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h i g h l i g h t s

� Dielectric properties of coal chars were evidently dependent on coal rank.
� High rank coal chars showed higher values of dielectric constant and loss factor.
� High rank coal chars showed a higher aromatic carbon concentration.
� Carbon stacking and aromatic carbon concentration account for dielectric properties.
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a b s t r a c t

The study was undertaken to investigate the effect of coal rank on dielectric properties, through struc-
tural differences of various coal chars. Chars from three different coals were prepared in the temperature
range 850–1600 �C, and dielectric properties were determined by a vector network analyzer in the
2–18 GHz frequency range. Crystalline structure of char samples was characterized using X-ray
diffraction, and the relative concentration of aromatic structure was further assessed by Fourier trans-
form infrared spectroscopy. Results show that the relative dielectric constant and dielectric loss factor
of chars largely depended on coal rank, and carbon layer stacking in combination with aromatic carbon
content, related to orientation polarization, could account for dielectric properties of chars from different
rank coals. Moreover, a considerable amount of silicon carbide was found in higher temperature chars,
which greatly improved microwave dielectric absorption.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Microwaves lie between ultra-short waves and far-infrared
waves within the space electromagnetic spectrum, corresponding
to frequencies from 0.3 to 300 GHz. Microwave-related technology
has gained increasing applications in many industrial fields over
the last decades, since microwave can be acquired simply and
regulated easily. Microwave is also recognized as a potential
energy for heating and measuring [1–8], which has attracted much
interest among researchers and practitioners.

The widely used microwave technique is based on interaction
between the material and microwave. When exposed to micro-
wave radiation, a dielectric material often responses to the alter-
nating electromagnetic field through its complex permittivity, as
well as simultaneously absorbs the field energy which is trans-
formed into heat generation. The complex permittivity and the

absorbed power per unit volume of the present material are
defined in Eqs. (1) and (2) [9], respectively.

e� ¼ e0r � je00r ð1Þ

P ¼ 2pf e0e0r tan djEj2 ð2Þ

where e0r , the real component of complex permittivity e�, also called
the relative dielectric constant and e00r , the imaginary component of
complex permittivity, also called the dielectric loss factor, are
related to polarization and energy loss, representing coupling abil-
ity of material with transmission microwave, j equals

ffiffiffiffiffiffiffi
�1
p

, E is the
electric field magnitude, f is the microwave frequency, e0 is the per-
mittivity of free space, tan d is the dielectric loss tangent, referring
to the fractional power loss as compared to power storage, which
is described as:

tan d ¼ e00r
e0r

ð3Þ

It is clear from the above equations that energy absorption is
dominated much by dielectric properties (e0r , e00r , tan d) in any form
of microwave application [10–12]. Knowledge about dielectric
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properties is not only a fundamental aspect for the interaction
between material and microwave, but also the key to process con-
trol in microwave engineering.

Microwave have been used in coal pyrolysis for tar production
or coke making [13–16], during which dielectric loss and micro-
wave absorption capability are found to increase as a result of
the release of volatiles and the ordering of carbon structure.
Understanding factors affecting microwave heating and structural
changes is effective for optimization, which also appears as a main
concern by the majority of researchers [14,17]. However, different
original coals have been known to exhibit distinctly different
behaviors under heat treatment [18–23], and what is more, struc-
tural ordering of coal char is found to be strongly dependent on
coal rank [24–27]. Takagi et al. [24] believes that a lower-rank coal
contains smaller hexagonal carbon layers and a higher ratio of the
bridged structure, so a slower heating rate is required for the
development of carbon structure compared with higher-rank coal.
Emmerich [25] found the coalescence of crystallites differs dis-
tinctly from graphitizable carbons to non-graphitizable carbons,
as the coalescence for non-graphitizable chars is dominant at
higher temperatures, approximately 1150 �C above that for
graphitizable chars. In view of the differences of char structure
with coal rank under heat treatment, the dependent dielectric loss
and microwave behavior are therefore imperative in microwave
process and final products. Additionally, microwave irradiation
for measuring carbon content in fly ash is based on the dielectric
constant and microwave attenuation properties of residual carbon
[28–30]. Coal rank, though, has been proved to influence the mor-
phology and physicochemical properties of residual carbon, which
may not be ignored for precision microwave measurement.
Consequently, it is vital to verify structural differences between
chars from different rank coals, and their possible effects on dielec-
tric properties for microwave applications in both heating and
measurement, but not much attention is paid in this aspect yet.

