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Abstract—An innovative pretreatment of Indonesian low-rank coal (ILRC) by 1-butyl-3-methylimidazolium chloride
([Bmim]Cl) ionic liquid (IL) was conducted. The obtained IL pretreated coal had a loose and porous structure. Fou-
rier transform infrared spectroscopy (FTIR) and Brunauer-Emmett-Teller (BET) analysis showed that pretreated ILRC
had a stronger absorption ability and an increased average pore size (from 23.6 to 51.8 nm). Steam-coal gasification
was conducted to explore the effect of coal pretreatment. The result showed that 1.63-times more hydrogen was gener-
ated from pretreated coal compared to original (i.e., untreated) coal, and carbon conversion (X,) increased from 89.03
to 97.25%. During CO, coal gasification, IL pretreated coal had a greater CO, consumption potential and generated
more CO. The chemical exergy of syngas of the pretreated coal gasification was higher than that of the untreated coal
gasification with CO, at 900 °C. In addition, pretreated coal emitted less CO, than untreated coal at 900 °C.
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INTRODUCTION

Global warming is becoming an urgent worldwide concern. CO,
is one of the main greenhouse gases (GHG), most of which is gener-
ated by fossil fuel combustion. As one of the three fossil fuels, coal
has occupied more than 50% of the world’s energy consumption
in the past centuries and is going to contribute to power genera-
tion in energy sectors. Investment in methods for reducing CO,
emission is therefore necessary in coal energy systems.

Coal gasification is a key promising technology as the clean coal
technology (CCT) to produce versatile energies such as chemicals
and electricity [1-4]. One way of reducing CO, is using CO, as gasifi-
cation agent and converting it to CO. CO, char gasification mostly
happens in mesopores, while the steam-char reaction takes place
in micropores [5]. The coal pores can be widely separated into three
types, based on their size: micropores (pore size, smaller than
2 nm), mesopores (pore size, 2-50 nm) and macropores (pore size,
larger than 50 nm) [6-10]. According to Tanner et al. [11], there are
three regimes of coal gasification. Regime I is controlled by chemi-
cal reaction, regime II by pore diffusion, and regime III by mass
transfer. At low temperatures, the rate is controlled by a heteroge-
neous reaction. While as the temperature increases and approaches
the transition to regime I, typically around 1,000 °C, the rate of the
chemical reaction increases and delivery of reagent gases to reac-
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tive carbon sites by diffusion through the pores begins to influ-
ence the overall rate of char conversion. The influence of pore size
on chemical reaction rate is increasing at regime I

A potential method of enhancing CO, coal gasification is by
changing coal structure, especially by increasing coal pore size,
because it has been proved that CO, char gasification mostly hap-
pens in mesopores [5]. Ionic liquid (IL) pretreatment can change
coal pore size and its structure. It can dissolve and swell inorganic
and organic structures, such as fibers and polymers [12] and is
capable of converting associated hydroxyl groups into dissociated
ones. The interaction between coal and ILs results in formation of
carboxyl groups. It is widely agreed that low molecular weight com-
pounds and macromolecules coexist in coals, with the former being
extractable ILs [13]. It was reported that extraction with 1-butyl-3-
methylimidazolium chloride ([Bmim]Cl) significantly changed the
type and distribution of hydrogen bonds in Xianfeng lignite coal
[14]. [Bmim]Cl is particularly effective in dissolving and swelling
lignite coal [15].

Pretreatment of coal with IL to enhance coal liquefaction was
well described in previous research, whereas the effect of coal gas-
ification enhancement was not investigated in detail. In this work,
an innovative method of IL pretreated coal gasification has been
studied. Both steam-coal gasification and CO, coal gasification were
researched to find the pretreatment effect for the coal particle prop-
erty and reactivity.

EXPERIMENT AND ANALYSIS

1. Reagents and Apparatus
Indonesian low-rank coal (ILRC) with low sulfur and nitrogen



446 S.-p. Yoon et al.

content was used in this work. Particles of 300-425 um size were
selected by using an appropriate sieve shaker [16]. [Bmim]Cl exhib-
ited optimal performance for coal extraction and lignite swelling,
being consistently able to alter the thermal and morphological prop-
erties of most coals used [14,15,17-20], and was chosen for this
work. [Bmim]Cl with 98% purity was purchased from Sigma-
Aldrich. N, and CO, were purchased from Hanil Gas Inc., with
purities of 99.9 and 98 vol%, respectively. Distilled H,O and CO,
were used as gasification agents. A furnace was used for both coal
pretreatment with [Bmim]Cl and moisture removal.

