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Abstract—The present study proposes the production of ash-free coal (AFC) and its oxidation as a primary fuel in
direct carbon fuel cells (DCFCs). The AFC was produced by the extraction of Arutmin sub-bituminous coal (AFC1)
and Berau bituminous coal (AFC2) using polar solvents such as N-methyl-2-pyrrolidone (NMP), N,N-dimethylacet-
amide (DMA), N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). It was carried out at a temperature
of around 202 °C under atmospheric conditions and using a microwave irradiation method. Using NMP as the solvent
showed the highest extraction yield, and the values of 23.53% for Arutmin coal and 33.80% for Berau coal were ob-
tained. When NMP was added to DMSO, DMA and DME, the extraction yield in the solvents was greatly increased.
The yield of AFC from a sub-bituminous coal was slightly lower than that from a bituminous coal. The AFC was eval-
uated in a coin-type DCFC with a mixture of AFC and carbonate electrolyte (3 g/3 g) at 850 °C. The AFC and gaseous
H, fuels were compared using the electrochemical methods of steady-state polarisation and step chronopotentiometry.
The DCFC ran successfully with the AFCs at 850 °C. The open-circuit voltages were about 1.35V (AFCI1) and 1.27 V
(AFC2), and the voltages at 150 mA cm 2 were 0.61 V (AFC1) and 0.74 V (AFC2).
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INTRODUCTION

Coal is an important energy resource in the world and is the most
abundant fossil fuel. However, raw coal has a high ash content that
limits its utilization. Therefore, the development of an ash-free coal
(AFC) has been attempted and developed to extend its application
[1-3]. One of the promising uses of AFC will be as a fuel for direct
carbon fuel cells, and AFC must have a high surface area, large num-
bers of surface oxygen functional groups, and low ash content to
meet the needs of DCFC [4-6].

AFC is generally produced by the solvent extraction method.
During the extraction process, the organic material in coal is ex-
tracted into the solvent. The extraction is generally carried out with
organic solvents such as N-methyl-2-pyrrolidone (NMP), 1-methyl
naphthalene, quinolone and tetralin to produce AFC. Takanohashi
et al. [7] reported that extraction yields higher than 73% were ob-
tained for sub-bituminous coal at 360 °C with the polar industrial
solvent crude methylnaphthalene oil (CMNO). Giray et al. [8] re-
ported that extraction with NMP, NMP/ethylenediamine (EDA)
(17:1 vol/vol) mixture and NMP/tetralin (9:1 vol/vol) mixture
yielded ash content ranging from 0.11 to 1.10%. Moreover, they
suggested that the ash content of the solid extract obtained through
microwave extraction was less than that from thermal extraction.
Shui et al. [9] showed the thermal dissolution (TD) behavior of Shenfu
coal, which is a kind of Chinese sub-bituminous coal. They reported
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that almost all of the ash in the raw coal was transferred into the
TD residue and that the TD soluble yield was increased by increas-
ing the TD temperature from 300 to 360 °C, with 1-methylnaph-
thalene as solvent.

Direct carbon fuel cells (DCFCs) directly convert the chemical
energy of solid carbon fuel into electricity with high efficiency [10,
11]. Various types of DCFCs have recently been investigated. They
are categorized by the electrolyte used in the cell: alkaline, molten
carbonate or solid oxide [12-14]. Among them, molten carbon-
ates have received attention for practical use because of their high
conductivity, good stability in the presence of CO, produced from
the carbon electro-oxidation reaction and suitable melting tem-
perature [15,16]. The molten carbonate electrolytes are a combina-
tion of K,CO;, Na,CO, and Li,CO,. DCFCs based on molten car-
bonate electrolytes operate at high temperatures between 600 and
900 °C to achieve a high conductivity of the molten salt [17]. The
carbonate ion, COZ, is considered to be the charge carrier.

