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Abstract 
 
The CO2 gasification kinetics of various carbonaceous samples of high- and low-rank coal and a biomass were determined under CO2 

flow with increasing temperature in a Thermogravimetric analysis (TGA) coupled with Fourier transform infrared spectroscopy (FTIR). 
We utilized four different types of fuels and their chars with significant differences in their physico-chemical properties that are being 
most widely used in Korea. As a result, fuels with larger surface area and more catalytic components in ash were preferred for increasing 
the intrinsic reactivity of CO2 gasification particularly for low-rank coals and biomass, respectively. It was postulated that the catalytic 
effect of ash components could compensate for the lack of active sites in the biomass samples. From the practical point of view, the utili-
zation of the low-rank coal with the porous char structure with blending the biomass is recommended for a remarkable increase of the 
gasification rate.  
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1. Introduction 

Since the industrial revolution, coal has been a major driver 
of human progress. As an abundant, reliable, and inexpensive 
natural resource, coal has been used to produce electricity by 
combustion and gasification [1]. The increasing rate of world 
energy consumption and the global warming have been the 
most critical issues related to world energy supplies over the 
decade and will be in the coming years [2].  

Gasification provides an efficient way to promote coal utili-
zation, which in contrast to combustion has a higher conver-
sion efficiency and emits fewer air pollutants such as NOx or 
SOx owing to the low-temperature occurrence of the reaction 
[3]. Furthermore, gasification can be used for converting any 
carbonaceous materials into valuable energy products such as 
synthetic gas (e.g., H2, CO, CH4) [4, 5]. The diversity of solid 
fuel types such as coal, char, organic waste, and biomass con-
stitute the main advantages of gasification [6, 7]. Recently, 
biomass has been widely tested as an alternative to fossil fuel 
for energy production because of its potential to reduce net 
CO2 emission [8-11]. Biomass gasification is also one of the 
most promising technologies owing to its ability to convert 
large amounts of various types of biomass rapidly into easily 
storable and transportable synthetic gas or liquid [6, 7, 12]. 

There are two types of gasification: steam gasification vs 

CO2 gasification which is often called Boudouard reaction.  

 
Steam gasification:  

Δ 0 -1
2 2 rC H O CO H ; H 135.7 kJ mol+ + = -↔ at 1150K . 

 (1) 
CO2 gasification (Boudouard reaction):   

Δ .0   -1
2 rC CO 2CO; H 169.0 kJ mol+ = -↔  (2) 

 
From Eqs. (1) and (2), one may notice that steam gasifica-

tion requires less amount of energy than CO2 gasification. In 
addition, since steam gasification reaction proceeds five times 
faster than CO2 gasification [13], previous researches have 
been mainly focused on steam gasification through parametric 
studies such as effects of temperature, pressure, types of sys-
tem devices [14-16], and types of fuel [17-19]. Nonetheless, 
CO2 gasification is rather increasingly important because of its 
potentials: CO2 gasification directly converts the greenhouse 
gas CO2 and various solid fuels to a more useful gaseous fuel 
of CO; and that could be a potential route for CO2 recycling 
with no need of carbon capture sequestration. More recently 
with the coming of a new type of coal-fueled fuel cell such as 
a Direct coal fuel cell (DCFC), CO2 gasification particularly 
under atmospheric pressure has attracted a great deal of inter-
est. This is because typical operation conditions of DCFC (> 
700oC at 1 atm) are favorable for the CO2 gasification; and the 
CO resulting from the gasification could compensate the slow 
electrochemical reaction of solid carbon in DCFC [20-22]. 
Hence many recent studies about the CO2 gasification of vari- 
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ous fuels were triggered as shown below.  
Huo et al. [17] investigated the effect of crystallinity as well 