A high temperature resistant beaker (600 mL volume, 90 mm
diameter), used as container for coal pretreatment, was bought
from Duran Group. An air filtration pump (Millipore) and a poly-
mer membrane filter (Toyo Roshi Kaisha, Ltd.) with 3.0 um pore
diameter were used to separate IL, residue and pretreated coal. Both
pretreated and original coals were subsequently gasified in the same
fixed-bed reactor. The fixed-bed reactor, which is 22.5 mm in diame-
ter and 200 mm in height, was constructed in stainless steel with a
temperature controller. The reactor was heated using an electric
furnace to a predetermined temperature under a stream of nitrogen
with a flow rate of 1.5 L/min, controlled through a flow meter. The
gasification agents and nitrogen were fed to the top of the fixed-
bed reactor, while syngas came out from the bottom, leaving the
ash inside the reactor. A detailed description of the fixed-bed reac-
tor can be found in previous study [16]. A continuous online gas
analyzer system (i.e., Non-dispersive infrared sensor (NDIR, A&D
9000 Series)) was used to record gas output components.

2. Coal Pretreatment

ILRC and [Bmim]Cl were mixed in a 1: 10 mass ratio and sealed
in a beaker. The mixture was put into a furnace with an optimal
temperature of 150 °C [15] and was heated without stirring for 2 h.
Subsequently, the mixture was cooled to room temperature. The
pretreated coal was washed with distilled water until the washing
liquid became colorless and had neutral pH. The collected pre-
treated coal was dried in a furnace at 70 °C for 48 h to remove sur-
face moisture. Coal structure, pore size, volume, and components
could possibly change. A series of analyses were conducted to
examine the pretreated and original coal properties.

3. FTIR Analysis

The original coal, pretreated coal and [Bmim]Cl were analyzed
by Fourier transform infrared spectroscopy (FTIR) using a single-
reflection ATR attachment equipped with a Di crystal. The depth
of penetration during the analysis was estimated to be about 2 um.
The spectra were collected using Nicolet iS50/Thermo with 32 scans
at4cm™' resolution.

4. BET Analysis

According to the IUPAC dlassification, low-rank coals (C content
<75%) mainly contain macropores, coals in the 76-84% fixed car-
bon range mainly contain micro- and transitional pores, and high-
rank coals with >80% fixed carbon mainly contain micropores [8].
Mesopores are accessible to N, and CO,, while micropores are
only accessible to CO, [6,10]. Standard measurements using CO,
low pressure gas adsorption techniques can only probe pores with
sizes of 0.3-0.85 nm [10], which is in the lower micropore range.
Since the coal used herein was low-rank, containing mostly meso-
and macropores, N, (at 196 °C) was chosen as an adsorptive to
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characterize the pores of the samples during Brunauer-Emmett-
Teller (BET) analysis. N, is claimed to cover pores in the range of
1.7-300 nm (higher micro- and the entire mesopore range) [10].
Micromeritics TristarTM 3000 was used as an analytical instru-
ment. Prior to analysis, both coal samples were degassed at atmo-
spheric pressure and 90°C for 48 h. The adsorption/desorption
pressure P/P, ranged from 0 to 1.
5. Volumetric Measurements of Coal Samples

Liu et al. [15] measured the swelling ratio by comparing the coal
height before and after dissolution in IL. We used a volumetric method
to calculate the swelling ratio (Q) of the sample. Original and IL pre-
treated coal samples (0.6 g each) were placed into a 4 mm inner
diameter glass tube. The height of the original and pretreated coal
samples was measured and denoted as H,,, and H,,, respectively. The
swelling ratio was calculated according to the following equation:

Q = Hprc/ Harig ( 1 )

6. Coal Gasification

Both original and pretreated ILRC were subjected to gasifying
in a fixed-bed reactor. A mixture of 1.5g of coal and 0.3 g of K,CO;
(catalyst) was put into an electrically heated tubular fixed-bed reac-
tor. The experiment was conducted at atmospheric pressure with a
temperature range of 700 to 900 °C. Both gasification agents (H,O/
CO,) and carrier gas (N,, 1.5 L/min) were preheated at 600 °C and
then injected into the top of the reactor. A mixture containing 7.7
vol% of H,O/CO, in N, was used in this work. The produced gas
exited at the bottom of the reactor and then passed through a cool-
ing system (Lab. Companion RW-0525G) to separate the unre-
acted steam. The main gas products (H,, CO, CO, and CH,) were
then quantitatively analyzed by NDIR.
7. Evaluation of Thermodynamic Performance During Gasifi-
cation