The two reactions occurring within a DCFC with a molten car-
bonate electrolyte are given by Eqs. (1)-(4) [13,17]:

Anode reaction

C+CO¥ »2CO+0* ¢y
2C0+2C0OY —4CO,+4¢e” )
Cathode reaction
0,+2C0,+4e —2CO; (3)
The total reaction
C+0,>CO,  E’=1.026V (at 850°C) @



508 D.-L. Vu and C.-G. Lee

Table 1. Proximate and ultimate analyses of raw coal and ash-free coal

Proximate analysis (wt%, db)

Ultimate analysis (wt%, db)

Sample
Moisture Ash FC C H N 0]
Raw - Sub bituminous coal 6.96 13.32 40.04 39.68 69.12 5.12 471 20.81
Raw - Bituminous coal 15.74 7.78 3542 41.06 72.46 4.08 1.32 14.16
AFC - Sub bituminous coal 0.42 0.78 50.40 4791 76.06 5.65 292 15.30
AFC - Bituminous coal 2.14 1.37 51.34 45.15 72.23 5.24 2.90 18.26
The reactant carbon and the product carbon dioxide exist as pure EXPERIMENTAL

substances; therefore, their chemical potentials (activities) are fixed
and independent of the extent of conversion of the fuel. This may
allow a full conversion of the carbon fuel in a single pass with the
theoretical voltage of the DCFC remaining nearly constant at around
1.02'V (from room temp. to 1,200 °C). However, experimental OCVs
can be higher due to the properties of the carbons and gas concen-
trations. In particular, low CO, concentrations in the anode com-
partment under inert gas purge can result in an increased OCV, as
discussed previously [16].

Recently, DCFCs based on AFC fuel have been reported by many
researchers. Jeon et al. [6] reported the feasibility of using AFCs in
solid-oxide-electrolyte DCFCs. The cell voltage was about 1.1 V in
the temperature range 600-900 °C.

In the present work, the production of AFCs from Arutmin sub-
bituminous and Berau bituminous coal is investigated by using mi-
crowave irradiation (MI) at 202 °C under atmospheric pressure
conditions. In addition, the oxidation behavior of AFC was inves-
tigated by the electrochemical methods of steady-state polarization,
step chronopotentiometry (SC) and open-circuit voltage (Eocy) meas-
urement at 850 °C.

Condenser

1. Coal Samples

Indonesian sub-bituminous coal, Arutmin coal and Berau bitu-
minous coal were used in this study. The coal samples were ground
and sieved to give a particle size of less than 200 um. They were
stored under a nitrogen atmosphere and dried for 12 h under vac-
uum at 80 °C before use. The ultimate and proximate analyses of
the Arutmin coal and Berau coal are shown in Table 1. The sol-
vents used in this study were NMPB, N,N-dimethylacetamide (DMA),
N, N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO),
all of which were purchased from Sigma Aldrich Co.
2. Microwave Extraction of Coal

The coal was extracted at atmospheric pressure in a round-bot-
tomed glass flask fitted with a reflux condenser. A microwave oven
with a variable power supply of 800 W (maximum) was employed.
A schematic diagram of the microwave oven used for the coal ex-
traction is shown in Fig. 1. The flask was charged with the coal and
a polar solvent at different solvent-to-coal (S/C) ratios and then
heated. The temperature inside the flask was kept at approximately
202 °C, which is the boiling point of NMP. To determine the effect

Microwave oven

Distilled Solvent

Coal sample P

Fig. 1. Representation of the modified microwave oven for the AFCs.

February, 2016



Oxidation of ash-free coal from sub-bituminous and bituminous coals in a direct carbon fuel cell 509

of the ratio of the volume of solvent (mL) to the mass of coal (g),
140 ml of solvent was used and the S/C ratios were varied between
7:1,14:1 and 28: 1. After extraction, the flask was cooled to room
temperature, at which point the solid residue and liquid phases were
separated by filtration after centrifugation for 30 min at 10,000 rpm.
The residue was washed with deionized water until the filtrate be-
came almost colorless, and then it was dried under vacuum at 80°C
for 12 h. The extraction yield is defined as follows:

Residue [g]

. . o _ ~ Feed coal [g]
Extraction yield [wt%, daf] - aShl[(;"(’)t%] %100 (5)

After the liquid phase was dried under vacuum at 170 °C for 40 h,
the AFCs were obtained. AFC1 was made from a sub-bituminous
Arutmin coal and AFC2 from a bituminous Berau coal.
3. Analyses of Products

The characterization of the AFCs and coal samples was carried
out using the ASTM method. The functional groups were detected
by Fourier-transform infrared spectroscopy (FT-IR; Nicolet 6700,
Thermo Electron). X-ray diffraction (XRD) patterns were also ob-
tained (DMAX-2500, Rigaku). The proximate analysis (ASTM D
5142-02a) was performed by using a thermo-balance (TGA/
SDRAS51e, Mettler Toledo) instrument. Ultimate analysis was per-
formed according to ASTM D 5373-02 (EA1108, Thermo Scientific).
4. DCFCs

A schematic drawing of a coin-type DCFC system is illustrated
in Fig. 2. The anode was a porous Ni-Al metal sheet and the cath-
ode was a porous Ni sheet. The matrix was made of LiAlO, and
the electrolyte contained 62 mol% Li,CO;+38 mol% K,CO;. The
electrodes and matrices were supplied by the Korean Electric Power
Research Institute, which developed the molten carbonate fuel-cell
system. The carbonates were of reagent grade. Silver wire was used
for the cathode leads, whereas Ni wire was used for the anode leads.

