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Abstract Coal gasification has already been extensively studied earlier under varying conditions of steam, CO,, O,, inert
conditions. Belbaid coal and its e, N and NMP-DETA SCC products recovered through organo-refining under milder
ambient pressure conditions were subjected to CO,-gasification in a fixed bed reactor under varying conditions. CO, being
an inert gas becomes the most challenging to be utilized during the gasification process. The SCCs showed better CO,-
gasification reactivity than the raw Belbaid coal at 900 °C. The use of the catalyst K,COj3 tremendously increased the
gasification reactivity for both raw coal and the SCCs. The use of sugarcane bagasse for CO,-gasification along with raw
coal as well as with residual coal was also studied. Gasification under CO, atmosphere conditions was used to structurally
understand the coals as the coal structure gets loosened after extraction.

Keywords Coal - Solvent extraction - CO, gasification - Catalyst

1 Introduction

The direct use of coal is resulting in the generation of CO,,
a green house gas responsible for the climate change and
consequent problems (Sharma et al. 2008). Since a large
reserves of coal are available as an organic feedstock world
over it is logical to think about the exploitation of coal as a
source of chemicals, materials, products etc. besides of
course as a cleaner fuel after refining (Sharma and Dhawan
2018). Coal is a contaminated organic feedstock, however,
it is possible to produce super clean coal that is a refined
coal having almost zero ash contents through separative-
organo refining techniques under milder ambient pressure
contents (Dhawan et al. 2018; Sharma and Dhawan 2018).
Though the process is economically not viable but this

<l Heena Dhawan
heena.6sep @gmail.com

Centre for Energy Studies, Indian Institute of Technology
Delhi, New Delhi 110016, India

Department of Chemical Engineering, Indian Institute of
Technology Delhi, New Delhi 110016, India

@ Springer

holds a great potential for future research and later
exploitation to obtain value added chemicals, materials and
cleaner fuels. Recently, Sharma et al. (2019) have reported
the studies on pyrolysis-GCMS of the super clean coal
(SCC) obtained from the organo-refining of coals. This
process can help in producing cleaner feedstocks for
industrial applications in future. Separative organo refining
of coal process can help in easier recovery of costly organic
solvents in the direct liquefaction of SCC through hydro-
genation. SCC can also be gasified to obtain syn-gas for use
in the Fischer-Tropsch synthesis or for the production of
methanol. Potential of the gasification of SCC in the inte-
grated gasification combined cycle power generation has
also been highlighted by Sharma and Giri (2016). Sharma
et al. (2011) have reported the studies on the steam gasi-
fication of solvent extracted and pre-pyrolysed Indian coals
under milder ambient pressure conditions. However, the
rate of gasification of coal is controlled by the CO, gasi-
fication reactions as these are slower than the steam-gasi-
fication reactions. Recently Sharma and Giri (2016) have
reported on the CO, gasification reactivity of separative
refined Indian coals mainly through thermogravimetric
analysis. Presently studies have been extended on the CO,
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gasification reactivity of separative organo-refined coal by
using a fixed bed gasification reactor.

Presently, there is a lot of stress on the reduction in the
CO, gas emissions which can mainly be achieved through
strategic implementation of the methods to capture CO,
and can be used to produce valuable fuels and chemicals
(Dhawan et al. 2018). One of the suggested methods
include the injection of CO, more than 90% concentration
in gas or liquid stream into the oceans or underground deep
geological sites (Efthymia et al. 2018; Leung et al. 2014;
Schafer 1991). It may be mentioned that solar and wind
energy are being exploited as cleaner forms of energy
replacing coal and other fossil fuels. However, still there
are concerns about the use of toxic materials such as Pb,
Cd, Zn etc. in the manufacture of high efficiency photo-
voltaic cells. These cells may have to be disposed off after
20-25 years and then the management of these hazardous
wastes including the wastes from batteries may also have to
be tackled (Babaygit 2016).

Coal gasification is generally carried out at high tem-
peratures (< 1000 °C) (Tomita et al. 1985; Takarada et al.
1992; Kubiak et al. 1983; Huhn et al. 1983). At these
temperatures, the gasification of coal is most readily per-
formed. The fluidized bed gasification is normally carried
out at relatively lower temperatures of about 800-900 °C
(Adschiri and Furusawa 1986). The use of steam offers
relatively faster gasification rates, however, there is a need
for the utilisation of CO, for the obvious reasons discussed
before. The following reactions (along with their AH®,9g)
take place during coal gasification:

C <90—120—240H <~ 6-9-200S

yN, + O, + H,O0 - C Hy,, + other products (overall
endothermic reaction)