The conversion efficiency of coal to syngas can be defined in
numerous ways, including feedstock conversion efficiency, syngas
yield efficiency; cold gas efficiency and exergy efficiency. Among
them, cold gas efficiency (7,) is considered as an important index
for accessing gasifier performance and can be calculated from the
following equation:

n=(mxHHV)/(mxLHV,) )

where m, and m;are the mass flow rates of syngas and feed fuels
(kg/h), respectively, HHV, and LHV/ correspond to the high heat-
ing value of syngas and the low heating value of feedstock, respec-
tively. The obvious disadvantage of this equation is that it does not
consider electrical heating power consumption. The gasification pro-
cess requires electrical heating to maintain the temperature such as
700, 800, or 900 °C. If consumption of electrical energy is not con-
sidered, 77. may exceed 1. Thus, this method is not suitable for our
purpose. The exergy efficiency calculation varies among different
literatures. Prins et al. [21] defined it as the exergy increase of the
gas divided by the exergy decrease of the solid fuel. This defini-
tion tends to provide higher efficiencies. Most of the studies use
the exergy ratio of the existing products to that of the incoming
tuels to represent exergy efficiency [22]. The chemical exergy effi-
ciency is defined as the ratio of the chemical exergy of the product
gas to that of input coal [23]. Due to the high temperature condi-
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tion for the gasification, physical exergy is also considered. Since
CO, and N, are injected as gasification agent and carrier gas, their
physical exergy is counted as input exergy. CO, reacts with coal and
therefore its chemical exergy should be counted as input exergy.
The overall chemical exergy efficiency (7,) is thus given by:

n=Emx (ES+E))/((myxE)+EP"N,+EP"CO,+E“CO,) ®3)

where Ef', E/" and E*CO, denote the chemical exergy of syn-
gas, feedstock coal and input CO,, respectively, and Ef’, E”N, and
E”"CO, represent the respective physical exergy of syngas, input
N, and CO, from room temperature to the pre-determined gasifi-
cation temperature.

To determine the chemical exergy of coal, a literature correlation
[24] was used:

E/'=pxLHV @

1.0438+(0.0158x n(H)/n(C)) +(0.0813 xn(0)/n(C)),
n(0)/n(C)<0.5
B=1 1.0414+(0.0177x n(H)/n(C)) - (0.3328 xn(0)/n(C)) (5
x(1+(0.0537 xn(H)/n(C)))/(0.4021 xn(O)/n(C)),
0.5<n(0)/n(C)<2

where [ is correlation value of chemical exergy of coal, n(H),
n(C) and n(O) are mole fractions of the corresponding elements
in coal. LHV (=0.943-HHV) is the low heating value of coal and
HHYV is the high heating value of coal. Two methods for calculat-
ing the HHV of fuel exist. One uses the HHV-0 function in the
REFSYS correlation property from the Aspen Plus physical prop-
erty database [25]. The other method uses the correlation devel-
oped by Chinniwala and Parikh (in MJ/kg) [26]:

HHV,=(0.3491xZ)+(1.1783x Z;;)— (0.1034x Z) (©)
—(0.0151xZ,)+(0.1005%Z)— (0.0211xZ,)

where HHV/ stands for the high heating value of coal, Z (X=C,
H, O, N, S and A) represents the weight fraction (dry basis, wt%)
of elements and ash (A). This equation was developed for a wide
range of fuels, from coal to biomass. In this work, the HHV, was
calculated using Eq. (6).

The physical exergy of a pure substance is given by:

E"=(H—Hy)~ (Tyx(S=5)=(H~ (Tox))~ (Hy— (TyxSy)) @)

where E™ denotes the physical exergy of a pure substance, H
and S are the enthalpy and entropy at given temperature and pres-
sure, Hy and S, are the values of the above parameters at standard
temperature and pressure (298.15K, 1 atm) and Tj, is the standard
temperature (298.15 K). The values of H-T,S and Hy—T,S, can
be conveniently calculated from the Aspen Plus property set using
the AVAILMX function.

The chemical exergy of all gaseous components is obtained using
the following equation [27]:

E"=AG’+Zn,xE"l’ 8)
where E” is the chemical exergy of gaseous components, AG’

denotes the standard Gibbs free energy of formation, n, is the num-
ber of moles of the elements in the compound under consideration

and E”el” is the standard chemical exergy of the elements.
RESULTS AND DISCUSSION

1. Coal Pretreatment

Fig. 1 shows a conceptual diagram of the coal structure changed
by pretreatment with [Bmim]CL Compared to original coal, the
average pore size was increased by a factor of greater than two times,
whereas the particle size was slightly decreased. It is obvious that

[BmimlCI
Pretreatment

Fig. 1. Conceptual graph of coal structure changes after [Bmim]Cl
pretreatment.