The cell was installed without carbon fuel in a box furnace that
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Fig. 2. Schematic drawing of a coin-type DCFC system.

had a hole to penetrate the upper side of the alumina tube at the
anode. The temperature of the cell in the furnace was initially raised
by 2°C min™ from room temperature to 350 °C in air. Subsequently;
the temperature was increased to 850 °C. During the temperature
ramp, a mixture of 70 mol% air and 30 mol% CO, was supplied to
the center of the cathode at a rate of 0.200 L min™', and a mixture
of CO, (0.100L min™") and H, gas (0.015 L min™") was introduced
to the anode. When the cell temperature reached 850 °C, a mixture
of H, (0.125L min™") and CO, (0.025 L min ") was supplied through
the deionized water bubbler to the anode to ensure cell performance.
Then, the hydrogen fuel was interrupted and AFC fuel was intro-
duced into the anode with nitrogen gas purging.

A mixture of 3 g of AFC and 3 g of molten carbonates (62 mol%
Li,CO5+38 mol% K,CO;) was placed in an alumina tube of 1.5 cm
in diameter and 10 cm in length. Both ends of the alumina tube
were plugged with Ni foam. This alumina tube was placed in a larger
alumina tube. Both of the alumina tubes were put into the furnace,
one end of the larger alumina tube being plugged with glass wool.
More details of the cell preparation and operation have been de-
scribed in previous works [13,17].

The performance of the cell was measured with a potentiostat
(PARSTAT 2273, Princeton Applied Research), which was oper-
ated with Power Suite software. The electrochemical methods em-
ployed in this work were E ¢, measurements, steady-state polari-
sation and SC. In the SC measurement, the current was raised from
0to 150mA cm ™ in 50 mA cm steps for 60s, and the subsequent
potential relaxations were recorded.

RESULTS AND DISCUSSION

1. Extraction of AFCs

The effects of various polar solvents on the extraction yield at
202 °C are shown in Fig. 3. In this experiment, mixtures with NMP,
such as DMF+NMP, DMSO+NMP and DMA+NMP, were pre-
pared by the addition of 20 vol% NMP into various polar solvents.
The extraction yield of 23.53 wt% with NMP is the highest among
the solvents employed here, which is higher by 5.31, 10.84 and 9.92
wt% than that with DME DMSO and DMA, respectively. During
the extraction of the coals with an organic solvent, the solvent pene-

25 23.53

20.76
20 18.22 1546 16.84
15 12.69 : 13.61
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Fig. 3. The extraction yields of Arutmin sub-bituminous coal after
10 min MI in various solvents at 202 °C. The numbers above
the bar are the extraction yields of the solvents. The mixtures
were prepared by adding 20 vol% of NMP into each solvent.
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Table 2. Extraction yields of sub-bituminous and bituminous coals with various solvent-to-coal (S/C) ratios and microwave irradiation

times using 140 ml of NMP
Extraction yield/ wt%
5 min 10 min 20 min
S/C ratio Bituminous Sub-bituminous Bituminous Sub-bituminous Bituminous Sub-bituminous
28/1 33.80 19.15 25.90 22,63 32.30 23.77
14/1 20.82 18.12 18.42 21.32 21.57 2225
7/1 14.70 10.44 14.70 12.28 18.67 13.44

trates the coal matrix and breaks the various non-covalent interac- 60
tions such as van der Waals forces, hydrogen bonds, charge-transfer :
complexes, 777 interactions and ionic forces [1,7]. NMP is a strong 50 | PN o
polar solvent that acts as a good hydrogen bond acceptor when it ' P AW Ny / '
is used as an extraction solvent. It has been suggested that NMP _ raw coal __ N
cleaves ionic forces and hydrogen bonds between the coal matri- o 0 5""“"*“\\ P
ces, thus increasing the extraction yield [8]. NMP can swell the mac- g . g L -
romolecular structural network of coal through 77 interactions, E 30 [ S,"..c'-f?f'l gl
owing to its naphthalene ring, which promotes the diffusion of the i_% N
soluble fractions inside the network structure into the solvent [1,2]. = 2 | Pl
Therefore, hydrogen bonds can be released between OH groups. = 28/1
This will result in the extraction yield being slightly higher when , -
20 vol% NMP is added to three of the solvents (DME DMSO, DMA). 10| ab ' |
The extraction yields of DMF+NMP, DMSO+NMP and DMA+ o 2920 2850 1630 1300
NMP were 20.76, 1546 and 16.84%, respectively. The increased ol oty L R S i T