as the ash components on the gasification rate of biomass, 
coke, and coal chars, particularly at high temperature 
(> 1000oC). Their results showed that the crystalline structure 
of fuel was an important factor affecting the gasification reac-
tivity, whereas neither the surface area nor the content of cata-
lytic components in ash was correlated with the reactivity. On 
the contrary, Duman et al. [23] reported that the gasification 
reactivity of various biomass fuels strongly depends on the 
surface area of their chars obtained during CO2 gasification. 
Note that their work had been done only for the biomass with 
high levels of volatile substances. There are other important 
factors which affect the gasification reactivity, such as the 
types of carbon source [18, 24, 25], the use of a catalyst [26, 
28], the number of active sites, and the degree of porosity [29, 
30]. In addition, surface oxygenated groups and volatiles, 
particularly when raw fuels are considered, could make the 
analysis even more complex [7, 28]. Despite a large number 
of publications, because of the complexity and contradictions 
in the gasification results, the research community has not 
reached a solid consensus yet.  

It sounds like that there exists no universal law underlying 
the CO2 gasification of all the solid fuels in the world. Thus, 
we narrowed the research object to domestic fuels, aiming at 
the practical application of CO2 gasification to power-plant 
industries in Korea. The first objective of this study is there-
fore to investigate the properties of specific solid fuels being 
used most widely in Korea, in connection with their gasifica-
tion reactivity. Next, it should be noted that most of the gasifi-
cation studies were focused on raw fuels; though the fuels 
come close to the char state at 700 oC that the CO2 gasification 
commences. When the fuels are converted into the chars, their 
inherent carbon structures could be exposed by removing any 
volatiles; thus the gasification reactivity of the chars, albeit 
different from that of the raw fuels, could show the intrinsic 
reactivity of fuels. The second objective of this study is there-
fore to assess the intrinsic gasification reactivity of fuels by 
differentiating the gasification reactivity between the raw fuels 
and their chars.  

Here, this work utilizes four different types of fuels (a bitu-
minous coal, two types of sub-bituminous coal, and a bio-
mass) and their chars with substantial differences in their min-
erals, volatility, and surface areas. The fuels were provided 
from five major coal-fired power plants in Korea. While heat-
ing the four raw fuels and their prepared chars at a constant 
rate using a Thermo-gravimetric analyzer (TGA), mass 
change of each sample were monitored as a function of tem-
perature. At the same time, emission levels of CO gas from 
each sample, which is a major product of CO2 gasification 
reaction, were monitored by coupling Fourier transform infra-
red spectroscopy (FTIR) with TGA. Physico-chemical proper-
ties of the sample were also measured before and after the 
sample treatment and the gasification experiment, and com-
pared with the gasification reactivity. 

2. Experimental approach 

2.1 Sample preparation 

Three coal samples, one type of high-rank (bituminous) 
coal named Moolarben and two low-rank (sub-bituminous) 
coals named Open blue and Berau from Australia, as well as a 
biomass sample (wood pellet) were tested in this work. All of 
the samples were ball-milled to a fixed size of ~ 70 μm. Chars 
were prepared by removing the volatile species from the raw 
fuel samples: 50 mg of each sample was heated with a TGA 
(SDT-Q600, TA Instruments) from 25°C to 900°C with a rate 
of 10°C/min under Ar gas flow with a rate of 100 ml/min.  

The results of proximate and ultimate analyses of the raw 
samples are presented in Table 1. The proximate analysis was 
conducted using the TGA following the process of American 
Society for Testing and Materials Standard (ASTM E1131). 
The ultimate analysis was performed using a vario MICRO 
cube which was subjected to a temperature of 1150°C with 
sulfanilic acid used as a standard solution. In this work, the 
fuel samples were named after the types of fuels: Berau as 
Sub-bit (A), Open blue as Sub-bit (B), Moolarben as Bit and a 
wood pellet as Biomass. 

 
2.2 Sample characterization 

The thermal behavior and reactivity of the raw fuel and char 
samples were studied by measuring the mass change of the 
samples with a TGA (Q-50, TA Instruments, USA) while 
flowing either an inert gas (Ar: 100 ml/min) or carbon dioxide 

Table 1. Proximate and ultimate analyses of the raw samples. 
 