C,H,, » nC + mH

C+ 120, - CO Aﬁ298 = + 202.4 kJ/mol (endother-
mic reaction)

C + 0, —» CO, Aﬁzgg = — 405.9 kJ/mol (exothermic
reaction)

C 4+ CO, —» 2CO AI‘OI298 = + 159.7 kJ/mol (endother-
mic reaction)

C + H,O - CO + Hy, AHyog = + 118.9 kJ/mol (En-
dothermic reaction)

CO + HQO g C02 + H2
(exothermic reaction)

C + 2H, — CHy4 Aﬁzgg = — 87.4 kJ/mol (exothermic
reaction)

AHo5 = — 40.9 kJ/mol

Since CO, gasifications are normally slow, therefore the
enhancement in the rate is brought out with the help of a
catalyst (Sun et al. 2004). The most widely used catalysts
are the alkali metals (Perez-Florind et al. 1993) out of
which K,COj has been most favourable. Catalysts not only
help in increasing the rate of gasification but these also help

in H, production (Wang et al. 2005). The hindrance of the
ash particles on the activity of the catalyst results in the
reduction of the efficiency of the process. To overcome this
problem, a number of coal pretreatment methods (solvent
extraction and chemical leaching) to remove the ash fol-
lowed by gasification have been performed on a number of
coals (Sharma et al. 2008; Wang et al. 2005; Formella et al.
1986). The presence of ash has been reported to account for
the loss in catalyst activity (Yoshida et al. 2002; Okuyama
et al. 2004). Amongst these techniques solvent extraction
of coals results in producing almost zero ash super clean
coals (Sharma and Dhawan 2018).

Coal gasification has been performed under varying
conditions of steam, CO,, O,, inert conditions. Various
combinations have been used in the past to increase the rate
of the gasification (Sharma and Giri 2016; Nishiyama
1986). The greater utilization of CO, is ensured with the
gasification process being performed under CO, atmo-
sphere. The major advantage is the reduced emission of
CO; into the atmosphere. CO, being an inert gas becomes
the most challenging to be utilized during the gasification
process. However, this offers better accessibility to the coal
to be gasified under CO, conditions. From the economic
point of view, low gasification temperature is desired.
Group V111 metals, alkali and alkaline earth metals have
been found to be the most effective catalysts for gasifica-
tion of coals. In several high ash (low rank) coals, the
inherent mineral matter has been observed to act as the
catalyst for gasification (Calemma and Radovic 1991; Liu
et al. 2003; Huang et al. 1991; Matsuoka et al. 2008;
Grigore et al. 2008; Bai et al. 2009).

Most alkali and alkaline earth metals volatilize at
1000 °C, therefore, lower temperatures would be required
for the catalytic gasification using alkali metals. The study
on the gasification of the chars at 900-1500 °C was per-
formed by Tang et al. (2002) and they concluded that the
molten ash deposited on the gasifier hinders the gasification
process. Even at such high temperatures (1100-1500 °C),
the aluminosilicate melts above the ash softening temper-
atures and blocks the coal surface and hinders the gasifi-
cation processes (Bai et al. 2009; Li 2007). The rate of
gasification has been studied under varying reaction tem-
peratures and catalyst loadings by Li and Cheng (1995)
using Na,CO;3 and K,COj5 as catalysts and found that at
about 880 °C, the rate of the reaction first increases with
the increasing conversion and then decreases as the surface
area of the char and the catalyst concentration changes. The
difference in the chemical nature of the catalysts was
noticed as both sodium carbonate and potassium carbonate
showed different isokinetic temperature values which
affected the gasification process. Ye et al. (1998) proposed
the catalysed gasification rate as: Na > K>Ca > Ni that
affects the gasification reactivity. The mixture of the active
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actions was also tested and it was found that the individual
activity of the actions is more than the combined effect.
The reactivity can be controlled or varied with the presence
or the absence of the actions.

