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Coal pyrolysis behaviors at supercritical CO2 conditions
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Abstract. In this study, a product gas yield and carbon conversion were measured during the coal pyrolysis. The
pyrolysis process occurred under two different atmospheres such as subcritical (45 bar, 10°C) and supercritical CO»
condition (80 bar, 35°C). Under the same pressure (80 bar), the atmosphere temperature increased from 35°C to 45°C
to further examine temperature effect on the pyrolysis at supercritical CO, condition. For all three cases, a power
input supplied to heating wire placed below coal bed was controlled to make coal bed temperature constant. The
phase change of CO, atmosphere and subsequent pyrolysis behaviors of coal bed were observed using high-
resolution camcorder. The pressure and temperature in the reactor were controlled by a CO, pump and heater. Then,
the coal bed was heated by wire heater to proceed the pyrolysis under supercritical CO; condition.
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1. Introduction

In our prior work (Kim and Song 2020), we investigated the coal gasification behavior at
gaseous carbon dioxide (gCO.) condition of 45 bar. This gasification occurred at the subcritical
pressure which is lower than critical pressure (73 bar) and temperature (32°C). The extraction of
supercritical CO2 (ScCO,) was widely used for drying (Song and Sun 2020, Iwai and Arai 1998)
and cleaning application (Hariyanto and Kim 2020, Samanta and Ghosh 2015). Song and Sun
(2020) observed a greater change of pore structure at supercritical CO, condition as compared to
the subcritical state. These were attributed to higher wettability and resultant adsorption behavior
of ScCOs. Arai et al. (1998) observed much easier water drying of ScCO, for coals than water
removal for a zeolite. The drying extent was different depending on coal types, which indicates
interaction of ScCO, and water contained in the coal samples. Kim et al. (2020) used a ScCO;
drying technique to completely remove ethanol from a biomass powder in shorter time than with
oven drying process. Yurchick and Hill (2021) reported a supercritical treatment for coal to be
converted to valuable products such as liquid and gases. Zhang and Tao (2013) demonstrated that
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Table 1 Power inputs required to heat the coal bed to the same temperature (700°C) at different CO; pressure
conditions

Cases Voltage (V) Current (I) Power (W)
Case 1 (45bar, 10°C) 23 6.5 14.9
Case 2 (80bar, 35°C) 3.5 9.0 31.5
Case 3 (80bar, 45°C) 3.0 8.3 24.9
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Fig. 1 The pressure-temperature (P-T) diagram of CO, measured in this experiment

ScCO:; injection changes the microstructure of coal and extracts the hydrocarbons present in the
coal matrix even at room temperature. Nonetheless, the effect of supercritical treatment of CO, on
the volatile release from coal surface was not studied thoroughly. Therefore, coal pyrolysis and
gasification behavior at supercritical CO; condition was examined in this study.

2. Experimental setup

In this study, a sub-bituminous coal was used. The coal contains high volatile and moisture
content of about 40 and 20%, respectively. More descriptions about coal properties are found in
previous publications (Kim and Song 2021, 2022). A wire heating was employed to heat the coal
bed inside the crucible. The weight of coal bed was 40 mg. Using such small amount of coal did
not affect the temperature and pressure of chamber when it was reacted during the gasification.
The coal gasification was allowed to occur for 300 s. Power inputs required to heat the coal bed at
different CO, pressure conditions are listed in Table 1. Power input was adjusted to make
gasification occur at the same temperature (700°C). For example, about two times higher power

(31.5 W) was required to heat coal samples for case 2 (80 bar, 35°C) as compared to one (14.9 W)
for case 1 (45 bar, 10°C).
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Fig. 2 The position of floating disk showing the density of CO, when it is pressurized and heated to
supercritical CO; condition (case 2: 80 bar, 35°C)

The more details about reactor and heating methods can be found in the previous work of
authors (Kim and Song 2021). Then, it was subsequently pyrolyzed and gasified under two CO,
conditions. One is low CO; pressure (45 bar) which provides gaseous CO; at subcritical region.
The other is high CO- pressure (80 bar), which goes above critical pressure (73 bar). In this way,
the gasification occurs at supercritical CO; condition successfully.