Proximate analysis  
(wt.%, air-dry) 

Ultimate analysis 
(wt.%, air-dry) Fuel 

Moi Vol. F.C. Ash C H O N S 

Sub-bit (A) 17.5 38.7 38.3 5.6 58.9 5.4 14.2 0.6 1.3 

Bit 3.5 30.9 48.8 16.7 69.2 4.0 6.7 1.7 0.7 

Sub-bit (B) 25.9 44.5 27.3 2.1 53.4 4.8 26.9 0.6 0.2 

Biomass 6.7 74.8 2.3 16.0 41.2 6.0 49.7 0.4 0.1 

 
Table 2. Temperature-resolved variations of CO absorbance in IR 
spectra of evolving gases from the raw samples under the CO2 gasifi-
cation. 
 

N2  adsorption (77K) 
Fuel 

SBET (m2 /g) Vtotal (cm3 /g) Dpore (A) 

Sub-bit (A) 3.32 0.0013 1.66 

Bit 3.33 0.0054 11.49 

Sub-bit (B) 0.32 0.0012 21.75 

Biomass 0.14 0.0051 12.92 

Sub-char (A) 217.55 0.1120 1.92 

Bit-char 48.40 0.0199 30.92 

Sub-char (B) 280.43 0.1333 2.71 

Biomass-char 6.49 0.0094 58.42 
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(CO2: 100 ml/min). Coupling the TGA with the FTIR (Nicolet 
380), we monitored continually FTIR peak intensity of CO 
gas with increasing the TGA temperature. As the CO gas re-
sults not only from the CO2 gasification but also from the 
decomposition of surface oxygenated groups or volatiles of 
fuels [4, 5, 28, 31], the intrinsic emission levels of CO by the 
CO2 gasification was identified by comparing the CO levels 
emitting from the raw fuels and their chars. Amounts of ap-
proximately 10 mg of samples were tested with a dynamic 
thermogravimetric method in a range of 25 to 900°C at a heat-
ing rate of 10°C/min. To confirm the results, each of the tests 
was repeated three times.  

Surface area and pore volume of the samples were obtained 
using nitrogen gas adsorption experiment at 77 K and applying 
the Brunauer-Emmett-Teller (BET) equation (ASAP 2020; 
Micromeritics Co., USA). The pore diameters (Dpore) of the 
samples were acquired using the Barrett-Joyner-Halenda 
(BJH) method [31-33]. Table 2 summarizes the results and 
shows that the chars generally have a larger surface area after 
removal of the volatile species, and thus provide a greater 
active area for CO2 molecules in the gasification procedure. 

The ash components of the raw fuel samples were analyzed 
using a X-Ray florescence spectroscopy (XRF-1700; Shima-
dzu, Japan) for the chars and the results are listed in Table 3. 
Among all samples, the bituminous coal denotes the highest 
content of SiO2 and Al2O3 which are known as inert species 
while the biomass shows the lowest levels. As for the alkaline 
metals which play a role of catalysts, on the contrary, the bio-
mass has noticeably high levels of the catalytic species in con-
trast to the bituminous coal. The Sub-bits (A) and (B) have 
intermediate levels of inert species and catalytic species in ash. 

 
3. Results and discussion 

Fig. 1(a) illustrates the dynamic TGA profiles of the relative 
mass for the present four samples (Sub-bit (A), Sub-bit (B), 
Bit and Biomass) in an Ar flow. The relative mass in units 
of % was defined based on the sample mass at 100°C above 
which water contribution is believed negligible. With the Ar 
flow, devolatilization accompanied by pyrolysis to some ex-
tent normally takes place over the raw sample, leading to a 
release of gases such as CO, H2, CH4, and CO2 [4, 5] and the 
resultant mass loss. Thus, the mass loss occurring at this char-
making process in Ar flow might be attributed to the volatile 
contribution. As summarized in Table 4, a comparison of the 
mass loss of the samples in Fig. 1(a) indicates that among the 
samples, the bituminous coal (Bit) has the lowest level of 

volatiles, with a mass loss of 28%. In contrast, the Sub-bit (A) 
and (B) samples are both more volatile with mass losses of 
nearly 41 and 52%, respectively. The Biomass shows that 
87% of the sample is volatile. These results are reasonably 
consistent with the results of the proximate analysis shown in 
Table 1.  