Earlier studies from the author’s laboratory have
reported (Sharma and Singh 1996) that the organo-refining
of coal using N-methyl pyrrolidone (NMP) or cetene is a
beneficial treatment for the CO, and steam gasification of
coals. The CO produced from the CO, gasification of coals
may be utilized in the reduction of iron ore in steel plants
(Chandaliya et al. 2016). In fact, it was proposed that it is
much easier and cheaper to integrate IGCC power gener-
ation systems with that of CO, storage, sequestration and
utilization. Major problems in the gasifiers still arise due to
the relatively high ash contents in the coals which reduces
the gasification efficiency in the commercial gasifiers.
Since the rate of steam gasifications is faster than that of
the CO, gasification reactions as mentioned before there-
fore, the latter also controls the mechanism of the gasifi-
cation reactions. The CO, gasification reactivity of NMP
and cetene extracted SCC was found to be high (Sharma
and Giri 2016). Even the CO, gasification reactivity of the
residual coals obtained from the solvent extraction of coals
showed high reactivity (Sharma and Giri 2016; Ren-
ganathan et al. 1988). The gasification of SCC would solve
the problem of hot gas clean up as this technology is not
yet fully developed. Yang et al. (2015) have studied the
CO, gasification reactivity of a high ash coal, Nanlong coal
(39.06%) and reported that the gasification temperature had
a huge effect on the reactivity of coal. The ash content in
the coals greatly affected their gasification reactivity. The
mineral matter contents in the coals also acted as catalyst to
promote the gasification process. One such observation has
been reported by Habibi et al. (2013) where an ash free
coal was catalytically gasified using K,COs as the catalyst.
Gasification using ash free coals would help in solving hot
gas clean up problems and would also be helpful in the
easier catalyst recovery (Gangwal et al. 1995; Park et al.
2006). The use of catalysts helps in reducing the temper-
ature of gasification of coals (Furimsky 1984; Sharma et al.
1991).

Earlier scholars have reported on the development of a
process of separative organo refining of coals using
N-methyl pyrrolidone containing smaller amount of
ethylenediamine (EDA) or diethylenetriamine (DETA)
(Pande and Sharma 2001; Dhawan et al. 2018; Dhawan and
Sharma 2019). These separative organo-refining processes
result in the production of SCCs having 0%—2% ash. In the
present work, the CO, gasification behaviour of a raw
Indian low ash coking coal (i.e. Belbaid coal having 15.6%
ash) and its SCC and residual coal (RC) obtained from the
organo-refining using NMP containing a small amount of
EDA or DETA has been studied. The action of the catalyst
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on the gasification behaviour and CO formation has also
been studied at lower temperature (900 °C). It was also
important to study the CO,-gasification of the coal frac-
tions obtained through separative-organo refining of coals
under milder conditions for studying the thermal degrada-
tion behaviour of coal.

Solvent extraction of coal leads to the loosening and
relaxation of coal structure especially in SCCs and RCs
through the disruption and removal of intermolecular
physical association forces (such as Van der waal forces,
London forces, H-bondings, charge-transfer and n-m
interactions) as well as the dis-association of entangle-
ments in the 3-dimensional cross linked polymeric gel
network structure of coals. Therefore, it would be of great
interest to study the CO, gasification behaviour of the
SCCs and RCs as against their raw coals. Studies were also
extended to investigate the CO, gasification behaviour of
RCs along with sugarcane bagasse to enhance the CO,
gasification reactivity. In fact the coals were pre-pyrolysed
to make these more reactive by generating active sites on
their surface beyond those created through solvent action.
The experiments were conducted in a fixed bed gasifier in
COs,.

2 Experimental
2.1 Experimental set up for gasification of coal

The gasification activity of the coal samples and their SCCs
and RCs was studied using a stainless steel fixed-bed
reactor (Inner diameter = 8 mm) at 900 °C temperature.
The experimental set up used for the gasification studies
has been shown in the Fig. 1. The laboratory gasifier was
made up of stainless steel which could handle about 3-5 g
of the coal sample (with and without catalyst). The initial
part of the gasifier is composed of the electrically con-
trolled heating system where the thermocouple was fitted
for measuring the temperature of the coal bed. A heating
rod was used to heat the sample in the coal bed reactant
line. Before purging CO, gas, the sample was pyrolysed
using N, (total flow rate = 40 mL/min) for 1 h. The final
mixture was fed into the reactor placed in a tubular furnace.
The use of nitrogen as a standard was preferred for sub-
sequent gas chromatographic analysis. The coal sample or
the SCC or RC was kept between the quartz wool pieces at
the middle of the reactor where the reaction temperature
was maintained at 900 °C. The gaseous products analysis
quantitatively was performed using a gas chromatograph
attached to TCD and Porapak Q and Molecular Sieve
13 x columns in series. The quantitative determination of
gaseous effluents was performed every 8 min with a total
time of each run for 45 min to an hour. The gases produced
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Fig. 1 Fixed bed reactor used for CO,-gasification

through the coal bed were collected at the bottom which
were separated through the coolant.

2.2 Experimental procedure

The reactor was loaded with the coal sample (2.4 g) and
the catalyst (K,CO3) (0.6 g) was added in catalysed gasi-
fication reactions. The gasifier was thoroughly flushed with
nitrogen in order to remove the oxygen present in the
pyrolyser. Then the reactor was heated (electrically)
(temperature was recorded using the calibrated thermo-
couple). The gases were purged at the rate: 40 mL/min
CO, + 40 mL/min N,). The gaseous products formed
from the gasification were collected in the GC-MS through

CO, Conversion(%) :

the syringe purged into the external tubing system. The
reactor was maintained at about 900 °C for 45 min under
1 atm pressure conditions to constantly record the change
in the gas composition (Table 1).