solubility of the mixed solvent systems may be attributed to syner-
gistic effects, which render more of the extractable sites accessible
to NMP and increase its ability to disrupt specific hydrogen bonds
and ionic interactions in coal, thereby resulting in greater solubili-
zation.

Samples of bituminous and sub-bituminous coals were exhaus-
tively extracted with different S/C ratios and different extraction
times. The results are presented in Table 2, which shows that for
all of the coals, the extraction yield of NMP under microwave irra-
diation (MI) increases with an increase in S/C ratios. In addition,
the bituminous coal was found to have a relatively higher extraction
yield than that of sub-bituminous coal. The bituminous coal with
an S/C ratio of 28:1 and with an extraction time of 5 min exhib-
ited a maximum extraction yield of 38% [18]. The extraction yields
of sub-bituminous coal with NMP increased with increasing ex-
traction time, and the highest extraction yield was 23.77% when
the S/C ratio was 28: 1 with an extraction time of 20 min. The dif-
ference in the extraction yields between bituminous and sub-bitu-
minous coal was attributed to the carbon content of the coals. The
extraction yield rises with increasing carbon content. The carbon
content is about 72.46% in bituminous coal, higher than the 69.12%
found in sub-bituminous coal as shown in Table 1. In this case, the
cross-linking density in sub-bituminous coal is lower [8]. There-
fore, the extraction effect of the solvent is strongest with bitumi-
nous coal. With decreasing S/C ratio, the diffusion of NMP into
the coal macromolecular structural network is reduced. In addi-
tion, the effect of the MI time was measured as a function of the
extraction yields at certain intervals. It was found that the extraction
yield increased rapidly from 0 to 10 min, but essentially no fur-
ther increase in extraction yield was observed after approximately
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Fig. 4. FT-IR patterns of sub-bituminous raw coal and AFC1 with

different S/C ratios (7:1, 14: 1, 28:1). The AFCs were pre-
pared by 10 min MI.

20 min [8].

Table 1 shows that a reduction in ash of more than 99% was ob-
tained in AFC1 by ML The amounts of fixed carbon (FC) and vola-
tile matter (VM) in AFC1 were higher than those for raw coal. The
amount of ash obtained from AFC1 by MI was around 0.78% and
from AFC2 it was 1.37%. Yoshida et al. suggested that polar sol-
vents extract more ash materials from coals of lower rank [1]. The
ash content of AFCs vary according to the method of extraction,
the coal type and the solvent species. The amounts of ash obtained
from AFCs by MI are lower than those obtained by thermal ex-
traction [8].

Fig. 4 shows the FT-IR spectra of AFCI samples with different
S/C ratios. The stronger adsorption at 3,420 cm™", which is pres-
ent for both AFC and raw coal, demonstrates that self-associated
OH and OH- 7 hydrogen bonds are the main interactions [19]. The
two peaks at 2,920 and 2,850 cm ™" are attributed to C-H bonds [20].
The peak at 1,630 cm ™" is mainly associated with the C=C bond in
the aromatic ring, The bands around 1,300, 1,260 and 1,220 cm™'
for the AFC, which are assigned to C-O (phenol), C,-O-C,, C-O
(alcohol) and C,-O-C,; structures, respectively, are stronger than
those for the raw coal [19]. This suggests that more phenol and
ether groups exist in the AFC. All of the above results indicate that
NMP can break non-covalent interactions such as hydrogen bonds
in coal, and thus extract the aromatic fractions [21].
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Fig. 5. TGA results of sub-bituminous raw coal and AFC1 under
nitrogen conditions.

