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Abstract—Flash drying of low rank coal with synthesis gas was addressed by using a pressurized down-flow dryer.
The proposed method is a potential approach to secure gaseous water that is required in coal processing by utilizing
moisture in the low rank coal. The drying process was promoted by increasing the initial temperature of the synthesis
gas as a drying medium and decreasing the particle size of the coal. The moisture removal rate of the coal using syn-
thesis gas at 9 bars and 500 °C reached up to 97% within ten seconds. Although it is a higher temperature than that of
fixed bed or moving bed dryer, outlet moisture laden synthesis gas had the low level of tar enough to be a feedstock of
downstream catalytic process due to the short residence time in the dryer. The chemical composition changes of the
coal during the drying resulted in reducing oxygen content to the atomic ratio of oxygen to carbon as 0.1 and enhanc-
ing its calorific value. Disappearance of hydroxyl functional group from the surface and physical reduction of the sur-
face area of the coal decreased the moisture re-adsorption capacity, which could prevent the spontaneous combustion
of the low rank coal.
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INTRODUCTION

Low rank coals, occupying nearly half of the reserved coals in
the world, are abundant, easily accessible and mineable with low
costs [1,2]. They have been considered as a potential primary source
of energy and chemicals due to additional advantages of high reac-
tivity, significant amount of volatile matters, and low amount of
pollution-generating impurities, such as sulfur, nitrogen, and heavy
metals [3,4]. However, high moisture levels in low rank coals result
in low thermal efficiency and can increase fire risks and costs of
transportation, operation and maintenance [2,5-7].

Drying is an essential step for the efficient utilization of low rank
coals prior to a conversion process such as pyrolysis, gasification,
liquefaction and combustion. Among various drying technologies,
evaporative drying with hot air or flue gas or steam has been the
principal approach for the large scale compared to non-evapora-
tive methods such as solvent extraction, mechanical compression
and microwave radiation [2,5].

Until now, upon most of dryer designs, moisture in the coal has
been discarded without its further utilization. The coal industry
has an issue of water shortage [8], hence utilizing moisture in the
low rank coal can be a promising option to resolve the issue. This
study utilizes synthesis gas for drying the low rank coal and also
induces the moisture laden synthesis gas to have more mass and
energy, which can also be turned into hydrogen rich synthesis gas
through water gas shift reaction. Furthermore, synthesis gas is sig-
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nificantly low in oxygen content so that it could reduce fire or
explosion by igniting dust [9] and lead to safe operations.

In spite of its benefits, utilizing synthesis gas as a drying medium
has been less studied, and furthermore pressurized atmosphere has
been rarely reported. It can provide an additional volumetric com-
pactness and let the drying process be easily adapted to a part of
the existing high pressure operation units. To materialize this con-
cept, flash drying or pneumatic drying can be one of the best
options due to its high heat transfer rate and short contact time of
just a few seconds, whereas ten to sixty minutes is for the contact
time in the rotary dryer and fluidized bed dryer [2,5,10]. It also
has an advantage of low maintenance cost owing to a small num-
ber of moving parts [2].

Regarding the flash dryer hydrodynamic design, many industrial
and academic approaches have focused on up-flow or riser type,
which has a hydrodynamic effect of both gas and solid flows against
gravitation [4,10-12]. Down-flow or downer type flash drying has
rarely been investigated, although it provides a concurrent flow of
gas and solid to gravity [13]. It can diminish solid back-mixing that
causes both long exposure of the coal to a high temperature and
subsequent tar devolatilization. Thus, it can also eliminate the risk
of plugging in the process line of down-stream operation units
caused by the tar condensation [14].

This study firstly demonstrates that down-flow flash drying of
the low rank coal with pressurized synthesis gas is a feasible ap-
proach for both supplying moisture from the coal to the down-
stream and upgrading the low rank coal. To validate the idea, we
investigated the efficiency of drying, the change in hydrocarbon
compositions in the outlet gas and chemical and physical prop-
erty changes of the coal using thermal and spectroscopic methods
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with BET and elemental analyses.
MATERIALS AND METHODS

1. Coal Samples and Analysis

Indonesian low rank coal was chosen for this study. The raw
coal was pulverized and sieved to a size smaller than 1,000 pm.
The results of proximate and ultimate analysis of the coal sample
are shown in Table 1. The proximate analysis was conducted with

Table 1. Analyses of the coal sample

Samples

Indonesian coal

Proximate analysis (ar, mass%)

