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Abstract
Gasification is a thermochemical conversion method that transforms carboneous constituents into synghesis gas (syngas:CO,
H2, CO2) at high temperatures, generally at more than 700°C, in a control amount of oxygen, carbon dioxide, steam
environment so that there will be no combustion. Syngas is a good fuel for producing ethanol or diesel. Gasification in a CO2
environment is an interest of this research. This study finds the optimum experimental condition parameters for the carbon
dioxide (CO2) cogasification of Ontario coal and torrefied biomass blends for the equal ratio of each sample using TGA-FTIR.
The operating conditions for the heating rate, CO2 flow rate, maximum gasification target temperature, Nitrogen and CO2 flow
combinations are observed with the 10mg of coal-biomass mixture. From the experiment, the optimum CO2 flow rate is found
at 50 ml/min; the optimum heating rate observed is at 10°C/min; the optimum condition to run N2 is up to 800°C followed by
CO2 up to the final gasification temperature. For the full gasification, maximum temperature needs to be from 1250-1300°C.
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1. Introduction
Global warming caused by the excessive use of fossil fuel
can be taken care by the cautious consumption of renewable
green-energy resources for the energy applications Biomass
has many limitations for the direct combustion/gasification in
a boiler/gasifier (Acharya et al., 2012). Thermo-chemical
treatment called torrefaction is one of the methods for
minimizing these limitations. The torrefied product has a
higher process efficiency (Vincent et al., 2014). There are a
number of different treatment methods used in the processing
of biomass. However, in this study, torrefaction and
hydrothermal carbonization are used for the treatment of
biomass. Dry torrefaction is a process of mild pyrolysis with
the treatment temperature of 200-300˚C with reasonably
longer residence time in a nearly an inert environment at
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atmospheric
pressure,
whereas
the
hydrothermal
carbonization or wet torrefaction is a treatment of biomass in
a subcritical water temperature from 180-265˚C for a shorter
residence time in an enclosed pressurized hydrothermal
reactor operated at high pressure (Acharya, 2013; Funke et
al., 2013; Tumuluru et al., 2011). These torrefied products are
good candidates for gasification in production of syngas.
Torrefied biomass are a better candidate for the gasification
than raw biomass due to lower O/C ratio. The optimum
temperature of gasification can be lowered by minimizing
moisture contents and O/C ratio and tar production can be
reduced by the cogasification of coal with torrefied biomas
(Prins et al., 2006). Even though dry torrefaction retains
alkali contains in the torrefied products by releasing moisture
and carbon dioxide, these alkali inorganic matter sodium,
potassium act as a catalyst during the cogasification process
(Deng et al., 2009). The torrefied biomass shows near to coal
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characteristics, so the blending ratio of raw biomass-coal can
be significantly improved by blending torrefied biomass-coal
ratio, which ultimately lead to insignificant reductions in
energy efficiency and variations in boiler load (Li et al.,
2012).
Gasification is a thermochemical conversion method that
transforms carboneous constituents into synghesis gas
(syngas: CO, H2, CO2) at high temperatures, generally at high
temperature with the help of some reacting element, such as
air, steam, or carbon dioxide (Xu et al., 2014). There will be
no combustion during this process. Syngas is a good fuel for
producing ethanol or diesel. Gasification in a CO2
environment is an interest of this research. Efficient way of
converting carbon components even from the fossil fuel into
the syngas, a storable and transportable gas, reduces the
environmental pollution (Fermoso et al., 2010; Matsumoto et
al., 2009).
Researchers: Xu et al., 2014; Goldfarb & Liu, 2013;
Fermoso et al., 2010; Idris et al., 2010; have studied on
thermochemical treatment, including gasification, but there
are not any accessible literatures available in the open
platform in finding optimum experimental conditions of CO2
gasification of Ontario-bitumen-coal and torrefied
miscanthus, using TGA-FTIR for the analysis of product
gases. Hence, this study fills this gap to observe the optimum
conditions for characterization of kinetic interaction in a
coal-WT-DT blends by conducting CO2 gasification in TGA
and resulting products are also observed using FTIR directly
connected with TGA.