Fig. 5 shows the results from thermogravimetric analysis (TGA)
of the raw sub-bituminous Arutmin coal and its AFC1 in the tem-
perature range from 25 °C to 900 °C. At first, the slight decrease in
weight of the samples at temperatures lower than 100 °C is due to
desorption of moisture absorbed on the surfaces of the coal parti-
cles. Since the AFC and raw coals were dried in a vacuum oven
before the measurement, the weight decreases at around 100 °C
were not dominant. The weight losses at around 200 °C are due to
low-temperature volatiles. The large losses at around 450 °C indi-
cate that decomposition of organic materials takes place. The dif-
ference in weight loss between the raw coal and the AFC1 at 900 °C
is as large as 12.2 wt%, which can be explained by the fact that the
reduced amount of ash in the AFC allows further decomposition
of organic species.

The XRD patterns for the AFCs, residues and raw coal samples
are presented in Fig. 6. The diffraction profiles show the presence

Intensity / a.u

AFC2
| - AFCI |
f‘ I Raw coal for AFC1 4

Residue of AFC1 |

20 . 40 - 60 - 80 100 |2h
2 Theta
Fig. 6. XRD patterns of sub-bituminous Artumin raw coal, sub-bitu-
minous residue, as well as AFC1 and AFC2 from bituminous
Berau coal.

of a clear asymmetric (002) band around ~23° which is a similar
pattern to that for the raw coal, the AFCs and also the residues.
There is no obvious diffraction peak of the minerals in the XRD
pattern of the organic matter, which indicates that residual inor-
ganic matter affecting the diffraction peaks of the organic crystal-
lite unit is not present. The position of this peak is found to shift to
a higher 2@ value with increase in elemental carbon content [13,22].
The 002 peaks of the AFCs are shifted to higher 26 values than
those for the residues and raw coals. The (002) band indicates the
spacing of the aromatic ring layer. In addition, the coals also con-
tained some graphite-like structures (crystalline carbon) indicated
by the presence of a clear (002) band at ~23° and a weak (100) band
at ~42.3°. These observations suggest that the crystallites in all the
coal samples have intermediate structures between graphite and
amorphous state called turbostratic structure or random layer lat-
tice structure [23].
2. Oxidation in DCFCs

Fig. 7 compares the Eqy behavior, with respect to time, for the
AFCs from bituminous and sub-bituminous coals at 850 °C. During
the time period from 0 to 20's, hydrogen fuel was supplied to the
anode. The E of H, fuel under these conditions is about 1.07 V.
At around 20s, the H, fuel supply was cut and AFC fuels were intro-
duced to the anode with nitrogen-gas purging. At around 200,
the Eqcy shows a first minimum value and at around 350 s, it has
a second minimum value. The first increase in Eqq; from 220 to
3005, could be attributed to H, production, whereas the second
increase, from 350 s onwards, could be attributed to CO produc-
tion [18,24]. After 9005, the Eycy decreased slightly, which indi-
cated decreases in the CO and hydrogen compositions. This may
depend on the volatile matter, and the liquid-like state of the AFC
at high temperatures might affect the cell performance [6]. How-
ever, the reasons for this phenomenon may be complicated and
are not well understood. The results imply that the use of AFC as
a fuel results in a higher cell voltage than carbon made from bam-
boo [25].

The similarity of the open-circuit voltages for AFC1 and AFC2
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Fig. 7. Time dependence of the Eyy, of the AFC/electrolyte fuel (3 g/

3 g) at 850 °C.
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Fig. 8. Comparison of the current-voltage behavior of H, fuel and
AFC fuels (AFC/electrolyte=3 g/3 g) at 850 °C.

is shown in Fig. 7. In particular, the two above-mentioned voltage
decreases indicate that the coals are gasified and that the gasifica-
tion of the AFCs is similar, regardless of the raw coal species. How-
ever, the Eyc of AFCL is slightly higher than that of AFC2. As the
Eocy is determined by gas partial pressures and temperature, ie.,
by thermodynamic reasons, this difference could be attributed to
different gas partial pressures. Therefore, the higher voltage of AFC1
indicates that AFC1 from Arutmin coal provides a larger H, or CO
partial pressure and less CO, than AFC2 from Berau coal.