Moisture 20.86
Volatile matter 34.00
Fixed carbon 37.71
Ash 7.43
Ultimate analysis (daf, mass%)
C 71.44
H 5.36
O* 21.43
N 148
S 0.29
Caloric value (kcal/kg)
As received 4,584
Dry basis 5,792

Notes: ar - as received; daf: dry ash free, Calculated by difference

TGA-DSC1 thermogravimeter (LECO) and the ultimate analysis
was done with TruSpec Elemental Analyzer (LECO). Those analy-
ses showed high oxygen content even with a dry ash-free basis,
which results in a low heating value of the sample.
2. Drying Characterization

The drying experiments were conducted in a down flow dryer
as shown in Fig. 1. The coal and gas were fed to an insulated verti-
cal stainless steel tube (an internal diameter (ID) of 38 mm and 5
meters long) from a feed hopper and controlled to a flow rate of
4 kg/hr by a motor speed of the calibrated screw feeder. Nitrogen
was provided from a storage cylinder for carrying the coal with a
flow rate of 0.1 kg/hr by a mass flow controller, and syngas was fed
at a rate of 14 kg/hr in the same way but separately provided and
heated by an electric heater prior to the dryer. The velocity of syn-
gas in a pressurized down-flow dryer was calculated to be 1.2 m/
sec at the entrance. The operating variables are summarized in
Table 2. The synthesis gas consists of CO, H,, CO,, CH, and N,
with their fractions of 25%, 26%, 20%, 2% and 27%, respectively,
to simulate the output of the pilot scale gasifier. The temperature
of synthesis gas was measured by the thermometer gauge prior to
the injection point of the coal and used as an initial syngas tem-
perature. Five thermocouples were located in the dryer with the
thermowell to check the gas temperature inside the dryer. The
dried coal was separated from gas and moisture by a cyclone and
a sintered metal porous filter at the downstream and was finally
sent to a hopper for storage and sampling. Coal fines were col-
lected from the filter chamber bottom after the experiment.

The moisture content of the coal is measured by Satorius bal-
ance of MA-150. The moisture content can be expressed through
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Mass Flow Hopper
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Fig. 1. Schematic of the vertical down-flow drying process.
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Table 2. Experimental variables and ranges

Variable Range
Coal feed rate (kg/h) 4-5
Coal particle size (pm) 40-1000
Operating pressure (bar) 9
Initial gas temperature (°C) 350-500
Out gas temperature (°C) 212-278
Transport nitrogen flow rage (kg/h) 0.1-2
Syngas flow rate (kg/h) 14-18
Initial gas velocity in dryer (m/sec) 1.0-1.3

following equation:

_my—m,

X, 6]

my
where X; is the instantaneous moisture content of the sample, m, is
the weight of the sample at time t and m, is the moisture free sam-
ple weight. Dimensionless moisture ratio (DMR) can be obtained
by the following equation:

Xr_Xe
X07Xe

DMR= )
where X is the initial moisture content of the sample and X, is the
equilibrium moisture content. The equilibrium moisture content is
the maximum inherent moisture content under a certain tempera-
ture and humidity. Since the value of equilibrium moisture con-
tent X, is much smaller than X, and X, in the high temperature
drying process, the dimensionless moisture ratio can be simplified
as X/X, [15,16].
Xf

DMR:)?O 3)
3. Physical and Chemical Structure Change Measurements

Both BET surface area and pore volume of the coal samples were
determined by nitrogen adsorption using Micromeritics ASAP 2020.
The BET measurements were carried out with oven-dried 0.2 g
sub-sample, which was further degassed under a vacuum condi-
tion at 50 °C for 24 h to ensure complete drying and removal of
adsorbed gases. Nitrogen surface area and pore volumes were cal-
culated using the BET Method [17].

Since the initial temperature of the drying medium gas is much
higher than the pyrolysis temperature of the lignite, it can cause tar
devolatilization and change in the coal structure. To determine the
degree of the change, the difference of the hydrocarbon composi-
tions in drying medium gas was measured by Agilent 7890-RGA
model gas chromatography:.

FTIR spectroscopy was used for determining the chemical struc-
ture change during the drying step of coal. In this work, infrared
(IR) spectra of wet coal and dried coal samples were obtained with
a Thermo Fisher Nicolet IS5 mid-FTIR (Fourier transform infra-
red) spectrometer with 4,000-800 cm ™ region. The bands in the IR
spectra were assigned according to the previous study [18]. The oxy-
gen and hydrogen contents of dried coal sample were measured
by the ultimate analysis and compared with those of the original
coal sample.