Table 1. Proximate and ultimate analysis of original and [Bmim]Cl
pretreated coal

Orig.  [Bmim]Cl

ILRC Pre. ILRC
Moisture 13.63 7.32
Volatile matter ~ 44.44 49.88
Fixed carbon 38.63 41.86

Proximate analysis
(air dry basis, wt%)

Ash 33 0.94

Ultimate analysis C 73.11 68.77
(dry basis, wt%) H 3.95 4.90
O 19.59 22.59

N 1.02 2.60

S 0.06 0.13

Ash 227 1.01

Fig. 2. Volumetric measurement (left: original coal; right: pretreated
coal, 0.6 g respectively).

Korean J. Chem. Eng.(Vol. 35, No. 2)
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the IL removed a fraction of coal as a result of dissolution and wash- as shown in Fig. 2, which indicates that pretreatment induces size
ing with distilled water. Table 1 indicates that coal pretreated with shrinkage. In this work, original coal had a height of 1.05 cm (H,,),
[Bmim]Cl showed a markedly decreased ash content. Nitrogen while pretreated coal had a height of 1.0 cm (H,,.) on the basis of

content clearly increased after pretreatment. the same weight.
6.00 g of original ILRC yielded about 5.03 g of pretreated ILRC
on average. Pretreated coal had a smaller volume than original coal, Q=H,./H,;=095 ©)
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20 15
15} 1
e
T
/.//
) -~ -y
o' ~ =
- o
U / ’ }
0.00 0.25 0.50 0.75 1.00 1.25 1.50 125 1.50
20
0.4
15
- I
= 10 ':':',
T o
0.2
0.5
L ,‘?-f
0.0 L—e="" 1 L L L J 0.0 = I L L L L
0.00 0.25 0.50 0.75 1.00 1.25 1.50 0.00 0.25 0.50 0.75 1.00 1.25 1.50
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Fig. 5. Main products of coal gasification at 800 °C (red: using H,O; black: using CO,, Solid line: original coal; dotted line: pretreated coal).

The coal size decrement is an additional proof of the fact that
bulk density of the coal was enhanced. Using the same fixed-bed
reactor; more pretreated coal can be gasified. Besides, less ash means
that less slag or fly ash might be dealt with.

2. FTIR Analysis Results

Inner structural changes were analyzed by FTIR. In Fig. 3, the
FTIR spectra of the original ILRC (OILRC), pretreated ILRC
(PILRC) and [Bmim]CI show that PILRC shares no similar peaks
with the characteristic absorptions of [Bmim]Cl at 1,573, 1,465 and
1,169 cm™', meaning that PILRC was thoroughly washed [15].
PILRC exhibits a notably higher absorbability compared to OILRC,
meaning that part of the related bonds is destroyed by the ionic
liquid and that bond polarity is increased [28].

The IL destroys cross-links in coal structure and dissolves some
low molecular weight compounds. The chloride anion acts as a
strong hydrogen bond acceptor, forming hydrogen bonds with vari-
ous hydroxyl groups on the coal surface. These hydrogen bonds
can replace inter and intramolecular hydrogen bonds in coal and
lead to the dissolution of some low molecular weight compounds.
Consequently; the active groups associated with that content decrease
in number or weaken [28]. As shown in Table 1, the clear decrease
of inner moisture and ash content proved that IL pretreatment can
remove small molecules from coal and increase pore size.

Both pretreated and original coal exhibited aliphatic C-H stretches
at around 2,920-2,850 cm ' [28,29]. Pretreated coal showed a peak

at 1,701 cm™', which was assigned to C=0 bonds. The high con-
tent of the latter may be one reason for the higher production of
CO,, as it will be discussed in the gasification result part, in detail.
Both coal samples also showed a peak at 1,577 cm™". Pretreated
coal exhibited a wider range of aliphatic C-H bends compared to
original coal, implying the presence of a greater number of C-H
bonds. The higher C-H bond count may cause higher production
of CH,, especially in the steam-coal gasification, as shown in Figs.
4-6. Several peaks in the 1,300-1,100 cm™" range [30] observed for
original coal are attributable to phenoxy groups, while pretreated
coal shows only one peak in this range, implying that a large pro-
portion of phenoxy moieties is destroyed during the pretreatment
and the structures are loosened. The bending vibration of methyl
groups (1,376 cm ™) in original coal samples contrasts with the strong
C-O (1,170 cm™") stretch [31,32] of pretreated coal. The decrease
of the number of C-O bonds during pyrolysis or gasification is con-
trolled by diffusion [33]; after pretreatment, the pores are enlarged.
A higher CO content is therefore possible, as shown in Fig. 6. Both
pretreated and original coal displays out-of-plane vibration of aro-
matic C-H bonds at 818 cm™" in the range of 900-700 cm™" [29,
34]. Only pretreated coal has a detectable peak at 742 cm™", imply-
ing the presence of more than four CH, units in the chain.
3. BET Analysis Results