Fig. 8 compares the voltage-current behavior of AFCs and hydro-
gen fuel (0.125L min ™" H,/0.025 L min" CO, with ca. 5% H,0) at
a potential scan rate of 025 mV s at 850 °C. The Eo of hydrogen
fuel is about 1.07 V at 850 °C as mentioned above. It is observed
that the slopes for AFC fuels are much steeper than for H, fuel,
especially in the high current density region. This indicates that
AFC fuels have higher reaction and mass transfer resistances than
hydrogen fuel. The maximum Eq of AFC1 was 1.35V and of AFC2
was 1.26 V at 850 °C. The high Ey¢y values of the AFCs at high
temperature are in agreement with previous results [25-27]. Lee et
al. reported that the anode has a very high exchange-current den-
sity, and thus the anode reaction is a gas-phase mass transfer-con-
trolled process [17]. In addition, the mass transfer resistance depends
on the flow rates of H,, CO, and H,0. A previous study [6] reported
that AFC produced approximately 45 mol% H, and 50 mol% CO.
Thus, it is plausible that a larger amount of CO disturbs H, trans-
port to the electrode surface, resulting in higher resistance of the
AFCs in the anode.

AFCI shows a slightly steeper slope than AFC2, as shown in Fig.
8. This means that AFC1 has a larger oxidation resistance in the
anode. As mentioned above, the anode reaction is mostly a mass
transfer-controlled process; thus less H, and CO from AFCI may
result in a larger resistance than for AFC2 in the anode. Indeed,
solid carbon is gasified to H, and CO gases. However, the gasifica-
tion process may not be constant and the irregular gas generation
behavior of the AFCs may result in less gas being generated from
AFCI although AFCI has a higher Ey than AFC2.
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Fig. 9. SC behavior at the current steps with H, fuel and AFC fuels
(AFC/electrolyte=3 g/3 g) at 850 °C.

Fig. 9 shows the SC results for AFC fuels (3 g AFC/3 g Li-K car-
bonates) and H, fuel at 850 °C. The SC results show voltage relax-
ation with the current step, which represents the kinetic and mass
transfer behavior of the reaction system; slow relaxation indicates
low diftusivity and slow mass transfer of the reaction species. Fig.
9 shows that the hydrogen fuel has a smaller voltage step and faster
voltage relaxation than AFC fuels. During the current steps to 50,
100 and 150 mA cm ™, the voltage steps of hydrogen fuel (AE) are
similar at around 0.1V indicating that hydrogen fuel reaches a steady
state very fast and has high diffusivity and activity. On the other
hand, AFC fuels have a slow decline in voltage, showing unstable
voltage relaxation, especially at the first step from 0 to 50 mA cm™.
At the first current step, the voltage drops significantly from 1.21
to 0.85V (AE,=0.36 V). Thus, the voltage gap at the first current
step (AE,) is much greater than that at the second (AE,) and third
voltage (AE;) gaps, which result in voltage drops of AE,=AFE,=0.13 V.
The reason why the first voltage gap is much larger than the sec-
ond and third gaps is unclear at this stage. If slow relaxation at the
first voltage gap is related to activation polarization caused by slow
charge transfer, then the current-voltage behavior in Fig. 8 should
represent a steep decrease near to zero current for the AFC fuels.
However, the current-voltage behavior exhibits a linear decrease
with applied current. This behavior could be strongly connected to
the gasification of the solid fuel, the gas transport paths through
the porous solids as well as fuel oxidation at the porous electrode.
In addition, negligible differences in oxidation between the AFCs
are indicated by these SC results.

CONCLUSION

AFCs of Arutmin sub-bituminous coal and Berau bituminous
coal were successfully prepared using microwave irradiation. Raw
coals were extracted under conditions of 202 °C and atmospheric
pressure, and the following conclusions can be drawn:

(i) As a strong polar solvent, NMP is the best polar solvent and
could successfully perform the extraction. The extraction ability of
NMP is higher than DMA, DMF and DMSO.

(i) The extractability of Berau coal is higher than that of Arut-
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min coal. The highest extraction yield of Arutmin coal in NMP
was 23.53% and that of Berau was 33.80% at 202 °C and atmospheric
pressure. The ash content of the AFCs was reduced to about one-
tenth of that in the raw coal.

(iii) The oxidation behavior of the different AFCs in a DCFC
was similar. The DCFC ran successfully with the AFCs at 850 °C.
The E ¢y of the AFCs were about 1.35 V for Arutmin coal and 1.26 V
for Berau coal at 850 °C. The voltage outputs were 0.61 V for AFC1
and 0.74V for AFC2 at a current density of 150 mA cm™’. These
results support the hypothesis that the performance of AFCs would
be indistinguishable, regardless of the raw coal species.

(iv) The AFCs showed a steeper slope than hydrogen fuel in the
current-voltage plot, indicating that the AFC had a larger resistance
than hydrogen in the oxidation. A possible reason is that the high
content of CO in the anode obstructs mass transfer of H, species.
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