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Abstract-Catalytic coal gasification was studied by using thermal desorption spectroscopy (TDS) 
under high vacuum conditions. Activated charcoal was used as a model compound of coal, and Na,CO:~ 
and KeCO:~ as catalysts. Catalysts enhanced oxygen adsorption and decomposed at temperatures below 
their own decomposing temperatures. After pretreatment of the catalyst at high temperature the 
CO, desorption pattern represented characteristics of reaction intermediates. There were two peaks, 
ct-peak and [3-peak, in COe TDS curves. From the experimental results, or-peak was interpreted to 
the result from intercalated metal-car~on (M-C) complex, and ~-peak from metal-oxygen (M-O-C) 
complex. A higher pretreatment temperature led to decrease both the number of M-O-C complex 
and its thermal stability. The increase of catalyst loading in Na~CO:~-containing sample resulted in 
relative increase of the number of M-O-C complex than that of intercalated M-C complex, and also 
increase of thermal stabilities of both reaction intermediates. Major difference between K2CO:~ and 
Na~CO:~ appeared in c~-peak, intercalated M-C complex. That is, the contribution of intercalated metal- 
carbon complex to total reaction intermediates was larger in K2CO:~ than Na~CO:~. This could be 
attributed mainly to the better intercalating ability of potassium due to its lower ionization potential. 

INTRODUCTION 

There has been broad interest in the development 
of more economic coal gasification process. The en- 
hancement of the reactivity of coal toward gasification 
by addition of some minerals has been reported and 
many investigations confirmed that alkali and alkaline 

earth metal carbonates are the most effective catalysts 
[ 1-3_ ~. Extensive and systematic studies have been per- 
formed in order to elucidate the mechanism of cata- 

lytic coal gasification and the nature of active species 
which are formed from catalysts during gasification. 
Although nmch efforts have been paid to explore the 
nature of the active species, the explicit answers are 
hampered bv the complexity of gasification reaction. 
Unlike metals which are popular as catalysts, tile cata- 
lysts used in coal gasification are decomposed during 
reaction and converted into other compounds. This 
obstructs the way to develop the catalysts in coal gasi- 

fication. 
ht this paper, catalytic coal gasification was studied 

using oxygen as an oxidant gas by thermal desorption 
spectroscopy (TDS) under  high vacuum conditions. 

**To whom all correspondence should be addressed. 

Now we give an overview of the studies on the nature 
of reaction intermediates formed on activated charcoal 
containing alkali metal carbonates. 

EXPERIMENTAL 

Experiments were conducted in a high vacuum r,eac- 

tion chamber that was pumped by an oil diffusion 
pump (Varian, M4) whose operating pressure was 2- 
3X 10 '; Tort. The total pressure was monitored by a 
Bayard-Alpert type ionizatkm gauge (Anelva, NI-10D), 
and the partial pressure by a quadrupole mass spec- 
trometer (Anelva, AGA-100). The samples used in the 
study were prepared by incipient wetting method which 
permits catalyst loading large enough [4]. Actiw~ted 
charcoal was selected as a model compound of coal, 
and Na~CO:~ and KzCO:~ as catalysts. All the samples 
were loaded on a 400 mesh stainless steel net welded 
to tantalum foil (0.025 mm thickness) which was resis- 
tively heated by a.c. power. The heating mode was 
not linear with time but somewhat parabolic. The heat- 
ing rate of the sample was ahout 4 K/sec. The tempera- 
ture of the sample was measured by a chromel-alusael 
thermocouple spot-welded on the back of the tantalum 
foil support. Generally, thermal desorption spectra 
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Fig. I .  (a) CO=, (b) CO thermal desorption spectra and 
(c) total pressure variation curve from activated 
charcoal containing 10 wt% KzCO.~ during outgas- 
sing upto 1030 K. 
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Fig. 2. CO2 thermal desorption spectra from activated 
charcoals containing 10wt% (a) and 40wt% (b) 
KzCO~ during outgassing upto 1030 K. 

(TDS) were obtained by O~ exposures after outgassing. 
During the acquisition of TDS curves, sample tempera- 
ture, total pressure, and specific mass intensity were 

recorded at the same time. 

R E S U L T S  AND DISCUSSIONS 

I. O u t g a s s i n g  Spectra  
Fig. 1 shows the curves of CO., TDS (a). CO TDS 

(b), and total pressure variation with sample tempera- 
ture (c) during outgassing of activated charcoal contain- 
ing 10 wt% K2CO> The decomposition of the sample 
is observed at considerably low temperature. The peak 
maximum in the CO~ TDS is shown at about 850 K, 
around which total pressure variation curve, shows its 
peak maximum. Peak maximum temperature in CO 
TDS is higher than that in CO., TDS by about 150 K. 
The shoulder at 800-900 K in curve (b) is attributed 
to a fragment of desorbing CO._, in mass spectrometer. 
The broad peak in curve (c) at about 500K seems 
to be the result of desorptions of water or volatile 

compounds adsorbed on the sample which is con- 
firmed by mass number  18 monitored during the same 
experiment. It is generally accepted that when alkali 

metal carbonates are mixed with carbonaceous com- 
pound they are decomposed during outgassing at high 
temperature through the following reactions -5, 6t. 