Moisture re-adsorption tests were conducted at constant relative
humidity and temperature according to a test method based on
ASTM D1412. Equilibrium moistures were measured at relative
humidity of 20%, 60%, and 98% for each case at 30 °C in a humid-
ity-controlled chamber for longer than three days [27].

RESULTS AND DISCUSSION

1. Drying Characteristics

To examine the effect of the initial temperature of drying gas
medium on the drying performance, experiments were conducted
at different initial synthesis gas temperatures (350, 400, 450 and
500 °C). The effect of coal particle sizes was also investigated with
the size ranges of 40-200, 200-500 and 500-1,000 pum, respectively.
As shown in Fig. 2(a), the moisture ratio gradually decreased with
the temperature rise. The higher was the synthesis gas tempera-
ture, the lower became moisture contents. When the drying tem-
perature increases, the heat transfer into the coal particle and the
evaporation rate of moisture inside the particle are enhanced, result-
ing in high drying performance. It also showed that the dimen-
sionless moisture ratio (DMR) was reduced with the decreasing
particle size. Since the low rank coal with smaller particles has a
larger external surface area and facilitates the heat transfer from the
drying medium to the center of particles and moisture evaporation
from the inside of the coal particle to the surface [17], it would
increase degree of drying. However, the effect of particle size was
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Fig. 2. Dimensionless moisture ratio (DMR) changes (a) and caloric
values (b) with varying initial gas temperature.
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not much pronounced compared to the temperature effect on the
DMR change.

Fig. 2(b) illustrates that the caloric value of the coal was improved
as the initial temperature rose. As the moisture of the coal was
reduced down to 1.5% from 20%, the coal became more carbon-
intensive with less oxygen content and provided a higher heating
value (7,000 keal/kg) on the weight basis.

2. Chemical Structure Change

Although the degree of tar evaporation is low; the chemical struc-
ture of surface and internal pore of the coal can be altered by the
elevated pressure and temperature. The change in the chemical
structure of coal surface was reported to be predominantly in the
formation and destruction of the oxygen containing polar func-
tional groups (including carboxyl, hydroxyl and carbonyl) [18].
During the experiment, the temperature of the coal particle gradu-
ally rose and the temperature of drying gas medium decreased
with both coal and gas flow concurrently downward. The gas was
cooled to 189 °C-278 °C at the outlet of cyclone and thus the tem-
perature of the coal particle could be presumed to be lower than
this temperature.

FTIR analysis results of both raw coal and dried coal samples
are shown in Fig. 3. After the drying process, the hydroxyl func-
tional group wavelength region (3,700-3,100 cm™") was significantly
reduced, while aliphatic C-H stretching (3,000-2,800 cm™"), car-
bonyl (1,850-1,500 cm™") and carboxyl functional group (1,700-
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Fig. 3. FTIR spectra of as-received coal and dried coals at different

temperatures.
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Fig. 4. Characterization of dried coal in reveled coal band (O/C and
H/C ratios are determined on the dry ash free basis).
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1,600 cm™') were not much changed. As carboxylic acid and car-
bonyl group disappeared significantly at a temperature higher than
200 °C for 10 minutes as reported in the literature [18,22], the tem-
perature of the coal particle in the experiment could be below the
range owing to a short residence time of less than 10 seconds. Reduc-
tion in the polar group leads to a reduction in the oxygen content
and moisture-holding capacity of the coal [22,26]. Another indica-
tor, the O/C and H/C ratios of the present samples from the ulti-
mate analysis were shown in the Krevelen coal band [24] as por-
trayed in Fig. 4. The O/C and H/C atomic ratios were reduced by
elevating the initial temperature of the drying synthesis gas me-
dium. They were following the dehydration line, indicating most
of the chemical change is due to the removal of hydroxyl func-
tional group [25] rather than decarboxylation and demethana-
tion. Thus, the carbon loss is not significant during the drying. It
can also be said that the lower O/C atomic ratio at the higher dry-
ing temperature increased the caloric value of the dried coal.

The parameters of H/C and O/C ratios of the coal upgraded at
450 °C reached the values of 0.62 and 0.11, respectively. They were
similar to those of 0.60 and 0.12, observed by the steam treatment
process for the low rank coal at the similar temperature but with a
much higher pressure of 7 MPa (K-Fuel) [27].

3. Hydrocarbon Devolatilization

Due to the exposure of the coal to the high temperature drying
gas medium, it is necessary to determine the degree of hydrocar-
bon or tar evaporation in the drying medium after drying and a
potential risk of tar condensation of hydrocarbon components in
the downstream lines. The loss of useful volatile hydrocarbons
from the low rank coal also increases the risk of fire from the igni-
tion of volatile organic compounds.