N, absorption analysis shows that the average pore diameter of
pretreated coal (51.8 nm) is more than two-times larger than that

Korean J. Chem. Eng.(Vol. 35, No. 2)
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Fig. 6. Main products of coal gasification at 900 °C (red: using H,O; black: using CO,, Solid line: original coal; dotted line: pretreated coal).

Table 2. Comparison of pore characteristics of pretreated and original coal

Average pore diameter Total pore volume BET surface
Coal type Solvent at desorption (nm) at desorption (cm*/g) area (m’/g) Ref.
Orig. Pre. Orig. Pre. Orig. Pre.

ILRC [Bmim]Cl 236 51.8 0.019 0.009 2275 0218 -
CP No. 3 Anthracite Tetrahydrofuran (THF) 9.75 9.76 0.0029 0.0040 0.8718 0.7144 (7]
YZ No. 5 Bituminous 14.4 13.96 0.0045 0.0074 0.5915 1.0171
Z] No. 9 Bituminous 8.55 17.73 0.0028 0.0359 0.4101 0.2089
XG No. 8 Bituminous 4.65 7.76 0.0087 0.0111 4.6476 3.6706
Springfield coal CH,Cl, 57 6.7 0.02 0.01 16.9 6.5 (6]

CH,OH 57 59 0.02 0.02 16.9 12.5
Lower block coal CH,Cl, 4.4 4.5 0.06 0.03 62.9 36.1

CH,0OH 44 43 0.06 0.07 62.9 75.3

of original coal (23.6 nm) (Table 2), while the total pore volume is
lower than for original coal. Ji et al. [7] studied several coals extracted
by ILs and found that in some cases mesopore volume increased
by more than a factor of two, while the micropore volume did not
change after extraction. The specific surface area decreased, while
the average pore diameter increased after IL extraction. Furmann
et al. [6] found that coal average volumes may increase or decrease,
depending on the solvent used. The results of aforementioned pre-
vious researches ensure that the extractability of coal depends on
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solvent and coal rank. Pretreated coal volumes can be larger or
smaller than the ones of the original, with pretreated coal pore
diameter usually larger than for original coal.

BET equation was used to calculate the specific surface area in
this work:

(P/P)/(VX(1—-P/Py))=1/(V,,xC)+(C— 1)x(P/Py)/V,, (10)

where P/P; denotes relative pressure, V is the volume of the ad-
sorbed gas at P/P,, V,, is the volume of the adsorbate monolayer
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Fig. 7. BET analysis results of original and pretreated ILRC. (a) Isotherm plot of the volume adsorbed by original and pretreated ILRC as a
function of pressure. (b) BJH desorption dV/dlog(D) of original and pretreated ILRC.

on the surface and C is the BET constant. Pretreated coal had a
smaller BET surface area than original coal, as shown in Table 2.

Both pretreated and original coal exhibited high values of ad-
sorbed volume during the desorption process. The difference indi-
cated that pretreated coal had a smaller increase of the absorbed
volume in the desorption than in the adsorption process. Besides,
original coal showed higher volume absorbability than pretreated
coal (Fig. 7(a)). The weight loss after extraction and the increase of
pore diameter indicate that the IL pretreatment can not only
expand the original holes (including macropores, mesopores and
micropores), but also dissolve small molecules framed in the com-
plicated coal matrix, and thus create a new pore structure.