Moreover, drastic mass losses in all of the fuel samples oc-
cur mostly below 700°C (specifically from 250°C to 600°C). 
Above 700°C, the mass only slightly decreases for all sam-
ples: Bit, 2.5%; Sub-bit (A), 5%; Sub-bit (B), 7%; Biomass, 
2.6%. These small mass losses imply that nearly all of the 
volatile species left the solid surface while the rest of the fuel 

Table 3. Ash constituent analysis (wt%) of the raw samples. 
 

 SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 SO3 A.I. 
Sub-bit (A) 37.04 12.13 8.52 6.81 2.54 6.47 1.08 1.24 7.89 2.797 

Bit 72.47 12.25 0.66 0.02 0.14 0.08 0.32 0.79 0.12 0.268 

Sub-bit (B) 37.17 27.27 8.44 8.12 2.77 0.32 0.48 1.85 13.0 0.677 

Biomass 17.22 5.52 6.27 32.89 13.90 3.57 10.46 0.92 4.01 47.20 

 

 
(a) 

 

 
(b) 

 
Fig. 1. Dynamic TGA profiles of relative mass of the raw samples in 
(a) Ar; (b) CO2 flow. 
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got close to a char, named semi-char with such low levels of 
remaining volatiles. Thus, it is assumed that during the crea-
tion of the char, most of the devolatilization occurs before 
reaching the CO2 gasification reaction temperature (700°C).  

Fig. 1(b) shows the profiles of the relative mass of the same 
raw samples in CO2 flow. The observed results display similar 
TGA curves to those in Ar flow (Fig. 1(a)) below 700°C, sug-
gesting that the CO2 gas is inert in the temperature range. As 
temperature increases from 700 to 900°C, the mass losses of 
the Sub-bit (A) and (B), and the Biomass sample were 40.5, 
15.0, and 8.9%, respectively (refer to the third column of Ta-
ble 4). The high-temperature mass losses are obviously higher 
than those in Ar flow (Fig. 1(a)), suggesting the possible oc-
currence of the CO2 gasification. On the other hand, the over-
all mass loss of the Bit sample in CO2 flow is similar to that of 
the sample in Ar flow, with only a 1.5% difference, indicating 
that the Bit sample is the least reactive to CO2.  

To understand what caused the difference in the high-
temperature mass losses, we compared the specific surface 
areas of the char samples rather than their pristine fuel sam-
ples, because the raw fuels get close to their chars in nature 
above 700°C. From Table 2, the char of the Bit sample 
(named Bit-char) had a smaller surface area (see Table 2) in 
comparison to the Sub-char samples, which seems to explain 
the lowest reactivity of the Bit sample. However, it should be 
noted that the order of surface areas of the chars is not always 
the same as the order of reactivity. For example, the Biomass 
sample with the least porous char did not show the lowest 
reactivity; its high-temperature mass loss associated with the 
CO2 gasification was indeed the second lowest. This implies 
that there is another factor improving its reactivity such as 
catalytic agents, which might relate to the ash composition in 
Table 3 (will be explained later).  

Fig. 2 shows the variations of CO peak intensity in FTIR 
spectra for the raw samples, which were obtained with an 
increment of 25°C during the CO2 gasification process. For 
the Sub-bit (A) and (B) samples, CO is generated even below 
700°C presumably due to devolatilization, followed by a sharp 
increase in the CO absorbance above 700°C. The sharp in-
crease of the two sub-bituminous coals signifies a relative 
dominance of the CO2 gasification reaction at high tempera-

tures. The highest absorbance belongs to the Sub-bit (A) sam-
ple which showed the largest mass loss above 700°C in Fig. 
1(b). On the contrary, the Biomass and Bit samples show a 
gradual increase in the IR absorbance with increasing the tem-
perature. No such sharp increase in the CO absorbance repre-
sents either relative dominance of the devolatilzation (perhaps 
corresponding to the Biomass sample with the highest level of 
volatiles) or insignificant CO2 gasification reaction of the 
samples (corresponding to the Bit sample). As for the case of 
Biomass releasing massive amounts of volatiles, such product 
gases evolving from the sample could hinder the diffusive 
contact of the incoming CO2 gas with the Biomass in the sam-
ple pan of TGA and then reduce the CO2 gasification rate [34]. 
In any case, ruling out the contribution of the devolatilization 
to the mass loss is very likely required for better understand-
ing the material dependency of the CO2 gasification reaction. 
For this purpose, we repeated the same TGA experiment (for 
CO2 gasification in Fig. 1(a)) for the chars (prepared from the 
first run of the TGA with Ar flow).  

