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Abstract
Carbonaceous materials are amenable to microwave heating to varying degrees. The primary indicator of susceptibility is
the complex permittivity (e *), of which the real component correlates with polarization and the imaginary term represents
dielectric loss. For a given material, the complex permittivity is dependent upon both frequency and temperature. Here we
report the complex permittivities of three activated carbons of diverse origin over the frequency range from 0.2 to 26 GHz.
Dielectric polarization–relaxation phenomena for these materials are also characterized. Measurements were made using a
coaxial dielectric probe and vector network analyzer based system across the temperature region between 22 and 190 8C.
 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction
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Many granular activated carbons are highly susceptible
to microwave (dielectric) heating. This may be used to
advantage in the thermal treatment of activated carbons
and in the thermal regeneration of loaded activated carbon
based sorbents via high frequency irradiation [1]. However, much variability is evident between different forms
of activated carbon. To provide a quantitative view of the
extent of this variability, complex permittivities of three
activated carbons were determined at microwave frequencies between 0.2 and 26 GHz, and over the approximate
temperature range 22–190 8C.
Dielectric heating through absorption of radiation at
microwave frequencies involves phenomena such as induced electronic, atomic, and space charge polarizations,
or the direct coupling of electromagnetic radiation with
rotational and vibrational transitions of susceptible dielectric materials to produce heat. As with other regions of the
electromagnetic spectrum, microwave transmission and
reflections are governed by Maxwell’s equations
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where E and H are the time-varying electric and magnetic
field vectors, and m * and e * are the permeability and
permittivity of the medium, respectively [2]. In nonmagnetic media, susceptibility to microwave heating is governed by the frequency (v ) dependent complex permittivity
[3,4]

e *(v ) 5 e 9(v ) 2 ie 0(v )

The e * terms are described by the Kramers–Kronig
relations
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where e` is permittivity at the high frequency limit, and v 9
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is an integration variable [5]. In the complex plane, the real
and imaginary terms of e *(v ) correlate with polarization
and energy loss, respectively. The dielectric loss factor or
dissipation factor (tan d ) is defined as
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This represents the fractional power loss as compared to
power stored. The average power per unit volume (P)
consumed by loss mechanisms can then be calculated as
P 5 1 / 2v´ 0uEou 2

(9)

The attenuation of a microwave beam directed along the
x axis by an absorbing material is described by [6]
Psxd 5 Po exp (22a x)

(10)

where the attenuation coefficient (a ) is a function of the
angular frequency (v ), complex permittivity, and complex
permeability ( m *)
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In nonmagnetic materials, values of m * are extremely
low, hence, microwave absorption is dominated by the
complex permittivity terms. From this, it is clear that
knowledge of the frequency and temperature dependencies
of complex permittivity in the microwave region of the
electromagnetic spectrum for a given granular activated
carbon may be quite useful in the modeling and design of
dielectric heating systems.

2. Experimental
The complex permittivity measurement apparatus is
illustrated schematically in Fig. 1. The integrated system
consists of the following components: HP8722D vector
network analyzer (VNA), HP85070B coaxial dielectric
probe, HP85056A calibration kit, and HP85130F adapter
kit. While the HP8722D VNA was capable of operation
between 0.05 and 40 GHz, limitations of the dielectric
probe and associated transmission elements reduced the
practical working frequency range to 0.2–26 GHz. Also,
dissipation (tan d ) factors >0.05 are required to assure
accuracy of the test results. Complex permittivity measurements were made under software control via a HewlettPackard interface bus (HPIB) parallel connection between
the computer and the VNA. In operation, the VNA scans a
preset frequency range over which transmission and reflection parameters are determined. Material in direct contact
with the coaxial dielectric probe alters the phases and

Fig. 1. Complex permittivity test apparatus: (1) temperature
controller, (2) oven, (3) thermocouple, (4) Hg thermometer, (5)
coaxial dielectric probe immersed in sample, (6) high-temperature
semi-rigid coaxial cable, (7) vector network analyzer, and computer.

magnitudes of reflected power observed by the VNA.
Complex permittivities were calculated from the measured
transmission and reflection parameters using HP85071B
software. Experiments conducted to confirm the validity of
data obtained using this system have been described
previously [7,8].
To measure complex permittivities at elevated temperatures, the coaxial dielectric probe was mounted inside a
gravity convection oven. To minimize temperature gradients, the oven was modified by sealing the external air
convection current ports, and by the addition of an internal
recirculation fan. Improved temperature control was
achieved using a digital PID controller and a K-type
thermocouple probe mounted inside the oven. A 610-mm
precision mercury thermometer covering the temperature
range between 21 and 201 8C with 0.2 8C resolution was
used to monitor the temperature of the test specimen. Both
the thermocouple probe and the mercury thermometer were
inserted into a sand-filled beaker of equivalent volume and
elevation within the oven as the material under study. A
high temperature semi-rigid coaxial cable was used to
connect the oven mounted dielectric probe with the
external VNA. Access for the thermocouple, thermometer,
and coaxial cable was established through a 5.0-cm
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diameter insulation filled circular opening at the top of the
oven. Temperature regulation was accurate to within
0.2 8C.
The complex permittivities of three activated carbons
were determined at five temperatures covering the range
22–190 8C. Samples were presented to the instrument as
fine powders, thus obviating the need to correct for the
effects of intergranular porosity [9–13]. To minimize
interference from adsorbed water, each activated carbon
was dried at 180 8C for a minimum of 72 h, and then
stored in a desiccator prior to analysis. The instrument was
first calibrated, followed by duplicate measurements at
ambient temperature, with the dielectric probe in intimate
contact with the material under study. The temperature was
then increased. Once the set-point temperature was
reached, a period of 45 min was allowed for the system to
stabilize. Then a second set of duplicate measurements
were made. This procedure was followed until data
covering the full temperature span were gathered. The
numerical values of all complex permittivities were calculated as dimensionless relative permittivities (e * /eo ).
These may be converted to absolute permittivities through
multiplication by the permittivity of free space (eo ), in
appropriate units.