2.3 Calculations for gasification rate and CO,
conversion

Gasification rate (g/min) :
Coal(wt.)fed — Coal (wt.)after gasification
total time of gasification (min s)

Volumetric flow rate of CO, Q@ inlet of reactor — Volumetric flow rate of CO, Q outlet of reactor

Volumetric flow rate of CO, Q inlet of reactor
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Table 1 Proximate and ultimate analysis (wt%) (on air dried basis) of Belbaid coal and bagasse

Coal/bagasse Proximate analysis Ultimate analysis (daf) Atomic H/C
Mg Aq VM gar FC?* H N S O*

Belbaid coal 3.6 153 394 41.7 65.7 4.2 1.6 0.2 28.3 0.95

Bagasse 48.0 291 84.8 11.8 49.2 4.7 0.18 0.02 43.0 1.15

“By difference

Table 2 Experimental conditions of CO, gasification of coal

Sample

CO,-gasification conditions

Gasification temperature

Amount of Belbaid coal (loading)
Catalyst

Catalyst loading

Composition of gaseous feed mixture
Gasification run time

700, 800, 900 °C

24 ¢

K,CO5

0.6 g

40 mL/min CO, + 40 mL/min N,
45 min

3 Results and discussion

Table 1 shows the proximate and ultimate analysis of
Belbaid coal and Table 2 shows the experimental condi-
tions used for the CO,-gasification of coal.

3.1 Gasification of the raw coal
with and without catalyst (K,COs)

The gasification of Belbaid coal was conducted at 900 °C
in CO, atmosphere for 45 min. The gas composition was
monitored using a GCMS for the generation of H,, CO,
CO, gases. The gasification of the raw coal without the
catalyst showed no CO formation for 45 min. Even under
inert conditions minor CO formation (Table 3) was
observed from the raw coal when it was subjected to just
pyrolysis at 650 °C. The devolatilization and release of
moisture contents was observed initially. The CO, gasifi-
cation process is extremely slow because of the reverse
Boudouard reaction under atmospheric pressure conditions
and at such low temperatures (900 °C) is unfavourable,
especially at temperatures below 600 — 700 °C. When the
catalyst was added, the gasification rate increased both for
raw coal as well as in case of the SCCs. The results showed
the significant improvement in the gasification rate and the
carbon conversion (Table 4). The concentration of the
catalyst used was almost 20 wt% of the weight of coal.
The reason for the difference in the gasification reac-
tivity could be due to the active interaction of the potas-
sium actions of the catalyst with the ash present in the raw
coal in order for the gasification to take place at 900 °C in
case of the raw Belbaid coal. The H, formation takes place
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readily in case of SCCs as compared to that from the CO,
gasification of the raw coal. Most of this H; is formed from
the pyrolytic degradation of raw coal and SCCs. The cat-
alyst K,CO3 being used proves as a hindrance due to the
presence of kaolinite in the raw coal ash as proved by XRD
studies. This interaction of K,CO5; with the kaolinite results
in the formation of insoluble kaliophilite which further
results in the loss of the catalyst (Wang et al. 2005; For-
mella et al. 1986). Moreover the insolubility results in
kaliophilite deposition around the gasifier which might
affect the overall efficiency of the gasification process.
Negligible peak area of 0.47% due to CO formation was
observed with the raw coal being used under inert condi-
tions and when CO, was purged and the flow started, the
negligible conversion of CO, to CO was noticed. The
absence of steam results in the less formation of H, gas and
when the steam may be used along with CO,, then obvi-
ously the formation of H, would increase. The high con-
version of CO; to CO in this case shows the ability of both
the SCCs obtained after solvent extraction to be good
feedstock for the production of H, and synthesis gas.

The studies were further extended to use the SCCs and
RCs obtained from the solvent extraction of Belbaid coal
using NMP containing a small amount of EDA.