MeCO:~ ------, M20 +CO~ (1) 

MzO+C - - - - +  2 M + C O  (2) 
(M : alkali metal, C : carbon) 

Reaction (2) is proceeded only after reaction (1). There- 
fore the y-peak in the COe TDS is supposed to be 
due to reaction (1) and the S-peak in the CO TDS 
due to reaction (2), respectively. Generally, pure alkali 
metal carbonates are decomposed above 1000 K, but 
when they are mixed with carbonaceous compounds 
decomposition begins at lower temperature which is 
originated from 1:he contact with carbon [6]. No no- 
ticeable desurption is observed when the saraple is 
reheated after outgassing without gas exposure. The 
result indicates that most of the catalyst decomposes 
during outgassing. Fig. 2 shows CO., TDS from activa- 
ted charcoals containing 10 w t q  (a) and 40 wVT~ (b) 
KuCO> The temperature and extent of decompositi(m 
of alkali metal carbonates, when they are mixed with 
carbonaceous compounds, depend on the conrad area 
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Fig. 3. COz thermal desorpfion spectra on activated char- 
coals without catalyst (a) and containing 10wt% 

K2CO3 (b) by 24000 L O2 exposure at RT after 
outgassing for l0  rain at 950 K. 

of alkali metal carbonates and carbonaceous compou- 
nds [7, 8]. The broader y-peak in curve (b) than that 
in curve (a) could be attributed to poorer contact be- 
tween catalyst and carbon in the case of 40 wff& addi- 
tion. The discussion is supported by TEM photo- 
graphs. The desorption below 500 K has little impor- 
tance because it is suggested to be the result of the 
desorptions of water or volatile compounds adsorbed 
weakly on the sample after outgassing. 
2. 02 Adsorp t ion  

Exposure of activated charcoal containing 10wteA 
K~CO:~ at room temperature to O2 results in two dis- 
tinct CO.., desorption peaks (a-, ~-peak) between 600 K 
and 800 K [Fig. 3(b)~. Unlike the sample containing 
catalyst, the sample without catalyst (a) shows only 
a reD' small peak around 650 K and no noticeable 
peak on the total pressure variation curve. The peak 
temperature from the sample without catalyst EFig. 3 
(a)] conincides with the ct-peak temperature from the 
sample containing catalyst [Fig. 3(b)~. This suggests 
that catalyst on the sample enhances O2 adsorption 
and CO2 formation from adsorbed oxygen, and that 
thermal stability of reaction intermediates giving ct- 

peak is similar to that of the groups on activated char- 
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Fig. 4. Sequential CO2 thermal desorption spectra on ac- 
tivated charcoal containing 10wt% K2CO3: (a) 
24000 L 02 exposure at RT after outgassing for 
10 rain at 950 K, (b) no exposure after (a), and 
(c) 24000 L Oz exposure at RT after (b) and out- 

gassing for 5 rain at 950 K. 

coal. 
Curve (a) of Fig. 4 is a CO~ TDS curve from activa- 

ted charcoal containing 10 wt% K~CO3 with 24000L 
O, exposure at room temperature. Curve (b) is a C02 
TDS from the same sample without O5 exposure after 
getting curve (a), which shows no distinct peak. Curve 
(c) is obtained after 24000L 02 exposure at room tem- 
perature after getting curve (b). In curves (a) and (c) 
two distinct peaks (a-, [3-peak) are observed unlike 
in curve (b). This indicates that ct- and [3-peak in cur- 
ves (a) and (c) come from O~ exposure. In brief, the 
ct- and [3-peak in Figs. 3 and 4 are the consequences 
of catalyst addition and O~ exposure. In cmves (a) 
and (c) peak temperature of [3-peak is somewhat differ- 
ent. This will be explained by catalyst recrystallization 
afterward. 

Fig. 5 shows a series of CO~ TDS from activated 
charcoal containing 3 wi% Na~CO:~ with three different 
outgassing temratures. Two distinct peaks are also ob- 
served in each curve. The higher outgassing tempera- 
ture, the bigger peak height ratio of o.- to 13-peak. Al- 
though it is less pronounced, the decrease of peak 
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Fig. 5. COz thermal desorption spectra on activated char- 
coal containing 3 wt% N'a2CO3 by 24000 L O2 ex- 
posure at RT after outgassing for 10 mia. The out- 
gassing temperatures are (a) 900 K, (b) 950 K, and 
(c) 1030 K. 

temperatures of a- and 13-peak is also observed. Fig. 6 
shows a series of CO2 TDS from the same sample 
as in Fig. 5 with three different outgassing times at 
1030K. The longer outgassing time increases peak 
height ratio of c~- to [3-peak and decreases peak tem-  

perature of a-peak. The small peaks above 800 K seem 
to be the result of the decomposition of catalyst which 
is formed by the recrystallization of carbonates during 
TDS or thermal decomposition of charcoal because 
CO._, desorption peak appears at the same temperature 
as on outgassing spectrum which results from catalyst 
decomposition. In curve (a), the rising peak after 800 
K is outstanding. This is attributed to decomposition 
of the catalyst which is incompletely decomposed du- 
ring outgassing or decomposition of functional groups 
existed on the sample because of short outgassing 
time. 