3. Results and discussion
Temperature dependent complex permittivities were
determined and dielectric polarization–relaxation phenomena were characterized for commercially available granular
activated carbons prepared from coal, peat, and coconut
shell. The experimental results indicate a significant degree
of variation between these different activated carbon types.
The real and imaginary components of the complex
permittivities for these three materials as functions of both
frequency and temperature are presented in Figs. 2–4,
respectively.

3.1. Calgon APA
Calgon APA is an acid washed activated carbon prepared from low ash and low sulfur bituminous coals and
activated thermally in a rotary kiln. The material is widely
used in a variety of industrial separation and purification
applications. Researchers in our laboratory have employed
it as an adsorbent in the design of several water purification systems for regenerative life support applications
aboard manned spacecraft [14].
The complex permittivities shown in Fig. 2 indicate that
this activated carbon interacts quite strongly over this
frequency range. At each temperature, the real component
of the complex permittivity decreases smoothly with
increasing frequency. Maxima are evident at the low
frequency limit (0.2 GHz), with e 9 values increasing with
temperature from 78 at 24 8C to 110 at 189 8C. At

Fig. 2. Complex permittivities of Calgon APA bituminous activated carbon.

frequencies above 23 GHz, e 9 values for all temperatures
converge, yielding minimum values of |11 at the high
frequency limit (26 GHz). Dielectric loss factors (e 0)
increase with frequency to maximum values near 2.8 GHz
and then decrease to minimum values at the high frequency limit. Dielectric loss is temperature dependent
across the full spectrum, strongly between 0.2 and 10 GHz,
and progressively less so at higher frequencies. Dielectric
loss maxima range from 27.3 at 24 8C to 39.0 at 189 8C.
Dissipation factors vary between 0.649 and 0.726 over this
temperature range.

3.2. Alltech 5769
This material consists of analytical laboratory grade
coconut shell activated carbon. It is most commonly used
in sampling and concentration of volatile organic vapors,
such as in purge and trap gas chromatography. It interacts
considerably less strongly across the full microwave
spectrum than for the previous example (Fig. 3). For each
temperature, the real component of the complex permittivity decreases smoothly with increasing frequency. Maxi-
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Fig. 3. Complex permittivities of Alltech 5769 coconut shell
activated carbon.

mum e 9 values occur at the low frequency limit (0.2 GHz)
which increase with temperature from 22.1 at 23 8C to 30.0
at 188.5 8C. The magnitude of this temperature dependence
diminishes with increasing frequency. Between 23 and
150.4 8C, dielectric losses generally increase with frequency to maximum values in the range 2.3–2.8 GHz.
However, at the highest temperature, a secondary maximum of 8.5 occurs at the low frequency limit. For this
activated carbon specimen, the magnitude of e 0 is temperature dependent across the full spectrum. Maxima range
from 5.7 at 24 8C to 9.3 at 191 8C, corresponding to tan d
values which increase smoothly from 0.386 to 0.442 over
this temperature span. Between 150.4 and 188.5 8C, the
strongest temperature effects on e 0 are evident at frequencies below 0.5 GHz. For lower temperatures, the
strongest effects are seen between 2 and 5 GHz.

3.3. Sigma C-3014
This relatively impure activated carbon with a specific

Fig. 4. Complex permittivities of Sigma C-3014 kilned peat
activated carbon.

surface area of |600 m 2 / g is prepared by kiln firing of
carbonaceous materials obtained from peat bogs. It is
employed as a general adsorbent in the laboratory, as, for
example, in the removal of impurities during organic
synthesis.
The complex permittivity data illustrated in Fig. 4
indicate a slightly weaker interaction with microwaves
over this frequency range than for the previous specimen.
As with the other carbons tested, e 9 decreases smoothly
with increasing frequency. Maximum e 9 values occur at
the low frequency limit. These increase with temperature
from 19.2 at 22.8 8C to 25.9 at 189.2 8C. The magnitude of
temperature dependence generally diminishes with increasing frequency. The point of maximum dielectric loss
progressively shifts toward lower frequencies as temperature increases. Values range from 4.6 at 4.53 GHz and
22.8 8C to 7.7 at 2.84 GHz and 189.2 8C. For all measurements made above ambient temperature, secondary maxima are evident at 0.2 GHz. Temperature dependence of e 0
is observed across the full spectrum. Dissipation factors
increase smoothly with temperature from 0.399 at 22.8 8C
to 0.469 at 189.2 8C.