Then, it was pyrolyzed and gasified under two CO; conditions. One is low CO; pressure (45
bar) which provides gaseous CO; at subcritical region. The other is high CO; pressure (83 bar),
which goes above critical pressure (73 bar). In this way, the gasification occurs at supercritical
CO, condition.

3. Results and discussion

3.1 Preparation of supercritical CO, condition

Fig. 1 presents the pressure-temperature (P-T) diagram of CO,. The pressure increased from 1
to 80 bar at the room temperature (25°C) using the CO, pump. Then, the temperature slowly
increased to 35°C in accordance with saturated line for this pure CO; substance. The reactor was
wrapped with heating tape to increase the temperature. The pressure and temperature of CO,
passed through the critical temperature (32°C) and pressure (73 bar). This critical point was
marked by black asterisk in the P-T diagram of Fig. 1. The densities at different states (A-E) were
calculated by using the REFPROP software (Lemmon 2007) and was listed in the P-T diagram.
The density decreased from 683 kg/m? at state A (liquid state) to 392 kg/m? at state E (supercritical
CO; state).

As shown in Fig. 2, a custom-made floating disk was used to visualize the density change of
CO: fluid in the chamber. Once CO; density (state D) becomes smaller than density of the disk
(450 kg/m®), the disk completely falls down to the bottom of the chamber. This condition
corresponds to state (E) in the image of Fig. 2.
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3.2 Coal pyrolysis and gasification behavior at supercritical CO- condition

The product gas yield and carbon conversion were measured during the coal pyrolysis and
gasification. The coal pyrolysis process occurred under two different atmospheres: subcritical (45
bar, 10°C) and supercritical CO; condition (80 bar, 35°C). These are denoted by gCO, and ScCO,,
respectively. The third condition was a supercritical condition with the same pressure and higher
tem;;erature (80 bar, 45°C). The yield of a specific gas was calculated from the mass of product gas

Em- as expressed in Eq. (1). This requires the knowledge about the specific volume of total gas
V).
V’[
m =X -N,-MW, =x; - -MW, €))
v, MW,

t t

where X; is mole fraction of i gas species, V; is chamber volume filled with total gas, Vv, is

specific volume of total gas, MW, is molecular weight of i™" gas species.

There are three different methods to calculate the specific volume of total gas (Vt) required in
Eq. (1). One is a direct use of property table incorporated in REFPROP software. The second and
third method are using the Peng—Robinson equation of state (Eq. (2)) and van der Walls equation
of state (Eq. (3)), respectively. The details about these equations of state (EoS) are extensively
described in classical thermodynamics book of Cengel and Boles (2010) as well as Borgnakke and
Sonntag (2014). Coefficients of a and b are determined using critical point temperature and
pressures for CO,.

RT a-a
P= o 2 ()
(v—b) v +2bv-b
212
where a=0.45274~RPTC , b=007780. ¢,
C 4 T ,
a =| (L+(0.37464+1.54226 - 0.2699200°)(1 - T—)}, w=0.225
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where g-— 27R°T; , b= ﬂ,
64P, 8P,

The specific volume of total gas is calcuated from 1st method (property table) and listed in
Table 2. This may be considered as exact solution. As the case changes from subcritical to
supercritical, the specific volume decreases and then increases with further temperature increase at
80 bar. The pressure was calculated at various specific volumes from Peng—Robinson equation of
state (2) and the resultant p-v diagram is plotted in Fig. 3. In similar way, P-v curves were obtained
using van der Walls equation of state (3) and shown in Fig. 4. Both results of van der Walls and P-
R equation produced 0.0024 and 0.004 for case 2 and case 3 near supercritical conditions. These
values are consistent with those (0.0023, 0.0041) predicted from property table in Table 2.
However, the van der Walls model did not even have a solution of a liquid volume for case 1 (45
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Fig. 3 The pressure-volume (P-v) diagram for three cases based on Peng Robinson equation of state (EoS)
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Fig. 4 The pressure-volume (P-v) diagram for three cases based on van der Walls equation of state (EoS)

bar, 10°C) at subcritical condition. Furthermore, it overpredicted a vapor volume (0.0085), which
is higher than predicted from property table (0.0075). However, the Peng Robinson model
predicted 0.0012 for liquid volume and 0.0075 for vapor volume, which are the same as those
predicted from property table.
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Table 2 Calculation of specific volume of total gas using the property table in REFPROP