Fig. 3 presents the TGA profiles of the relative mass of the 

Table 4. Mass loss percentages of the raw samples during the devola-
tilization and CO2 gasification processes. 
  

 Mass lossa 
in Ar flow 

Mass lossa 
in CO2 flow 

Mass lossb in CO2 
flow from 700°C 

to 900°C 

Sub-bit (A) 41.2% 82.2% 40.5% 

Bit 28.0% 29.5% 3.5% 

Sub-bit (B) 52.2% 75.8% 15.0% 

Biomass 87.3% 96.6% 9.0% 
a Decrease of relative mass of samples observed when heating from 100°C 

to 900°C; 
b Decrease of relative mass of samples observed in the temperature range. 

  
 
Fig. 2. Temperature-resolved variations of CO absorbance in IR spec-
tra of evolving gases from the raw samples under the CO2 gasification. 

 

 
 
Fig. 3. Dynamic TGA profiles of relative mass of the first prepared 
char samples under CO2 gasification. 
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char samples with CO2 flow. In the figure, Sub-char (A) and 
(B) represent the chars originated from the Sub-bit (A) and (B) 
samples, respectively, and the Bit-char and Biomass-char are 
named likewise. After removal of volatiles, the mass of the 
Sub-char (A), Bit-char, and Biomass-char, as expected, begin 
to decrease above 700°C in CO2 mainly due to the CO2 gasifi-
cation. The Bit-char and Sub-char (A) denote mass losses of 
2.0% and 40.5%, respectively, which are similar to the high-
temperature mass losses that their raw fuel samples underwent 
from 700°C to 900°C (refer to Table 4). The Biomass-char 
sample exhibits the same mass loss behavior as the Sub-char 
(A), reaching the maximum mass loss of ~40% in contrast to 
9% that its raw sample showed. The difference in the mass 
loss is caused by difference in the reference sample mass for 
calculation of the relative mass: initial mass of the char sample 
versus the mass of the raw sample at 100°C. Besides, there 
still remains another unresolved mystery: why only the mass 
of Sub-char (B) begins to decrease at 550°C in CO2, far below 
700°C? To check whether the low-temperature mass loss is 
associated with an abnormal CO2 gasification reaction or not, 
we inspected the quality of the prepared chars by repeating the 
char-making process once more.  

In Fig. 4, the Sub-char (B) still shows a mass loss of nearly 
10% during the second char-making process with Arflow, 
which is almost three times higher than those of the other 
chars. This suggests that the first run of the char-making proc-
ess is not necessarily efficient for removal of volatiles, leaving 
behind some of volatile matters in the resultant chars. It is of 
particular interest to note that the Sub-char (B) in Table 2 is 
the most porous, so that it might be able to hold the volatile 
matters inside pores longer. If this is the case, the low-
temperature mass loss of the Sub-char (B) in CO2 flow ob-
served in Fig. 3 should disappear after complete removal of 
the remaining volatiles via the second run of the char-making 
process in Fig. 4(a). Hence, the CO2 gasification experiment 
has been carried out again for the char samples that have been 
such treated.  

As shown with all of the double-treated char samples in Fig. 
4(b), there is no notable evidence about the abnormal CO2 
gasification below 700°C, and most of the mass loss occurs 
above 700°C. The mass loss of the Sub-char (B) was found to 
be 38.9%, very close to those of the Sub-char (A) and Bio-
mass-char samples, but order of magnitude larger than that of 
the Bit-char sample (1.7%). Let us recall Table 2 in which the 
Sub-chars (A) and (B) have much large BET surface areas as 
compared to the Bit-char. Thus, it is naturally conjectured that 
the surface area or porosity of the char samples plays a key 
role in determining the apparent reactivity of CO2 gasification 
reaction, at least in the three samples. This result is compatible 
with other claims that char with a larger BET surface area has 
higher gasification reactivity [15].  

