and 5 cm from the metal plate, and these
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Fig. 4. A diagram of the microwave reflection measurement system.
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temperatures are termed T1, T2 and T3, respectively, as shown in
Fig. 4. Microwave reflection measurements were executed at tem-
peratures of 30, 40, 50 and 60 �C. A photographic image of the reac-
tor is presented in Fig. 5.
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Fig. 6. A diagram of the microwave heating test apparatus.
2.6. Microwave heating trials

A diagram of the microwave heating test is shown in Fig. 6.
Microwaves were generated using a signal generator (Agilent
N5183A), amplified at 100 W by a semiconductor power amplifier
(R&K GA0827-4754-R) and input to the reactor through the coaxial
cable. The input power, Pi, and the reflected power, Pr, were mon-
itored by a power meter (Agilent E4471A) through power sensors
(Agilent N8485A). The sample temperatures T1, T2 and T3 were
measured in the same manner as described in Section 2.5. The val-
ues of Pi, Pr, T1, T2 and T3 were logged at one second intervals using
a data logger (GRAPHTEC GL220). In the present tests, the liquid
sample was not stirred during the initial measurements of the tem-
perature distribution in the reactor. For this reason, multipoint
local temperature measurements were quite important for evalu-
ating the microwave reactor because the local temperature in the
liquid sample could be dependent on the measurement point dur-
ing a microwave-assisted chemical reaction [2,18]. The duration of
microwave irradiation was 5 min. The microwave heating tests
were conducted three times each at frequencies of 915 MHz,
1.7 GHz and 2.45 GHz. The value of 1.7 GHz was selected since it
represents an intermediate frequency between the ISM bands of
915 MHz and 2.45 GHz.
3. Results

3.1. Relative permittivity of liquid samples

Fig. 7 presents the relative permittivity results obtained from
the pure water and the NaOH solution. The real and imaginary
parts of the relative permittivity are plotted in Fig. 7(a) and (b),
respectively. In the case of the pure water, the measured dielectric
properties are well in accordance with the Debye model [10]. In the
NaOH solution case, the real part of the relative permittivity exhi-
bits almost the same trend as the pure water with regard to both
frequency and temperature (Fig. 7(a)). In contrast, the imaginary
part of the relative permittivity shows completely different trends,
especially at lower frequencies.
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Fig. 5. A photograph of the newly developed microwave reactor. The electric heater
was used to heat the reactor only during the microwave reflection measurements.
The optical fibers were inserted in the reactor through the punched metal plate so
as to measure the sample temperatures at depths of 15, 10 and 5 cm.
The increase in the imaginary part of the relative permittivity
for the NaOH solution with decreasing frequency is attributed to
ion conduction. In the case of an ionic liquid, the measured values
incorporate the conductivity, r, in the imaginary part of the rela-
tive permittivity, e00, as expressed in the following equation:

e00a ¼ e00 þ r=2pf e0; ð2Þ
where e00a is the imaginary part of the relative permittivity obtained
from measurements, f is the frequency and e0 is the permittivity in
vacuum. From Eq. (2), we can estimate r by fitting the inverse pro-
portional curve obtained in the low frequency range in which the
effects of e00 are negligible compared to those of r. Table 1 shows
the estimated conductivity at each temperature obtained from the
experimental data. The conductivity of the NaOH solution is seen
to increase with temperature.

3.2. Simulation and measurement results

Fig. 8 plots the simulated reflection ratios for the reactors
shown in Fig. 3, using either water (Fig. 8(a)) or the NaOH solution
(Fig. 8(b)) as samples. The values of the relative permittivity and
conductivity shown here are imported from Fig. 7 and Table 1,
respectively, for temperatures of 30, 40, 50 and 60 �C. In the case
in which the PTFE insert shown in Fig. 3(b) is included, only the
simulation results at 30 �C are shown.

Fig. 9 summarizes the experimental reflection ratio data
obtained with the newly developed reactor with water (Fig. 9(a))
and the NaOH solution (Fig. 9(b)). Here we have replotted the sim-
ulation results at 30 and 60 �C from Fig. 8.

