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The drying of coal slime with high moisture content is indispensable for the majority of its industrial applications.
In view of the low drying rate at the falling-rate drying period during the conventional drying process, hot-air
drying followed by microwave drying, a featured deep drying method, can fundamentally solve this problem
and achieve fast and efficient dewatering. In this study, the combination of hot-air and microwave drying to
dry coal slime was presented, the general behavior of combined drying method was investigated at a combined
fixed bed reactor with hot-air in the temperature range of 120-200 °C and a microwave oven with a maximum
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Coal slime power of 800 W. The critical point of hot-air drying, also termed transition point at which hot air drying switched
Hot-air drying into microwave drying, were experimentally determined and the results showed that the moisture contents of

the critical points were about 15% for the samples used. Furthermore, the effects of different target moisture con-
tents and microwave powers on the drying performance and energy consumption of combined dewatering were
studied. The results showed that microwave drying could significantly elevate the drying rate when the coal
slime reached the critical moisture contents during the hot-air drying method, which indicated that combined
drying was an effective method to achieve deep drying of coal slime with a significant reduction in total drying
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time.
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1. Introduction

Coal slime is a by-product of coal washing, and cannot be easily uti-
lized on a large scale due to its high levels of moisture content, high vis-
cosity, high ash content, and low heat value properties. In recent years,
the amount of coal slime has increased drastically due to the fast rise in
the amount of coal washing in China, which could potentially lead to
significant energy waste and environmental pollution. Currently, the
preferred means of utilizing coal slime is combustion as fuel for power
generation [1]; however, the high level of moisture content may act as
a dominating obstacle hindering its wide application, and potentially
endangering the stable operation of the boilers. Consequently, the
dewatering process of coal slime before burning is essential to lowering
the moisture content and improving the heat values so that the coal
slime has wider application with respect to economic, social, and envi-
ronmental considerations.

Currently, coal slime drying methods can be divided into two cate-
gories: mechanical drying and thermal drying. Mechanical drying in-
cludes the processes of sieving, centrifugation, and filter press drying,
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but after mechanical drying, the moisture content is still relatively
high (approximately 20%) [2] and fails to meet the requirements of
most industrial applications. Thermal drying is required to further
lower the moisture content. Presently, drying is achieved by direct or in-
direct contact between wet coals and a hot medium, such as hot air [3-
6], high-temperature gas [7], or superheated steam [8-11].
Conventional thermal drying processes can generally be divided into
the growing-rate (AB), constant-rate (BC) and falling-rate (CE) drying
periods [12], as shown in Fig. 1. The AB segment represents the incuba-
tion of materials, during which the temperature of the material rapidly
grows. During the BC period, the heat that the drying medium transfers
to the material is entirely used for moisture vaporization. The tempera-
ture of the material surface and the water vapor partial pressure of the
material surface are maintained at constant values so that the drying
rate remains constant. The CE segment represents the falling-rate dry-
ing period, during which the material contains less moisture, and the
rate at which moisture transfers from the inside to the surface is
lower than the water vaporization rate of the material surface. During
this time, the drying rate is controlled by the transmission rate of the
moisture inside the material. Therefore, this period is also known as
the internal migration control phase. As the moisture content of the ma-
terial decreases, the rate of moisture migration within the material also
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Fig. 1. Drying curves of materials under constant drying conditions [12]. L. Incubation period; II. Constant-rate drying period; and III. Falling-rate drying period.

gradually decreases such that the drying rate continues to drop. As
shown in Fig. 1b, point C is the cut-off point between the constant rate
and falling-rate segments, and is called the critical point. The moisture
content corresponding to the point is the critical moisture content M.
As the integration of water and coal becomes increasingly close, the dry-
ing rate of coal slime shows a “concave” falling pattern. The time and en-
ergy consumption of this stage can account for two thirds of the total
drying process, but the drying amount is only one third, or even less
[12]. Thus, this stage has become the bottleneck restricting the overall
drying effect. Improving the drying rate at this stage is the key to in-
creasing the efficiency of coal slime drying. In addition, conventional
drying of coal slime is likely to cause a phenomenon in which the mate-
rial is dry on the outside but wet on the inside. The coal slime drying is
uneven or excessively dried and pulverized, which can even cause a coal
dust explosion [13,14]. Thus, the conventional thermal drying method is
prone to poor drying performance, uneven drying, and security issues
during the falling-rate drying period. Conventional drying methods can-
not meet the safe, fast, low-power, and deep-drying requirements.
There is an urgent need for a new drying method to specifically improve
the whole drying process of coal slime.