2. Materials
Energy crop miscanthus samples are collected from a field

and bituminous coal is collected from the Hamilton, Ontario.
The collected raw biomass samples are chopped into smaller
pieces, then milled in a ball mill (PM100, Retsch Inc.,
Newtown, PA, USA). The raw miscanthus is dried in a
muffle furnace then torrefied in a macro-TGA at 275°C for
45 minutes. Similarly, raw miscanthus is mixed with water in
a 1:6 ratio then hydrothermally carbonized in a wet torrefier
as explained in Acharya and Dutta, 2013 and Kambo and
Dutta, 2014.

3. Methods
CO2 gasification is carried out in a differential scanning
calorimetric / thermogravimetric analyzer (DSC-TGA). A
biomass / biomass-coal mixture sample of about 10mg is
placed in a crucible, then heated up to desired temperature
from 700 to 1300°C for gasification at a heating rate of 5 to
50ᴼC in the carbon dioxide environment. Nitrogen is also
supplied to observe the pyrolysis and charring state prior to
the gasification. Hence, Nitrogen is supplied to find the
optimum charing temperature, where Nitrogen needs to be
switched by carbon dioxide for the gasification. Nitrogen is
supplied from 0°C - 700°C at the beginning, then switched to
carbon dioxide during gasification. Carbon dioxide is
supplied at the desired rate from 10-100mL/min as per the
requirement of cogasification to test the optimum flow rate
required. The outputs of the product gas are passed through
the Fourier transform infrared (FTIR) to monitor the
spectrum of the gases continuously. Schematic diagram for
the TGA-FTIR is shown in Figure 1. Heat flow, thermal
degradation, stability, and weight loss are monitored by DSCTGA. The degradation pattern is identified by the derivative
thermogram (DTG) plot.

Figure 1. DSC/TGA-FTIR Experimental Setup.
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4. Results and Discussion
Miscanthus contains 36.3% of hemicellulose, 38.8% of
cellulose, 11.5% of lignin, 12.6% of hot water extractives,
and 0.8% of ash (Kambo & Dutta, 2014). This could be due
to more availability of volatiles and hemicellulosic
components in the raw and wet torrefied biomass.
4.1. Proximate, Ultimate Analysis and
Heating Value
Proximate and Ultimate analysis of the raw miscanthus and
the hydrothermally carbonized (HTC) or wet torrefied (WT)
and dry torrefied (DT) miscanthus at different treatment
temperatures and the residence time are presented in Figure
2. The result shows that O/C ratio decreases with the rise in
treatment temperatures due to increase in carbon contents and
decrease in oxygen contents with the increase in the
treatment temperature. However, variation in the residence
time during the wet torrefaction does not show the significant
improvement on the fuel quality of miscanthus. Hence, for
the gasification, wet torrefied biomass treated as 260°C with
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5 minutes of residence time (Kambo & Dutta, 2014) is
considered, whereas the optimum dry torrefaction
temperature of 275°C for 45 minutes residence time found
by Acharya (2013) is considered optimum for the samples
preparation.
4.2. Mass Yield and Energy Yield
The percentage of mass yield, energy yield, and higher
heating values (HHV) with its varying factors of torrefied
miscanthus treated at different temperatures and residence
time are presented in Figure 3. The percentage mass yield
and energy yield decreases with the increases in the
torrefaction temperature and residence time. However, the
heating values rise with the increase in the treatment
parameters. During the wet torrefaction, miscanthus and
water are mixed at a ratio of 1:6 throughout the experiment.
Eventhough, mass yield goes down to about 45% from 85%,
whereas energy yield stands in the range of about 70-90%.
This shows heavy weight loss is primarily due to drying and
devolatilisation of hemicellulosic components of the
biomass, which ultimately reduces the transportation cost in
the total supply chain of the system.

Figure 2. Proximate and Ultimate Parameters w.r.t. Torrefaction Treatment Temperature.
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Figure 3. Mass Yield, Energy Yield, and HHV of Miscanthus at Different Conditions.

Figure 4a. Comparative Study of Weight % of Wet Torrefied Miscanthus with Variable Flow Rate of CO2.