Let us return the remaining final question about the abnor-
mally high reactivity of the non-porous Biomass-char. Since 
any contributions of volatiles are completely removed, it 
seems to be associated with ash residing the chars. Huang et al. 

[26, 35, 36] reported the effects of the chemical constituents of 
ashes on the kinetics of the CO2 gasification reaction. Some 
species, such as silica and alumina, play a hindering role, in 
contrast to the catalytic role of alkaline metals (K > Na > Ca > 
Fe > Mg) in the CO2 gasification reaction. Hence, an alkaline 
index (A.I.) representing the content of catalytic species (like 
alkaline metals) relative to the deactivating species was de-
fined as follows [7, 35, 37] and used for assessing the catalytic 
activity of ashes in the chars. 

 
Alkaline index = ash content (wt%) *{(Fe2O3+ CaO+ 
MgO+Na2O+ K2O)/(SiO2+Al2O3)} .  (3) 
 
The XRF data in Table 3 provide comprehensive informa-

tion about the ash compositions of the four samples in this 
study. Major non-catalytic species such as silica and alumina 
are distributed in a vast range from 22% in the Biomass to 
84% in the Bit sample, while catalytic elements such as CaO 

 
(a) 

 

 
(b) 

 
Fig. 4. Dynamic TGA profiles of relative mass of (a) the first prepared 
char samples during their second char-making process with Ar flow;
(b) the second prepared char samples under CO2 gasification. 
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vary from almost zero (the Bit sample) to 33% (the Biomass). 
Note that the Biomass has an order of magnitude larger A.I. 
value than the rest of fuels, together with the largest amount of 
ash. This might explain why the non-porous Biomass has a 
comparable CO2 gasification reactivity to the much more po-
rous sub-bituminous samples. Thus we believe that the effect 
of ash mineral content prevails at least with regard to the reac-
tivity of the Biomass sample. It is also interesting to note that 
the Sub-bit (B), that is more porous than the Sub-bit (A), has a 
smaller A.I. value. Such conflict between the surface area and 
A.I. might lead to the similar gasification reactivity of the two 
sub-bituminous samples.  

To confirm the properties of the mass loss curves in the 
char samples, the IR absorbance of CO gas evolving from the 
mass-loss experiment was measured by FTIR and shown in 
Fig. 5. Overall trend in the curves looks similar to that in Fig. 
4(b). The samples of Sub-char (A) and (B) as well as the Bi-
omass show an identical rise in the CO absorbance, while the 
Bit-char sample is the least reactive. 

 
4. Conclusion 

An investigation of various types of coal and a biomass 
sample under the CO2 gasification process was done in an 
effort to understand the effect of the physio-chemical proper-
ties of these samples on the reaction rate. The comparison of 
the devolatilization and the gasification properties of the raw 
fuel samples yielded that large amount of devolatilized gases, 
e.g., from Sub-bit (B) and Biomass samples, overwhelmed the 
mass loss, which might mislead TGA users to underestimate 
their CO2 gasification reactivity and misjudge an abnormal 
CO2 gasification reaction below 700°C. In particular, repeat-
ing the char-making process twice, when a dynamic TGA 
mode was used, was at least required for complete removal of 
volatiles for the Sub-bit (B) sample. As a result of the char 
samples, fuels with larger surface area and more catalytic 
components in ash denoted higher reactivity of CO2 gasifica-
tion. In this aspect, the Bit sample, that has the lowest surface 

area and no catalytic species with the lowest alkaline index, 
was almost nonreactive to CO2 in the present condition. From 
the practical point of view, it is recommended that the utiliza-
tion of the low-rank coal with the porous char structure with 
blending the biomass gives rise to a remarkable increase of the 
gasification rate. 
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