Cases Liquid volume, v¢ (m’/kg) Vapor volume, v, (m’/kg) P (kPa)
Case 1 (45 bar, 10 °C) 0.0012 0.0075 4500
Case 2 (80 bar, 35 °C) NA 0.0023 8000
Case 3 (80 bar, 45 °C) NA 0.0041 8000

Table 3 Variation of CO; properties with pressure and temperature

Specific heat capacity

CO; conditions Density (kg/m?) Surface tension (mN/m)

(kJ/kg-K)
Case 1 (45 bar, 10°C) 135 2.5 2.7
Case 2 (80 bar, 35°C) 436 333 N/A
Case 3 (80 bar, 45°C) 242 3.2 N/A

Figs. 5(a) and 5(b) presents CO and H, gas yield at different CO, pressures and temperatures.
The carbon conversion data was also available in (c) of the figure. This was calculated based on
mass change of coal bed. The results of the gasification showed 47% increase in CO yield and 300 %
increase in H» yield at supercritical condition (case 2) as compared to one at subcritical CO;
condition (case 1). Because of the presence of supercritical CO, the volatile and water can be
released from the coal surface more easily. However, the carbon conversion remained nearly the
same at 40% for three cases as shown in Fig. 5(c). The difference between a product yield sum of
two light gases (CO, H») and carbon conversion would be due to liquid components such as heavy
hydrocarbon called tar and condensed water. The liquid components ranged from 7% for case 2 in
supercritical COz condition to 20% for case 1 in subcritical CO» condition. This indicates that light
gases such as CO and H, are more easily extracted than heavy volatile contents when a coal is
treated by supercritical CO,.

Fig. 6 shows visual observations at the onset of gasification at three different CO, conditions.
The earliest volatile release is observed for case 2 with CO; pressure (80 bar/35°C). The cloud
made of light gases begins to appear significantly at 0.15 s for case 2 in supercritical CO;
condition. In contrast, the clouds were not observed for case 1 in subcritical CO, condition at the
same time (0.15 s) and even later (1 s). This is consistent with highest CO yield observed from
product gas measurement previously reported for case 2.

3.3 Effect of CO, temperature on supercritical coal gasification behavior

As shown in Fig. 5(a), CO yield decreased when the CO. temperature further increased from 35
to 45°C. The variation in some properties of COz with pressure and temperature are calculated
from the REFPROP software and listed in Table 3. As inferred from the density data, the density
decreased from 436 to 242 kg/m>. The decrease in CO yield can be attributed to such reduction in
density which may weaken the impact of supercritical CO: treatment. In contrast, further
temperature continuously increased the H, gas yield from 0.3 to 0.42%, which are substantially
smaller than CO gas yield (20-30%). This is different from the CO yield observed with
temperature increase as described earlier.
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Fig. 5 (a) CO gas yield, (b) H, gas yield and (c) carbon conversion produced from coal gasification
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Fig. 6 Visualization of coal gasification process at three different CO; conditions

4. Conclusions

In this study, a product gas yield and carbon conversion were measured during the coal
pyrolysis and gasification. The coal gasification process occurred under two different atmospheres
such as subcritical (45 bar, 10°C) and supercritical CO, condition (80 bar, 35°C). Under the same
pressure (80 bar), the temperature of CO, atmosphere further increased to 45°C to examine the
temperature effect on gasification at supercritical CO; condition. For all three cases, a power input
supplied to heating wire below coal bed was controlled to make coal bed temperature constant
(700°C).

The results showed 47% increase in CO yield and 300% increase in H, yield for the
gasification at supercritical condition (case 2) as compared to one at subcritical CO; condition
(case 1). Under the supercritical condition, further increase in temperature (case 3) leads to a
reduction in the CO and a further increase in the H, yield. This indicates the higher light volatile
and water release from the coal surface at supercritical CO, condition. However, the carbon
conversion remained nearly the same for three cases.
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