4.3. Optimum Experimental Conditions for
CO2 Gasification
4.3.1. CO2 Flow Rate
For identifying the required optimum flow rate of carbon
dioxide, three different flow rates are tested keeping all
parameters as constant. The weight % pattern is observed
with respect to temperature at a fixed heating rate of
10˚C/min by varying the CO2 flow rate on raw and wet
torrefied miscanthus. Char produced from CO2 gasification

with the flow of 100mL/min is nearly matching with the char
produced from the CO2 flow rate of 50mL/min (Figure 4a).
Even though, the CO2 flow rate of 25mL/min is closely
resembling with the other higher CO2 flow rates with little
deviation on the weight % pattern, 50mL/min CO2
gasification is found at an optimum flow rate for the CO2
coal-char gasification process. From the observation, the
flow of 50 mL/min of carbon dioxide is supplied on the
remaining experiments, considering this as an optimum flow
rate required for the gasification process
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4.3.2. Variation with N2 and CO2
The weight % is observed with respect to temperature by
varying the gasification media N2, CO2, and the combination
of N2 and CO2 (N2 is supplied up to the 850°C then switched
to CO2 till 1300°C) at a heating rate of 10°C/min and gas
flow rate of 50 mL/min as shown in Figure 4b. The
gasification of wet torrefied miscanthus shows similar
characteristics during the gasification either by using CO2
only or combination of N2 and CO2. However, the charring
process has been observed in the N2 treatment of which about
40% of char is produced in treatment temperature of 1300°C.
The rate of change of weight loss is higher in the raw
biomass than in the thermo-chemically treated biomass. This
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may be due to loss of moisture and the devolatilization of
hemicellulosic components of the biomass during the
thermochemical treatments. Experiment results show that
gasification with nitrogen does not work. However,
gasification using carbon dioxide throughout the gasification
process and gasification using nitrogen up to 850°C then
replaced with carbon dioxide from 850°C to 1300°C shows
similar results. Hence, nitrogen at the beginning for
torrefaction and the charing process is recommended then
followed by the carbon dioxide for the gasification stage for
commercial applications. Price and availability of nitrogen is
cheaper and easier than carbon dioxide. On the other side, for
the greenhouse gas emissions mitigation, use of carbon
dioxide for the gasification process is recommended.

Figure 4b. Weight % of Wet Torrefied Miscanthus by Varying N2, CO2, & their mixture Flow.

Figure 4c. Weight % of Wet Torrefied Miscanthus by Varying Heating Rates.
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4.3.3. Heating Rate Variation

4.4. Gasification of Mixtures

Effect of different heating rate of 5°C/min, 10°C/min,
20°C/min, and 50°C/min on the CO2 gasification at
50mL/min of raw and hydrothermally torrefied miscanthus
has been observed as shown in Figure 4c. The result shows
that increase in the heating rate does not have a significant
impact on the drying and carbonization process but there is
an impact on gasification state. Low heating rate produces a
higher rate of change on weight % and lowers the maximum
temperature, which consequently improves the reactivity.
This may be due to the uniform transfer of heat into the
biomass polymer structure due to slow and steady flow of
heat at the lower heating rate. Higher heating rate increases
the maximum gasification temperature and lowers the
reactivity, while low heating rate increases the energy cost
for the gasification so 10-20°C could be an option for the
CO2 gasification process. The heating rate of 50°C/min does
not complete the gasification process so it is not viable for
the experiment. The heating rate of 5°C/min consumes lots of
energy and time for the gasification process so it needs to be
discarded. Hence, for the reliability, 10°C/min has been
considered throughout this experiment.

The mixture of raw and hydrothermally torrefied miscanthus,
raw and dry torrefied, and hydrothermally torrefied and dry
torrefied miscanthus in the ratio of 1:1 is gasified with the
50mL/min of carbon dioxide at a heating rate of 10°C/min
and observed as shown in Figure 5. This process undergoes
the four stages: drying up to 150°C, devolatilization from
150-450˚C, chars production from 450-850˚C, and finally
chars gasification from 850-1200°C. The rate of weight loss
is higher as the treatment process moves from coal-torrefied
mixture towards the raw mixture. This may be due to fast
devolatilisation of moisture and hemicellulose present in the
raw biomass. The torrefied-coal mixture shows better fuel
characteristics during the gasification than the raw mixture.
Wet torrefied biomass is nearly free from the alkali metals by
washing in high temperature and pressure treatments. Hence,
the mixture of wet and dry torrefied biomass with coal may
be an optimum solution for the environmental friendly
gasification process.

Figure 5. Weight % of Blends of DT/Torr, HTC/WT, and Coal (equal % ratio).