3.2 Gasification of the SCCs obtained by using NMP
containing small amount of EDA solvent system
i.e. SCC (e, N) and SCC obtained by using NMP
containing small amount of DETA solvent
system i.e. SCC (NMP-DETA)

It was proposed to develop an integrated process of solvent
extraction of coal to produce SCCs using two solvent
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Table 3 Formation of CO (%) for the samples during CO, gasification of coals

Sample Catalyst Temperature (°C) CO (% composition)
Raw Belbaid coal - 900 0.12
Raw coal (with catalyst) K>CO;3 900 3.65
SCC (NMP-DETA) - 900 6.42
SCC (NMP-DETA) (with catalyst) K>CO; 900 16.19
SCC(e, N) K,CO3 900 20.39
RC - 900 227
Bagasse - 900 2.74
Raw + bagasse - 900 0.91
RC + bagasse - 900 341
SCC (NMP-DETA)(700 °C) - 700 0.05
SCC (NMP-DETA) (800 °C) - 800 0.06

Table 4 Carbon conversion (gasification rate) and CO, conversion during CO, gasification

Sample Gasification rate (carbon gasified/min) CO, conversion (%)
Raw coal without catalyst 0.005 g carbon/min 16
Raw coal with catalyst 0.018 g carbon/min 56
Super clean coal without catalyst 0.020 g carbon/min 48
Super clean coal with catalyst 0.036 g carbon/min 84

systems-NMP containing a small amount of EDA (e, N)
called SCCs (e, N) and NMP containing a small amount of
DETA (NMP-DETA) called SCC (NMP-DETA) followed
by gasification of the SCCs obtained. The peak in GC gives
almost double the CO, conversion for SCC (NMP-DETA)
in comparison to that from the raw Belbaid coal. The CO,
gasification behaviour of the SCCs was found to be dif-
ferent from that of the raw Belbaid coal (Table 4).

Table 4 shows that the CO, gasification reactivity (to
form CO) increase with an increase in the gasification
temperature. Bouduard reaction mostly takes place at
temperature above 600 °C. The SCC generated with the
use of a different solvent greatly affects the gasification
reactivity. In one of the previous studies (Sharma and Giri
2016), one of the Indian coals, Samla coal was subjected to
extraction in NMP, anthracene oil (AO) and cetene (CE) as
solvents and the resulting SCCs obtained were gasified in
CO, at 900-1100 °C in a TGA apparatus. The reactivity
order of the SCCs obtained through the extraction in these
three solvents was found to be SCC-NMP > SCC-CE >
SCC-AO. The reason for the high reactivity of the SCC
extracted through NMP was the path adapted by NMP for
the effective extraction of the organic matter from the
coals. The high swelling of the coals in NMP and creation
of channels and fissures in coal when subjected to disper-
sion in the solvent as reported through SEM images could

be reason for such high reactivity. It was also reported for
the e, N solvent system where NMP containing a small
amount of EDA results in a product (SCC(e, N)) by dis-
ruption of non-covalent interactions such as Van der waal
forces, London forces, hydrogen bondings, m-m interac-
tions, charge-transfer interactions (Sharma and Dhawan
2018; Pande 2000). The use of DETA instead of EDA as a
promoter/co-solvent for the solvent extraction to generate
SCC (NMP-DETA) was found to affect the CO, gasifica-
tion reactivities. The gasification rate for SCC (e, N) was
found to be more than that of the SCC (NMP-DETA). It
seems the nature of the solvent used for the SCC extraction
through NMP-DETA system and e, N system affects the
gasification reactivity where the e, N extracted product
shows the higher gasification reactivity as compared to
SCC (NMP-DETA). The extra —-NH over DETA may have
resulted in more associations with the organic matter in
coal as the extra donating group results in more effective
association with the solvent thereby this may have resulted
in less CO, action on the SCC (NMP-DETA) as compared
to that with SCC (e, N).
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3.3 Gasification of the SCCs and the role
of the catalyst (K,CO3)

The use of ash free coal would help in avoiding the hin-
drance of the silicates and the aluminosilicates on the
activity of the catalyst during gasification. This would also
reduce the corrosion and erosion of reactor parts and this
would also help in the recovery of the catalyst (for recy-
cling) without its loss. The ash free coal would be fed to the
reactor completely without leaving traces on the gasifier
(Habibi et al. 2013; Formella et al. 1986). The role of the
catalyst largely becomes more important from the study
where the catalyst is found to be reduced and oxidised
through an oxygen transfer cycle. The possible proposed
mechanism behind this study is the formation of the -COK
complex where the oxygen from the incoming gas, which is
here CO, can be used to transfer to the surface of the
carbon thereby resulting in a KC complex (Long and Sykes
1950). It was proposed by Moulijn et al. (1984) and Freund
(1986) that the role of the catalyst is to increase the gasi-
fication rate by improving the number of active sites and
the oxygen on the surface without much affecting the
kinetics of the process.