Microwave heating has several unique features of selective and vol-
umetric heating over the traditional approaches [12]. One key advan-
tage involves the application of internal heating, the homodromous
transfer of heat and moisture in samples during microwave heating re-
sults in highly efficient dehydration. Moreover, microwave heating is
especially suitable for drying large-sized coal pieces, like coal slime,
which usually exists in the form of agglomerates due to viscosity. In ad-
dition, much higher drying rates are expected because of the rapid evap-
oration of liquid water. Hence, the drying time may be significantly
shortened compared with traditional drying methods.

With these distinctive features, microwaves have been widely used
to heat or melt various dielectric materials in applications such as food
processing [15,16], agriculture- and forestry-related industries [17],
and mineral processing [18-20]. Research on coal drying using micro-
waves has been increasing recently [21-31], which confirmed that mi-
crowave heating is an effective way to dry coal; compared with
conventional drying, microwave drying had distinct advantages, such
as reduced overall time and increased drying efficiency [11]. Although
considerable research have been performed on the microwave drying
of low rank coal, such as lignite and sub-bituminous coal, there is a se-
vere paucity of data regarding the fundamental microwave drying of
coal slime [32,33].

Based on the above characteristics of traditional drying and micro-
wave drying, it is possible to re-enhance the drying rate if microwave
assisted heating is used after the coal slime enters the falling-rate drying
period in the conventional drying process. It is even possible to bring the

coal slime in the falling-rate drying period back to the constant-rate dry-
ing stage, or change the falling-rate drying curve from “concave” to
“convex” (microwave drying has this important characteristic [12]), as
shown by the dotted line CE’ in Fig. 1b. This would improve the conven-
tional drying capacity by 6 to 8-fold [12], thus greatly accelerating the
coal slime drying process. Through a combination of hot air/steam and
microwave drying methods, hot air can be used to pre-dry the coal
slime to the critical moisture content, supplemented by microwave dry-
ing to achieve deep drying. While reducing the total energy consump-
tion of the drying process by incorporating conventional thermal
drying, which consumes relatively little energy, the combination of
methods shortens the overall drying time and ensures drying quality
through the fast and uniform heating characteristics of microwave dry-
ing. The combined drying method has the advantages of both drying
methods, facilitating high efficiency, low energy consumption, and
high-quality drying, and is therefore a promising new technology for
coal slime drying.

The hot air/microwave combined drying method has been widely
used in the food industry [34-37] and for drying metallurgical materials
[38]. It has been found that the two combined drying methods not only
shortens the overall drying time and improves the drying efficiency, but
also ensures product quality [34-37]. While making high purity quartz
sand, Li found that it was difficult for any single drying method to
meet the energy-efficient requirements; the hot air/microwave com-
bined drying method meets the requirements of high-purity quartz
sand, while demonstrating high energy efficiency [38]. At present, no
studies have reported the hot air/microwave combined drying of coal
slime or other similar minerals.

Based on these considerations, this paper proposes a hot air/micro-
wave combined drying technology program. Tests were conducted to
obtain the essential characteristics of the combined drying process, in
order to determine the critical moisture content range of hot air drying,
and the effects of different targeted moisture content (M) and different
microwave power (P) on the coal slime combined drying characteristics
and energy consumption. This paper provides theoretical and statistical
references for the design and industrial application of the combined
drying process.

2. Experimental
2.1. Materials

The fine coal slime was collected from Bucun coal mine at Jinan,
China, and the results of its proximate analysis are listed in Table 1. A

specified mass of coal slime was initially weighed out and then spherical
particles of different sizes were created. Prior to this, preliminary tests
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