4.5. DSC-TGA
DSC-TGA plot on the blends of dry torrefied biomass and the
raw miscanthus improves the reactivity of the blends than the
dry and wet torrefied biomass as shown in Figure 6. In both

curves, the first stage peak is weight loss due to the
evaporation of moisture contents of the samples and hydroxyl
groups on the pores of the samples. The large peak of the
derivative weight (%/min) shows the fast weight loss due to
extensive devolatilisation of volatile matters and
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hemicellulosic components. The final peak is due to the char
gasification. The char gasification of the blends of raw and
dry torrefied miscanthus completes at a lower temperature
than blends of the two torrefied samples. Char gasification
completes at around 1000°C.
The treatment temperature for the co-gasification is lower

than the coal gasification alone. The mass loss is the fastest
when the raw miscanthus is blended with coal, as the
torrefied is added, the mass loss rate decreases slowly. This is
due the contents of high moisture, and volatiles on the raw
biomass, whereas the moisture and volatiles are removed in
the torrefied biomass during the thermal treatment.

Table 1. BET Analysis of Miscanthus at Different Conditions.
Samples
Raw
WT-260
DT-275

Residence Time (Minutes)
5
45

Hemicellulose (%)
36.30
0.97
21.46

Cellulose (%)
38.80
27.50
36.21

Lignin (%)
11.50
30.57
41.81

Surface Area (m2/g)
11.44
4.50
14.19

Figure 6. TGA Plot for CO2 Gasification of Miscanthus Coal:DT:WT (1:1:1).

a. Raw
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b.Wet Torrefied at 26°C, 5min

82

Bimal Acharya and Animesh Dutta: Optimum Experimental Conditions of CO2 Cogasification of
Coal-Torrefied-Miscanthus in a TGA-FTIR

c. Dry Torrefied at 275C, 45 min

d.Bitumen Coal

Figure 7. SEM Results of Miscanthus a) Raw b) WT c) DT d) Bitumen Coal.

4.6. SEM (Scanning Electron Microscopy)
Analysis
Information on the structure of polymers, during the wet and
dry torrefaction, can be observed by using Scanning Electron
Microscopy (SEM) analysis. Raw, wet torrefied miscanthus
at 260°C, 5 minutes, and dry torrefied miscanthus at 275°C
for 45 minutes are presented in Figures 7(a-d). In both dry
and wet torrefaction process, the fibrous structures of the
miscanthus broken down due to breaching of chemical
bonding of the biomass structure as the treatment temperature
increases. The breaking of the bonding structure increases the
porosity of the product, which eventually increases the
opportunity to flow air components leading towards the
increase in the reactivity. Pores in the dry torrefied
miscanthus are higher than the wet torrefied miscanthus. This

may be due to the devolatilisation of hemicellulose and
partial devolatilisation of cellulose and lignin in the dry
torrefaction process, whereas higher subcritical pressure
makes more compaction in the wet torrefaction process.
Brunauer-Emmett-Teller (BET) surface areas are illustrated
in Table 1, which also shows dry torrefied miscanthus has a
higher surface area than wet torrefaction. The reactivity of
the gasification process depends upon the surface area,
particle size and pores (Vincent et al., 2014). This also shows
raw biomass is most reactive then followed by dry torrefied,
wet torrefied, and bitumen coal in chronological order.
4.7. Product Composition from FTIR
The FTIR showed the presence of synthesis gas during
gasification process mainly carbon monoxide, hydrogen and
H2O including a minor portion of CH4 shown in Figure 8.

Figure 8. FTIR Output during CO2 gasification 3-D View.
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5. Conclusions and
Recommendations
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Gasification is a thermochemical conversion method that
transforms carboneous constituents into synghesis gas
(syngas:CO, H2, CO2) at high temperatures, generally at
more than 700°C, in a controlled amount of oxygen, carbon
dioxide, steam environment so that there will be no
combustion. Syngas is a good source of fuel for producing
ethanol or diesel. CO2 gasification is an interest of this
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target temperature, Nitrogen and CO2 flow combinations are
observed with the 10 mg of coal-torrefied miscanthus blends.
The optimum CO2 flow rate is found at 50 ml/min; the
optimum heating rate is found at 10°C/min; the optimum
temperature to run N2 is up to 800°C then followed by CO2
up to the final gasification temperature. The final gasification
temperature is in the range of 1250-1300°C. The FTIR
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hydrogen, and H2O including a minor portion of CH4.
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