The Barrett-Joyner-Halenda (BJH) theory was used to obtain
meso- and macropore volumes and the average pore diameters.
Fig. 7(b) shows that pores ranging from 1.7-300 nm had the big-
gest share of the total pore volume. The BJH desorption cumula-
tive volume of pores with diameters between 1.7 and 300 nm was
0.009 cm’/g for pretreated coal, whereas original coal had a much
larger cumulative pore volume (0.019 cm®/g). The desorption pore

volume graph shows that the pore diameter of pretreated coal was
mostly in the range of 40-100 nm, whereas the values for original
coal were distributed in a wider range of 10-100 nm. This indi-
cates an increase of the overall pore diameter and the predomi-
nance of macropores. Mesopores were dominant in original coal,
with micropores having the least share. Resultingly, pretreatment
with [Bmim]Cl increased coal pore diameter while decreasing the
BET surface area and the total volume of pores with diameters
between 1.7 and 300 nm.
4. Coal Gasification

To understand the IL pretreatment effect on coal gasification,
both H,0O and CO, gasification were conducted. To obtain more
exact values, three repetitive experiments were conducted for each
gasification condition. The variance within each group of experi-
ment results was smaller than 0.5%. The gas evolution trend and
carbon conversion of pretreated coal were different with the val-
ues obtained from original coal. The main gas evolution trends are
shown in Figs. 4-6. Carbon conversion was calculated according to
Eq. (11):

Korean J. Chem. Eng.(Vol. 35, No. 2)
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X.=(Volgy+Volpy+ Vol ) x MWC/(N, X (T,,sx F.)) x 100 (11)

where X_ is carbon conversion, Vol Vol and Vol indicate
volumes of CO, CO, and CH,, respectively, MWC is the molar
weight of carbon, N, is the volume of one mole of gas at standard
conditions, T, is the total weight of input coal and F, is the car-
bon content of coal.

The gasification results are in agreement with literature. Wang
et al. [35] found that the IL-treated coal loses less weight than un-
treated coal before ignition, since most of the easily oxidized groups
dissolve in ionic liquids and are washed away by distilled water
during pretreatment. It was observed that the weight change rate
of IL-treated coal was slower than that of the untreated coal during
the whole process (<330 °C). At higher temperature, the increased
weight loss rate indicates the activation of aromatic functional groups.

Figs. 4-6 show the main gas evolution trend as a function of
time. At 700 and 800 °C, less CO gas was produced from pretreated
coal than from original coal. It took the pretreated coal longer to
convert completely. However, it showed obvious advantages over
original coal at 900 °C. At lower temperature, gasification of pre-
treated coal was slower than of the original, possibly due to the
loss of minerals during IL pretreatment. Researchers [36,37] found
that alkali and alkaline earth metallic species (AAEM) catalyze
char gasification. Calcite (CaCO5) decomposed to CaO can simul-
taneously attract CO, and H,O to the coal surface, making their
reaction with coal much easier. Ca, Al and Si together constitute
60-80 wt% of ash in coal [38,39]. As described in Table 1, about
71.5% of ash was removed by IL pretreatment. The catalytic effect
of Ca in gasification was greatly weakened for pretreated ILRC. As
described in the FTIR part, more C=0 bonds were present in pre-
treated than in original coal. The loss of ash as catalyst was offset
by a higher C=0 bond content. The CO, production in steam-coal
and CO,-coal gasification was almost the same at 700 and 800 °C.
However, the enlarged coal pore size made gas diffusion easier at
900 °C and more CO, was generated in the steam-coal gasification.
At high temperature (900 °C in this work), a reactivity enhance-
ment was detected for both H,0 and CO, gasification, with the
catalytic effect of ash weakening at higher temperature. The reac-
tion rate was controlled by gas diffusion into pores (regime II). As
described in the BET analysis part, the size of macro- and meso-
pores increased dramatically, with most of the micropores con-
verted to mesopores. H,O and CO, had easier access to micro- or
mesopores via the enlarged macropores in pretreated coal. There-
fore, at 900 °C, [Bmim]Cl pretreated coal showed obvious advan-
tages over original coal in the gasification reaction.

Due to the introduction of CO, as gasification agent, it is diffi-

Table 3. Carbon conversion (X,) and CO, output comparison

Orig. coal Pre. coal
X7 (900 °C) 89.03 97.25
CO,/C (L/g)" (700°C) 15.60 15.46
CO,/C (L/g)" (800°C) 13.29 1341
CO,/C (L/g)" (900°C) 13.20 12.20

“H,0 was used as a gasification agent
*CO, was used as a gasification agent
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cult to calculate the carbon conversion for the CO, coal gasifica-
tion. Only the carbon conversion of the steam-coal gasification at
900 °C was considered. Table 3 shows that pretreated coal had a
carbon conversion of 97.25%, whereas original coal exhibited a value
of 89.03%. More than 8% of coal was converted to syngas after
pretreatment.

In the gasification temperature range (700-900 °C), steam-coal
gasification generates about six times more hydrogen than CO,
coal gasification. The hydrogen generated by the latter comes only
from coal, while in the former, it also comes from steam.