In fact, the SCC is more reactive in comparison to the
OC (Sharma and Giri 2016) and the activity of the catalyst
is not lost due to its reaction with coal ash, therefore, the
immense increase in the conversion of CO, to CO with the
addition of the catalyst was observed. This shows the
efficiency and effectiveness of the catalysed gasification of
SCC which helps in the conversion of CO, and more
generation of CO. Some of the earlier studies have also
reported on the action of the potassium catalysed reaction
on the char surface of the coal. The formation of surface
complexes as C—O-K and C-K on the surface of the coal as
the gasification proceeds was reported by Takarada et al.
(1992). Another explanation for the potassium catalysed
action on the coals was suggested by Wigmans et al. (1983)
where the carbon reaction through the redox cycle was
reported as the reason for the action of the potassium
catalyst.

3.4 Effect of temperature on the SCC (NMP-DETA)
gasification

Table 5 shows the effect of temperature on the gasification
rate of the SCCs (with and without catalyst).

The CO, gasification of SCC (NMP-DETA) of Belbaid
coal was carried out at 700, 800, 900 °C. In fact, the
gasification of the raw coal was found to be better at
900 °C than that of the SCC (NMP-DETA) at 700 °C
(Table 5). It could be due to the mineral matter present in
the raw coal that gives the catalytic effect of the gasifica-
tion at 900 °C (Yang et al. 2015). The moderate reactivity
of the SCC (NMP-DETA) even at 700 °C could be due to
the higher amount of the volatile matter in the SCC than in
the raw coal. The gasification reactivity of the raw coal at
900 °C and the SCCs at different temperature was found to
be in the order SCC (700 °C) < Raw coal (900 °C) < SCC
(800 °C) < SCC (900 °C) < SCC (900 °C, with catalyst).
The role of the temperature in gasification could be the
change in the proportion of the mineral matter in the SCCs
where there could be difference in the mineral matter
contents in the SCCs depending upon the differences in the
solvent or solvent-cosolvent used when the same coal is
used for extraction (Sharma and Giri 2016). The removal of
the mineral matter through solvent extraction, the initial
swelling in the solvents and then the extraction brings a
change in the chemical constitution of the coal structure.
Then the CO, reactivity of the coals at different tempera-
tures shows the different reactivity of the SCCs. More
disruption of the coal structure at higher temperature
results in improved reactivity when the temperature
increased from 700 to 900 °C (Sharma and Giri 2016).
Several researchers have reported that the carbon conver-
sion increases with the increase in temperature. The pro-
duction of the syngas increases with the oxidation and
gasification reactions (Lahijani and Zainal 2011; Meng
et al. 2011). Figure 2 shows the GC plot for CO,-gasifi-
cation of raw Belbaid coalat 900 °C.

3.5 Gasification of residual coal (RC) at 900 °C
The Residual coal (RC) obtained after the e, N extraction

was subjected to the CO, gasification at 900 °C. This
showed 2.27% of CO formation in the product gas

Table 5 Carbon conversion (Gasification rate) and CO, conversion during CO, gasification

Gasification rate (g carbon gasified/min)

CO, conversion (%)

Sample
Super cleaned coal without catalyst @ 800 0.010
Super cleaned coal without catalyst @ 700 0.003

25
7
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Fig. 2 GC plot of raw Belbaid coal (900 °C)

Table 6 Carbon conversion (Gasification rate) and CO, conversion during CO, gasification

Gasification rate (g carbon gasified/minute)

CO, conversion (%)

Sample

RC without catalyst 0.008
Bagasse without catalyst 0.017
RC + bagasse without catalyst 0.011
Raw + bagasse without catalyst 0.006

28
50
36
20

(Table 6). The carbon conversion was found to be 0.008 g
C/min and the CO, conversion was 28% (Table 6).

The residual coal obtained after the extraction of the
SCC from coal could prove to be a potential source for the
utilization of the CO, gasification. With the production of a
premium quality ash free clean coal, the process leaves
behind the residual coal which is high in mineral matter
and low in organic matter content and thus this coal may
not be desirable to be used directly for power generation.
So this residue can be fruitfully used as a feedstock for
gasification especially when the carbon contents in the RC
increases after the recovery of SCC (Gerstner and Zondlo
1992). The extraction of coal may result in the enlargement
of the pores with the continuous disruption of the inter-
molecular forces and non-covalent interactions in the coal.
This may result in the increase in the active sites besides
the increase in the internal surface area (Formella et al.
1986). Therefore, the residual coal showed better CO,
gasification reactivity than that of the raw coal. Moreover,
after the extraction, the enhancement in the mineral matter
content in the residual coal may provide good catalytic
action thereby resulting in better reactivity. Gerstner and
Zondlo (1992) and Sharma and Giri (2016) have carried
out CO, gasification studies on coal using TGA apparatus.
According to Gerstner and Zondlo (Sharma and Giri 2016)
the faster rate of the gasification of the residual coals
obtained after extraction with NMP could be due to the

increase in the active sites and the enhanced internal sur-
face area which had resulted in the low activation energies
and enhanced gasification rate of the coals. With no cata-
lyst addition, the possible reason for the enhanced gasifi-
cation in CO, could be due to the catalytic action of
mineral matter and the increase in the number of active
sites on the residual coal. Thus, this enhanced gasification
reactivity even in CO, atmosphere may make the residual
coals an interesting feedstock which are treated as a by-
product after the solvent extraction to be good feedstock
for gasification and production of useful chemicals and
fuels from residual coal such as methane, methanol, etha-
nol, nanofuels etc.