J.E. Atwater, R.R. Wheeler / Carbon 41 (2003) 1801–1807

1805

3.4. Polarization–relaxation phenomena
In susceptible solids, heat is produced via oscillating
induced interfacial (Maxwell–Wagner) and space-charge
polarizations. Polarization–relaxation phenomena have
been described by Debye [15] as

´s 2 ´`
´ *svd 5 ´` 1 ]]
1 1 ivt

(12)

where es is the static (zero frequency) permittivity, ´` is
the permittivity at the high frequency limit, and t represents the polarization relaxation time, which is the inverse
of the frequency of maximum dielectric loss [16–22]. The
real and imaginary components of the complex permittivity
are then described as
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Fig. 5. Cole–Cole plot for Alltech 5769 coconut shell activated
carbon.

In the slightly more complex Cole–Cole model [16,17]
the ivt term is raised to the power of b, where b # 1.
Here, the polarization and dielectric loss terms can be
described as [18]
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From these relations, it follows that a plot of e 0 versus
e 9 in the complex plane, termed a Cole–Cole plot, will
form a semi-circle centered at
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Fig. 6. Cole–Cole plot for Calgon APA bituminous activated
carbon.

(17)

in which b is the central angle of circular arc for the
dielectric loss.
Cole–Cole plots for the three carbons included in this
study are presented in Figs. 5–7. The various symbols
depict experimental data acquired at the indicated temperatures. The lines drawn through the symbols represent the
values calculated using Eqs. (15) and (16) from the
parameters summarized in Table 1. As shown in Fig. 5, the
experimental data from the coconut shell activated carbon
(Alltech 5769) are in reasonably good agreement with the
calculated values, with minor deviations evident at the
high frequency limit (left hand side of the Cole–Cole
plot). Minor deviations also occur near the low frequency
end of the spectrum (right hand side of Cole–Cole plot) for
the highest temperature point (188.5 8C). This is most

Fig. 7. Cole–Cole plot for Sigma C-3014 kilned peat activated
carbon.
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Table 1
Summary of Cole–Cole polarization–relaxation parameters
Activated
carbon

T
(8C)

t
(10 211 s)

b

ers a

er` b

Calgon APA
Alltech 5769
Alltech 5769
Alltech 5769
Alltech 5769
Alltech 5769

24.0
23.0
50.7
99.2
150.4
188.5

5.66
6.66
7.04
6.66
5.62
7.04

0.835
0.770
0.770
0.770
0.820
0.820

78.0
23.0
24.2
26.9
29.0
31.7

6.5
6.5
6.5
6.5
6.8
6.8

a

ers is the relative static dielectric permittivity (es /eo ).
er` is the relative dielectric permittivity at the high frequency
limit (´` /eo ).
b

probably an effect of electrical conductivity of the
medium. This type of deviation at low frequencies is far
more evident in the Cole–Cole plots for the bituminous
activated carbon (Calgon APA) shown in Fig. 6. Here, Eqs.
(15) and (16) are applied only to the data acquired at
ambient temperature. In marked contrast, the data plotted
in Fig. 7. indicates that semicircular symmetry is only
vaguely evident in the Cole–Cole plot for the peat bog
activated carbon (Sigma C-3014). For this reason, the
simple polarization–relaxation model was not applied to
this material. The low frequency deviations observed in
this material can be explained by an electrical conductivity
(s ) term.
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Anomalous data in the high frequency regions may originate from the action of two or more independent dielectric
relaxors. In the case of two relaxors
As´s 2 ´`d
s1 2 Ads´s 2 ´`d
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where A is the fraction of polarizations corresponding to
relaxor no. 1 and 12 A is the fraction corresponding to
relaxor no. 2. This situation can be generalized into
systems of n independent relaxors, but analytically it
becomes progressively more difficult to derive the corresponding relaxation times and b values.

4. Conclusions
All the activated carbons included in this study absorb
microwaves sufficiently to be susceptible to dielectric
heating. Considerable variability is evident between the
activated carbons, most probably due to the differences in
the carbonaceous source material (i.e. peat, coal, and
coconut shell) and differences in the activation procedures
and post activation treatments. Maxima for the real components of the complex relative permittivities vary between

19 and 110. Maxima for the imaginary components
(dielectric loss factors) vary between 4 and 39. The
frequencies of maximum dielectric loss range from 1.7 to
4.5 GHz. The dissipation factors at the frequencies of
maximum dielectric loss are substantial, ranging between
0.39 and 0.60. Clearly, not all carbons are the same. While
it can be said that activated carbons are generally susceptible to dielectric heating via microwave irradiation in the
frequency region between 0.9 and 5 GHz (which includes
the most common industrial, scientific, and medical microwave frequency bands) it is also evident that, for a given
application, the temperature and frequency dependencies
of the complex permittivity of the particular material
should be considered.
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