Further analysis of coal gasification was conducted. Pretreated
coal exhibited a larger slope increase of vol. (CO)/wt. (C) (L/g) than
original coal in steam gasification, as shown in Fig. 8(a). The vol.
(COy)/ wt. (C) (L/g) value for the gasification of original coal de-
creased at 900 °C, while pretreated coal exhibited a slight increase
(Fig. 8(b)). The substantial CO, decrease may be due to the occur-
rence of the Boudouard reaction at the high temperature [40]. Origi-
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Fig. 8. Comparison of CO and CO, volume during steam-coal gas-
ification (OILRC: original ILRC, PILRC: pretreated ILRC).
(@) Output of vol. (CO)/wt. (C) (L/g) with H,O as a gasifica-
tion agent. (b) Output of vol. (CO,)/wt. (C) (L/g) with H,O
as a gasification agent.
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Fig. 9. Comparison of CO and CO, volume during CO, coal gasifi-
cation (OILRC: original ILRC, PILRC: pretreated ILRC). (a)
Output of vol. (CO)/wt. (C) (L/g) with CO, as a gasification
agent. (b) Output of vol. (CO,)/wt. (C) (L/g) with CO, as a
gasification agent.

nal coal had a greater content of the catalytically active ash than
pretreated coal. Pretreated coal provided better steam access to
active sites, favoring reaction with solid carbon to generate H, and
CO. As the syngas released from the active site and went from the
coal, CO might have continuously reacted with steam, and thus
the amount of CO, did not decrease, but slightly increased. The
amount of generated hydrogen was greatly increased during steam-

Table 4. Exergy of syngas and feedstock and exergy efficiency

09 —=—OILRC
—&— PILRC

Chemical exergy efficiency ()

0.4 1 | 1 1
700 750 800 850 900

Temperature (°C)

Fig. 10. Chemical exergy efficiency with CO, as a gasification agent
(OILRC: original ILRC, PILRC: pretreated ILRC).

coal gasification, being 1.63-times of the amount produced from
original coal at 900 °C (Fig. 6). The slope decrease of pretreated
coal is smaller than that of original coal (Fig. 9(a)). More than 7
and 25% of CO were generated in pretreated coal gasification with
CO, and H,0, respectively (Fig. 6). Under the same conditions,
pretreated coal gasification in CO, atmosphere reduced CO, emis-
sion by 6.7%, while pretreated coal gasification in H,O atmosphere
showed that almost two times more of CO, was generated. In the
CO, gasification, at 900 °C, pretreated coal consumed large amounts
of CO,. CO, output volume per C gram of the pretreated coal gas-
ification decreased sharply when the temperature was increased
from 700 to 900 °C, as shown in Fig. 9(b). For every gram of C,
gasification of pretreated coal resulted in the emission of one liter
CO, less than the gasification of original coal at 900 °C. One liter
of CO, contains about 0.53 g of C. This means that the original
coal emitted 0.53 g more carbon as CO, for every gram of solid
carbon during gasification. Therefore, [Bmim]Cl pretreatment has
a great potential way to convert CO, into the useful fuel gas (CO)
and consequently reduce CO, emission.
5. Exergy Analysis

The calculated chemical exergy, physical exergy of syngas, phys-
ical exergy of carrier gas, chemical exergy of coal and chemical
exergy efficiency are listed in Table 4. The chemical exergy effi-
ciency was calculated based on the total coal weight of 1.5g.

Original coal had a much higher physical exergy than pretreated

Orig. 700 °C Pre. 700 °C Orig. 800 °C Pre. 800 °C Orig. 900 °C Pre. 900 °C
E* (k]/kg) 3977.11 3245.00 7847.51 6891.95 8933.71 9687.05
B (k]/kg) 361.76 361.98 454.14 451.51 545.52 523.51
E“CO, (kj/kg) 451.49 451.49 451.49 451.49 451.49 451.49
E”N, & E™CO, (kJ/kg) 354.48 354.48 438.03 438.03 526.10 526.10
E" (MJ/kg-coal) 2836 27.83 2836 27.83 2836 27.83
7. 0.55 045 0.86 0.74 0.82 0.89

Korean J. Chem. Eng.(Vol. 35, No. 2)
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coal, as shown in Table 4, due to its lower content of oxygen and
nitrogen. It is clear that both physical and chemical exergies of syn-
gas increased as the gasification temperature was raised. Regard-
ing chemical exergy, pretreated coal exhibited a lower value than
that of original coal at 700 and 800 °C, but a higher value at 900 °C.
The chemical exergy efficiency of syngas to input feedstock increased
with increasing temperature. The chemical exergy efficiency of pre-
treated coal was higher than that of original coal at 900 °C (Fig. 10).