The degree of hydrocarbon devolatilization in the coal was eval-
uated from the change in hydrocarbon compositions in the dry-
ing medium with different initial temperatures at the downstream
as shown in Fig. 5. From the graph, it can be seen that the amount
of hydrocarbon contents did not change significantly and the main
change of chemical structure in the coal occurred from dehydra-
tion rather than demethanation and decarboxylation. One of the
reasons is that the pressurized atmosphere suppresses the evapora-
tion of the hydrocarbon volatile matter even with high tempera-
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Fig. 5. Hydrocarbon composition changes in the drying synthesis
gas medium with varying initial synthesis gas temperatures.
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tures. This hypothesis is supported by the previous investigation,
which described total yields of the volatile matter and tar decreased
with the increasing pressure [20,23]. Another aspect is that the
temperature of the coal particle may not be so high as the initial
temperature of the drying medium with a short residence time of
no longer than 10 seconds, while the tar yield begins to increase at
350-500°C in a fixed bed or moving bed pyrolysis with a longer
residence time of several minutes [15,23]. The gas formation by tar
cracking occurs above 500 °C [15], and it is inferred that the incre-
ment in light hydrocarbons of outlet gas under the lower tempera-
ture is negligible. The temperature of the coal particles in the present
work can be lower than that of the drying syngas medium due to
absorbed heat latently by the moisture evaporation.
4. Structural Changes

The high drying temperature can also cause the physical prop-
erty change of the low rank coal. The BET specific surface areas
(m”/g) of the raw and dried coal samples are shown in Fig. 6. The
higher the drying gas medium temperatures, the lower the sur-
face area is. The decrease in the surface area and pore volume may
be explained by consideration of the shrinkage and plugging of
macropores and mesopores [28]. The porous structure of the low
rank coal is mainly comprised of mesopores with a small portion
of macropores as shown in Fig. 7 [29]. Therefore, the surface area
and pore volume of the low rank coal are reduced by the changes
of pore structures in the mesopores due to the increase in the dry-
ing temperature.
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Fig. 6. (a) Surface area and (b) pore volume changes upon drying.
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Fig. 7. Pore size distributions - pore volume vs. pore diameter.

5. Moisture Re-adsorption Characteristics of Dried Coal

The chemical and physical changes of the coal structure affect
its moisture re-adsorption characteristic. Fig. 8(a) shows that the
equilibrium moisture (a relative humidity 98% at 30 °C) reduced as
the drying temperature increased. As seen from Fig. 8(b) of mois-
ture re-adsorption curves, the dried coal at an initial temperature
400 °C tends to saturate with the atmosphere at the moisture con-
tent of approximately 11%, while the raw coal tends to equilibrate
with the atmosphere at that of approximately 18% which is higher
than that of the dried coal sample. This difference also implies that
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Fig. 8. (a) Re-adsorption moisture content (%) at relative humidity

98% and 30°C and (b) moisture desorption and re-adsorp-
tion isotherms.
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irreversible structure changes of the coal have taken place during
the drying process [30].

It is concurrent with a previous study [22] describing that the
water molecules interact with the surface of coal by hydrogen bonds
with oxygen-containing functional groups. The hydrogen bonds
include the intra-molecule hydrogen bonds in the coal and coal-
water hydrogen bonds formed by carboxyl and hydroxyl groups in
the coal [31]. The proportional relationship between equilibrium
moisture content (moisture-holding capacity of coal) and polar
groups is due to the fact that the polar groups (carboxyl, hydroxyl,
and carbonyl) have greater affinity to chemically bind with the
moisture, making the surface more hydrophilic and the coal retains
more water molecules.

CONCLUSIONS

A flash drying process of the low rank coal with synthesis gas
in a pressurized down-flow dryer has been investigated. The dry-
ing experiments were carried out under the initial temperature of
the drying agent of 350 to 500 °C and 9 bars. The moisture removal
reached 97% and the remaining water molecules were inherently
bound inside the pores of the coal. The caloric value of the coal
was increased as hydroxyl functional groups on the surface of the
coal were reduced. While the coal surface is less hydrophilic, the
outlet moisture laden synthesis gas has a low level of tar enough to
be a feedstock in the downstream process without further treat-
ment because the drying process was performed at an elevated pres-
sure (9 bars) in short time intervals (<10 seconds). Accompanying
the reduction of specific surface area and hydrophilicity of the coal,
the proposed method irreversibly decreased moisture re-adsorp-
tion, which can inhibit a spontaneous combustion of the low rank
coal.
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