3.6 Gasification of sugarcane bagasse (SGB)
and bagasse and the raw Belbaid coal, blend
and SGB and the residual coal blend at 900 °C

Biomass gasification is one of the most promising tech-
niques to produce energy through high temperature cat-
alytic and non-catalytic processes. Apart from the
advantages that biomass offers of carbon neutral emissions
and high availability it still shows some limitations of low
energy values and very seasonal and geographical avail-
ability (Taba et al. 2012). Biomass produces large con-
centration of tars which can be useful in co-gasification
with coals especially volatile matter lean RC. The large
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production of tars even at intermediate temperatures can
result in the overall good production of feedstock which
when converted into their gaseous form can result in good
syngas production. The main factors that contribute
towards the production of the syngas during gasification are
temperature, gas composition, pressure, nature of the car-
bon source used. Generally with increase in temperature,
the CO formation increases as the water gas shift reaction
and the Boudouard reactions increase with temperatures
(Huang et al. 2003; Pohorely et al. 2006; Fermoso et al.
2010). Since the amount of the organic matter in the RC
had been removed, therefore, efforts should be made to
increase the same by adding some other organic matter i.e.
biomass. The major aim behind using bagasse along with
residual coal was to increase the reactive organic matter in
the RC + bagasse (1:1 wt/wt) blend.

The use of bagasse here with residual coal offers the
utilization of the carbon in the residual coal which when
used with bagasse (containing higher volatile matter con-
tents) can be used to generate syngas. According to the
results obtained, bagasse shows better CO, gasification as
compared to the raw coal and the gasification rate is 50%
more in bagasse than in the raw coal because of the high
volatile matter content and loose mineral matter associa-
tions in biomass that may offer catalytic action during
gasification. The enhanced reactivity of the biomass is the
high amount of the volatile matter which forms free radi-
cals much easier and thereby results in more oxidation,
decomposition and gasification reactions. The higher con-
tents of hydrogen and oxygen in biomass helps in high
reactivity thereby resulting in high carbon conversion and
CO formation (Taba et al. 2012). The use of residual coal
along with biomass for CO, gasification offers effective
utilization of the residual coal and the moderate gasifica-
tion rate shows the applicability of this coal-biomass blend
as a potential gasification feedstock. The addition of
bagasse to the residual coal shows much improved gasifi-
cation reactivity as compared to the residual coal alone
(Table 6). With the use of the residual coal-biomass blend,
the overall gasification of the process improves with the
subsequent increase in the volatile matter, availability of
carbon from the residual coal and the overall increase in
the mineral matter (of RC) that shows catalytic activity.
The increase in the biomass concentration has been
reported to have increased by Seo et al. (2010) in the gas
yield due to the transfer of the hydrogen radicals from
biomass to coal as the % of the biomass was increased from
25% to 75% in the whole composition.

Present studies have shown that fractionation of coal
through separative refining into SCC and RC offers the
opportunity for enhancing the CO, gasification of coals in
comparison to that of RCs. Therefore separative refining of
coal through solvent extraction is a beneficial technique for
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the gasification of coal especially by using CO,. In fact the
SCCs, RC and raw coal were prepyrolysed presently so that
their char could offer better reactivity towards the CO,
gasification of coals in comparison to that of the untreated
coals, SCCs, bagasse (biomass). Thus, presently even the
raw coal, SCCs and RCs were rendered reactive for CO,
gasification through prior pre-pyrolysis. Presently, no
attempts were made to analyse the tar or other hydrocarbon
gases as the major aim was the CO, gasification for the
formation of CO and carbon conversion. Further studies
can be extended to carry out the CO, + O, and CO,.
+ H,O + O, gasification of coals.