All of the above results indicate that pretreated coal generates
syngas with a higher chemical exergy efficiency at 900 °C. Pretreat-
ment is favorable at higher gasification temperature, being not only
able to increase chemical exergy efficiency, but also reduce CO,
emission.

CONCLUSIONS

The pretreatment effect of coal by ionic liquid and its own prop-
erties and gasification characteristic were investigated. The struc-
ture of coal pretreated with [Bmim]Cl was dramatically changed.
Most of the small, easily volatilized molecules and ash were dis-
solved and washed away during pretreatment and subsequently
washed with distilled water. The loss of small molecules and cata-
lytic ash reduced the gasification rate, especially at low tempera-
ture (700 and 800 °C).

However, at high temperatures (in particular, 900°C in this
work), when the reaction rate was governed by gas diffusion, the
pretreated coal indicated a clearly higher gasification rate due to
the larger pore size (more than two times compared to original
coal). Pretreated coal generated 1.63-times the amount of hydro-
gen compared to original coal in steam-coal gasification at 900 °C.
When CO, was used as gasification agent, pretreated coal con-
sumed much more CO, and generated more CO than original
coal. For every gram of coal, original coal gasification with CO,
led to the emission of one liter of CO, more than pretreated coal.
Coal pretreatment with [Bmim]Cl enhanced the consumption of
CO,, resulting in higher purity CO production than that under
steam-coal gasification.

The carbon conversion of coal by pretreatment increased from
89.03% to 97.25% during steam-coal gasification. The chemical
exergy of pretreated coal was lower than that of the original coal due
to its higher content of oxygen and nitrogen. Syngas from pretreated
coal had higher chemical exergy than original coal under CO, gasifi-
cation condition. The chemical exergy efficiency of pretreated coal
increased to 7% in comparison with original coal at 900 °C.
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NOMENCLATURE

E*  :chemical exergy of gaseous components [kJ/kg]

February, 2018

E®CO, : chemical exergy of input CO, [kJ/kg]

E%l" :standard (298.15K, 101.325kPa) chemical exergy of ele-
ments [k]/mol]

E}h : chemical exergy of coal [M]J/kg]

E”S :chemical exergy of syngas [kJ/kg]

E”  :physical exergy of a pure substance [kJ/kg]

E""CO, : physical exergy of input CO, from room temperature to
predetermined gasification temperature [kJ/kg]

EP"N, : physical exergy of input N, from room temperature to pre-
determined gasification temperature [k]/kg]

E”S :physical exergy of syngas [kJ/kg]

H  :enthalpy at given temperature and pressure [k]/kg]

H. :enthalpy at standard temperature and pressure (298.15 K and
1 atm) [KY/kg]

HHYV;: high heating value of syngas [M]J/kg]

HHV/: high heating value of coal [M]/kg]

H,;, :height of original coal [cm]

H,. :height of pretreated coal [cm]

m, :mass flow rate of syngas [kg/h]

m, :mass flow rate of fuels [kg/h]

MWC : molar weight of carbon [g/mol]

N, :volume of one mole of gas at standard conditions [L/mol]

n, :number of moles of elements [mol]

n(C) :mole fraction of carbon

n(H) : mole fraction of hydrogen

n(O) : mole fraction of oxygen

OILRC: original ILRC

PILRC: pretreated ILRC

Orig. : original

Pre. :pretreatment

P/P, :relative pressure

Q  :swelling ratio

S :entropy at given temperature and pressure [k]/kg]

S, :entropy at 298.15K and 1 atm [k]J/kg]

T, :standard temperature of 298.15 K

T, :total weight of input coal [g]

V  :volume of the adsorbed gas at P/P, [cm’]

V,, :volume of adsorbate monolayer on the surface [cm’]

Vol : volume of CH, (L)

Vol : volume of CO (L)

Volo, : volume of CO, (L)

X,  :carbon conversion

Z, :weight fraction of ash [wt% dry]

Z:  :weight fraction of carbon [wt% dry]

Zy  :weight fraction of hydrogen [wt% dry]

Zy  :weight fraction of nitrogen [wt% dry]

Z, :weight fraction of oxygen [wt% dry]

Z;  :weight fraction of sulfur [wt% dry]

B :correlation value of chemical exergy of coal

AG’ :standard gibbs free energy of formation [kJ/kg]

1. :cold gas efficiency

7,  :exergy efficiency
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