The aim of this paper is to achieve a better understanding of the
influence of coal rank on microwave dielectric behavior, through
reporting the relationship between dielectric properties and struc-
tural differences of various coal chars. Char samples were produced
from three coals of different rank at 850–1600 �C, and their dielec-
tric properties were examined in the microwave frequency range
of 2–18 GHz. Crystal structure was determined by the means of
X-ray diffraction (XRD). To facilitate the characterization, Fourier
transform infrared (FTIR) spectroscopy technique was further
applied for the evolution of functional groups and the assessment
of relative content of carbon radicals between chars from different
rank coals. At the base of structural parameters obtained from
quantitative characterizations, the dependence of dielectric prop-
erties on char structure was discussed in detail.

2. Experimental

2.1. Coal acquisition and char preparation

Three coals of different rank were used for this investigation: a
brown coal (HE) from Yunnan Province in Southwest China, a
bituminous coal (YAN) and an anthracite coal (WU), from Shanxi
Province in North China. The proximate and ultimate analyses of
these coals are represented in Table 1, and ash analyses are shown
in Table 2.

Raw coals were pretreated by crushing, grinding and sieving,
and the portion that passed through a 200 mesh sieve was used
to produce chars in a horizontal tube reactor, with a precision tem-
perature controller. A stream of nitrogen was drawn into the tube
furnace while pulverized coals were feed into the center of the
high-temperature furnace, and then chars was prepared in the

temperature range between 850 �C and 1600 �C, with an interval
of 150 �C. At each setting temperature, coal chars were kept for
10 min, so as to ensure the release of volatile matters and give
the time for the development of char structure, especial for those
at lower temperatures. To facilitate discussion in this paper, char
samples were named after the original coal and generation tem-
perature, so YAN1300 was taken as an example to represent coal
char which generated from YAN at 1300 �C.

2.2. Measurement of dielectric properties

Dielectric properties (the relative dielectric loss and the relative
dielectric factor) of coal chars were assessed at microwave fre-
quency between 2 GHz and 18 GHz, by a measurement apparatus
mainly composed of a vector network analyzer (Model N5244A,
Agilent, USA). A coaxial test fixture with char samples embedded
in paraffin wax was coupled to a coaxial cable, and then the
induced signals in the transmission line were detected by the vec-
tor network analyzer (VNA), which were further utilized for deduc-
ing the relative dielectric constant and dielectric factor using
Nicholson–Ross–Weir (NRW) transmission/reflection method.
The dielectric loss tangent was calculated from Eq. (3).

And, for the special touch, the mixing ratio of char sample with
paraffin wax is a vital ingredient for the comparison of dielectric
parameters of chars, due to different mineral contents of raw coals
with different ranks. Whereas carbon is often suggested to perform
much more dielectric loss and microwave attenuation for the much
greater permittivity, relative to mineral matters in chars
[28,31,32]. In this paper, the amount of char samples was adjusted
to a same carbon level in the coaxial test fixture for each measure-
ment, which was assigned in a 2:3 ratio.

2.3. XRD experiment

Char samples were all subjected to XRD analysis. An X-ray
diffractometer (Model XRD-6000, Shimadzu, Japan) with Cu Ka
radiation was applied to obtain structural information of fine pow-
der crystals, through sample profiles of X-ray intensity varied with
diffraction angle. The XRD patterns were recorded from a start
angle 2h = 5� to an end angle of 65�, with a step size of 0.2� and a
scanning speed of 8� min�1. A full-profile analysis software pack-
age (Jade v9.0, Materials Data, Inc., USA) was employed for phase
identification and quantitative characterization of crystal
structure.

2.4. FTIR measurement

Chars from three coals were tested for carbon skeletons and
functional groups, by Fourier transform infrared (FTIR) spec-
troscopy experiment. The mixture of char sample and potassium
bromide (KBr) at the ratio of 1:120 was grinded for 10 min in an
agate mortar, afterwards molded into a round slice under a pres-
sure of 10 MPa. The disc was then radiated by a FTIR spectropho-
tometer (Model Vertex 70, Bruker optics, Germany), and
absorbance spectra were recorded at a resolution of 2 cm�1 in

Table 1
Proximate and ultimate analyses of three raw coals.

Coal Proximate analysis (%, dry
basis)

Ultimate analysis (%, dry basis)

Ash Volatile Fixed carbon C H N S O

HE 17.01 46.31 36.68 58.33 5.27 1.98 2.35 15.06
YAN 12.27 34.45 53.28 71.46 3.96 0.96 0.26 11.09
WU 36.92 8.29 54.79 57.43 1.54 0.85 0.24 3.02
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