3.3. Microwave heating test results

Fig. 10 summarizes the temperature increases observed during
microwave heating trials, employing water (Fig. 10(a)) or the
NaOH solution (Fig. 10(b)). The temperature rise data indicate
the differences between the measured temperatures at a given
time and the temperatures prior to microwave irradiation. The
plotted data show the averages of three measurement trials.

Fig. 11 shows the experimental results for the reflection ratio
during the microwave heating tests. The reflection ratio, R, defined
by Eq. (1) was calculated as the ratio between the measured input
power, Pi, and reflected power, Pr, as follows:

R ¼ 100% � Pr=Pi: ð3Þ



Fig. 7. Experimental results for the (a) real and (b) imaginary parts of the relative permittivity of the two different test liquids. The solid and dashed lines indicate the results
for pure water and a NaOH solution, respectively. Note that the experimental data for the NaOH solution represent the apparent imaginary part of the relative permittivity
because they include the conductivity of the solution.

Table 1
Estimated conductivity (r) of a NaOH solution calculated from Eq. (2) and the
experimental results from Fig. 7(a).

Temperature/�C Estimated conductivity/(S/m)

30 2.65
40 3.12
50 3.69
60 4.28
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4. Discussion

4.1. Effectiveness of the PTFE insert

The simulation results shown in Fig. 8 verify that the reflection
ratio is drastically reduced by insertion of the truncated cone-
shaped PTFE part. In general, radio waves will be reflected at a dis-
continuous boundary across the wave propagation direction. When
Fig. 8. Simulated reflection ratios for the reactors shown in Fig. 3, using liquid sample
conductivity values were imported from Figs. 7 and 8 and Table 1 at each temperature.
insert shown in Fig. 3(b) was removed.
the PTFE is removed, as shown in Fig. 3(b), reflection takes place at
the discontinuous boundary between the tapered section and the
liquid sample. The use of the PTFE part gradually changes the dis-
continuous boundary between the PTFE and the liquid sample in
the wave propagation direction. Thus it is possible to mitigate
reflection issues over a wide frequency range by this simple but
effective method.

It should be noted, however, that this method is not a panacea
for reducing reflections at all frequencies. As shown in Fig. 8(b), we
observed a reflection ratio of more than 50% below 840 MHz when
using water as the sample even when employing the PTFE. The
effectiveness of this method is thus dependent on the microwave
wavelength, the dielectric properties of the liquid sample and the
reactor dimensions, including the height of the PTFE insert. When
the wavelength is large compared to the reactor size, reflection
gradually increases because the truncated cone shape appears as
a discontinuous planar boundary.
s consisting of (a) pure water and (b) a NaOH solution. Relative permittivity and
The legend ‘‘w/o PTFE” denotes the case in which the truncated cone-shaped PTFE



Fig. 9. Experimental reflection ratio data for the newly developed reactor, employing liquid samples consisting of (a) pure water and (b) a NaOH solution. The simulation
results at 30 and 60 �C are replotted from Fig. 8.

Fig. 10. Temperature rise using (a) pure water and (b) a NaOH solution during microwave heating trials. The measurement points at which T1, T2 and T3 were acquired are
described in Sections 2.5 and 2.6.

214 T. Mitani et al. / Chemical Engineering Journal 299 (2016) 209–216
4.2. Availability of wideband microwave irradiation

Wideband microwave irradiation, which was the most impor-
tant goal of the new reactor, was successfully achieved, as demon-
strated by the data in Figs. 9–11. Although we conducted the
heating trials at only three frequencies, the data verified that the
microwaves propagate through the NaOH solution at any fre-
quency from 800 MHz to 2.7 GHz with less than 2% reflection
(Fig. 9(b)). The microwaves also propagate through the pure water
at any frequency from 1.1 to 2.7 GHz with less than 10% reflection
(Fig. 9(a)). The use of an additional device to reduce microwave
reflection, such as an isolator, would allow use of the reactor at fre-
quencies even lower than 1.1 GHz at the expense of some energy
loss. The results for microwave heating of water at 915 MHz shown
in Fig. 10(a) proves that heating proceeds efficiently even though
some microwave power is reflected from the reactor.