3.7 Uses of SCC and RC

These SCCs can be used fruitfully for production of fuels,
chemicals, anodic cokes, co-combustion with biomass,
plastics etc. (Song and Schobert 2002; Nag et al. 2018;
Chang et al. 2014; Sharma and Dhawan 2018). These can
also be blended with the original coals and used for co-
combustion. Song and Schobert (2002) have reported var-
ious potential non-fuel uses of coal such as production of
aromatic chemicals and advanced polymeric materials
from coal. The use of SCC and coal for the production of
CNTs and nanocomposites, carbon based materials such as
carbon fibres, graphites and graphite based materials,
metallurgical coke, fullerenes etc. has also been reported
(Mathur et al. 2007; Dosodia et al. 2009; Bagotia et al.
2018). Solvent extraction of coal followed by beneficiation
of the residue through specific gravity separation was
developed by Mathur et al. (2007) and Choudhury et al.
(1997). Though the use of certain elements such as Co, Y,
Ni, Fe act as catalysts in CNT production from coal, many
other in ash hinder its production. It has been reported by
Mathur et al. (2007) and Dosodia et al. (2009) that SCCs
give better CNT yields and specific catalyst can be used
more efficiently in CNT production. The presence of
negligible ash in SCCs may improve the efficiency of
various coal utilization processes. Not only just SCC, RC
can be used for stepwise coal conversion or co-gasification
with biomass. Sharma and Giri (2016) carried out steam
pyrolysis of RCs at 650 °C to generate active chars. Their
non-isothermal kinetic studies revealed that treatment of
coals through organo-refining and steam pyrolysis was
beneficial for gasification. Kinetics of the steam gasifica-
tion under milder conditions of the OCs, RCs obtained after
anthracene oil and liquid paraffin treatment and their chars
have been studied by Sharma and Singh (1996) to design a
reactor for steam gasification. Therefore SCCs and RCs
offer huge applicability and further research work can be
carried out in this area for coal structural determination and
overall highly effective and cleaner coal utilization. There
is a scope of using syngas in the reduction of iron ores in
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steel plants and in the liquefaction of coal through Fischer—
Tropsch and oxo-synthesis process.

Present studies have revealed that organo-refining is a
beneficial separative refining process for generating clean
coals (SCCs) and reactive coals (RCs). Thus, there seems
to be a need for further developing organo-refining of coal
processes. Some research work in this direction has been
extended in the author’s research laboratory and in the
R&D centre of a steel plant having international opera-
tions. A pilot plant has been set up and several patents have
been filed in efforts to make the process of organo-refining
cost effective by researching inexpensive industrial sol-
vents which may be recovered and recycled to the maxi-
mum extent (Chandaliya et al. 2012, 2013, 2015).

3.8 Economizing the organo-refining of coals

The major problem with the organo-refining of coals is the
cost of solvents i.e., NMP, EDA, DETA, AO, CE etc.
There is a need to either find out some more inexpensive
solvent or develop a milder continuous process where
almost 99.9% solvent may be recovered and reused. Fil-
tration of coal slurries or coal extracts may be easier as
long as moderate extraction yields under ambient pressure
conditions are processed. There is also a scope of using
some other inexpensive solvents in the development of an
economically attractive process using milder ambient
pressure conditions (Dhawan et al. 2018; Dhawan and
Sharma 2019). Advantages of using milder conditions over
higher pressure at elevated temperatures in the solvent
extraction of coal have already been discussed recently by
Sharma and Dhawan (2018) and Dhawan and Sharma
(2019). Therefore further research in this direction may
lead to the development of an economical process of sep-
arative refining of coal through solvent extraction.

4 Conclusions

The studies on the CO, gasification of raw coal, SCC
(using two different solvent systems—NMP-DETA and e,
N) (with and without using catalyst), under different tem-
peratures, RC, bagasse along with C and raw coal led to the
following conclusions:

(1) The action of the catalyst (K,COj3) considerably
increases the gasification reactivity of raw coal in
CO, which almost increases to three times with the
addition of the catalyst 20% by weight.

(2) The solvent extraction of coal followed by the
gasification of the SCC shows the applicability of the
organo-refining process as in both SCCs (e, N) and
SCC (NMP-DETA), they show good CO,

gasification reactivity at 900 °C, much improved
than that of the raw coal.

(3) The two SCCs produced using two different cosol-
vents showed different gasification reactivity show-
ing the effect of variation in the nature of the
solvents on the SCC production. SCC (e, N) was
found to show better CO, gasification behaviour than
SCC (NMP-DETA).

(4) The much improved gasification behaviour of the
residual coal over the raw coal shows the presence of
more surface area or the active sites for the CO,
gasification to take place. RC has more mineral
matter than the raw coal that may have helped in
promoting the gasification reactions especially the
Bouduard reaction.

(5) The improved CO, gasification reactivity of RC and
SCC over the raw coal shows the applicability of the
solvent extraction process to generate two products
(RC and SCC) through separative refining process
that could serve as better feedstock for the gasifica-
tion and utilization of CO, as well.
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