One challenge with this reactor is a non-uniform temperature
distribution in the liquid sample, as shown in Fig. 10. The greatest
temperature difference recorded among the T1, T2 and T3 values
was 4.7 K after five minutes, in the case of water at 915 MHz. This
temperature non-uniformity has to be addressed in future work to
produce a reliable chemical reactor. Conventional stirring by a
magnetic stirrer seems to be difficult to apply in this reactor as
there is no rotational space on the bottom of the reactor. The metal
punch plate will be replaced in future designs, allowing the sample
to be instead agitated with a stirring rod.

4.3. Rough estimation of microwave absorption efficiency

We estimated the microwave absorption efficiency from the
microwave heating data. The temperature distribution in the liquid
sample was not uniform, as described in Section 4.2. Therefore, in
the present paper, we take the experimental temperatures T1, T2
and T3 as representative of the liquid sample. We also used specific
heat and density values for the pure water and the NaOH solution
of 4.2 J/g/K and 1 g/ml, respectively. Using these values, the micro-
wave absorption efficiency, g, may be roughly estimated by the fol-
lowing equations:



Fig. 11. Reflection ratios of the newly developed reactor during microwave heating
trials. Ratio values equal the ratio between the measured input and reflected
powers = Pr/Pi.
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g ¼ 100% � 360g � 4:2 J=g=K
� fðDT1ðtÞ þ DT2ðtÞ þ DT3ðtÞÞ=3g=PaðtÞ; ð4Þ
DTnðtÞ ¼ TnðtÞ � Tnðt ¼ 0Þ and ðn ¼ 1;2;3Þ ð5Þ
PaðtÞ ¼
Z t

0
ðPi � PrÞdt ð6Þ

where t is the duration of microwave irradiation, Pa(t) is the integral
of the available microwave power propagating into the reactor and
DTn(t) is the temperature rise obtained from Fig. 10.

Fig. 12 plots the estimated g values for the pure water and the
NaOH solution at one minute intervals. It is evident that g reaches
a maximum (66%) in the case of the water sample at 915 MHz, and
a minimum (28%) in the case of the NaOH solution at 2.45 GHz. A
Fig. 12. Estimated microwave absorption efficiencies of the newly developed
reactor during microwave heating trials.
larger g value was thus obtained with the water, and this parame-
ter was also larger at lower frequencies.

The degradation of the microwave absorption efficiency is
attributed to two main factors: thermal dissipation from the reac-
tor and the coarseness of the temperature measurements. As
shown in Figs. 10 and 12, the temperature rise gradually plateaus
and g is reduced as the microwave irradiation time is extended.
In the present experiments, the reactor was not thermally insu-
lated and was exposed to the surrounding air, as shown in Fig. 5.
Hence thermal insulation or external heating would increase the
efficiency of the reactor. With respect to temperature measure-
ments, the deepest measurement point was 15 cm even though
the liquid sample had a depth of 28 cm, as shown in Fig. 3. The
sample temperature might therefore be higher at a greater depth
since the microwaves were absorbed by the sample starting from
the input port.
5. Conclusions

A wideband microwave reactor with a coaxial cable structure
was designed via 3D electromagnetic simulation. This reactor,
which generates frequencies including the two ISM bands at
915 MHz and 2.45 GHz, will enable the investigation of
microwave-assisted chemical reactions at various frequencies
without the need to modify the reactor. Furthermore, this device
permits varying of the microwave frequency over a certain range
even during chemical reactions. Although the evident non-
uniform temperatures in sample solutions is a challenging problem
that must be addressed in future work, the newly developed reac-
tor is anticipated to allow a wide variety of microwave-assisted
chemical reactions to be examined for the first time ever.
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