Fig. 5 suggests that the number and thermal stabil- 
ity of the reaction intermediates which give 13-peak 
decrease relatively at higher outgassing temperature. 
From this, TDS curves could be used for the study 
of the reaction intermediates during gasification. Cata- 
lysts are converted into reaction intermediates through 
decomposition and interaction with the ~ctivated char- 
coal during outgassing [10]. These reaction interme- 

g 
..2 

--I 
< 
Z 

< 

C~ 

I I. 
/ 1 ['~ 

,." .s i 
/ " ' t  

I t,# 
/ 

/ 
( C ) "  " "  

t / 
(b} 

(a) 

i i I I I L I I 

300 600 900 
T E M P E R A T U R E  (K) 

Fig. 6. CO2 thermal desorption spectra on activated char- 
coal containing 3 wt% Na2CO3 by 240110 L 02 ex- 
posure at RT after outgassing at 1030 K. The out- 
gassing times are (a) 0 min, (b) 5 rain. and (c) 10 
min. 

diates are responsible for the real activity ff)r coal gas- 
ification [11]. 

Fig. 6 suggests that reaction intermediates are de- 
composed during outgassing. The fact that peak tem- 
perature of a-peak is lower than that of [3-peak indica- 
tes that the thermal stability or binding energy is low- 
er for reaction intermediate giving a-peak than for 
that giving [3.peak. In Fig. 3, the fact that peak tem- 
perature of a-peak coincides with the CO~ desorption 
peak from the sample without catalyst indicates that 
reaction intermediate giving a-peak is similar in ther- 
mal stability and structure to functional groups of acti- 
vated charcoal which give small peak on CO2 TDS. 

In comparison with previous reports [9, 10], al- 
though this gives indirect information about the nature 
of reaction intermediates, two candidates that could 
result in a- and [3-peak can be assumed. One is metal- 
oxygen-carbon (M-O-C) complex and the other metal- 
carbon (M-C) complex suggesting the precursors of 
a- and [3-peak, respectively. The latter is another name 
of alkali-metal intercalated carbon complex [121. The 
possible reaction scheme that is occurred during out- 
gassing is drawn on Scheme l [13J, Path 1 is related 
to y-peak in Fig. l(a) and Fig. 2. CO TDS peak in Fig. 1 
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( M : alkali metal, C : carbon) 

Scheme I. Reaction network of alkali melal carbonate 

Ell] .  

(b) seems to be the result of path 2. There  are three 
competitive reaction paths [(3), (4), and (5)] for re- 
duced alkali metal formed during outgassing. What 
path is dominant over others depends on outgassing 
conditions. Path 3 is suggested to be the cause of 13- 
peak in Figs. 4-6, and path 4 that of a-peak. H-O-C 
group is a functional group existed on activated char- 

coal. Reduced metal can be sublimed and this causes 
catalyst loss [14]. 

The above mentioned two reaction intermediates 
(M-O-C and M-C complexes) get oxygen to be adsorb- 
ed on the sample and facilitate the reaction between 
carbon and oxygen. Therefore the amount of oxygen 
trapped by catalyst that is synonym of the amount 
of reaction intermediates, is directly related to reac- 
tion activity. During outgassing, M-O-C complex can 

be decomposed into M-C complex or resulted in metal 
sublimation. Decomposition will be more intense at 
higher temperature and for longer time. This explains 
the trend of decrease of peak height ratio of a- to 
[3-peak in Figs. 5 and 6. M-O-C complex is bound toge- 
ther  through chemical bond that is stronger than van 
der  Waals interaction that brings about intercalation. 
The intercalated compound (M-C complex) has a little 
difference in structure and thermal stability with func- 
tional groups of activated charcoal. Therefore a-peak 
temperature coincides with CO._, desorption peak from 

activated charcoal. 
Fig. 7 shows the effect of amount of the catalyst 

added to activated charcoal on CO., TDS. Curves (a) 

and (c) are obtained from activated charcoal containing 
3 wtr NaeCO:~, and curves (b) and (d) from 10wt~  

sample. For both outgassing temperatures, the 13-peak 

temperature and peak height ratio of a- to [~-peak are 

Fig. 7. 
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CO~ thermal desorption spectra on activated char- 
coals containing 3 wt% NazCO3 [(a) and (c)] and 
10 wt% NazCO:~ [(b) and (d)] by 24000 L 02 ex- 
posure at RT after outgassing for 10 rain. Outgas- 
sing temperatures are 950 K F(a) and (b)] and 
1030 K F(c) and (d)]. 

higher for the 10 wt%-containing sample. This result 
can be explained as follows: For the case of sodium, 
the known intercalated compound with carbon is only 
C~Na. In the 3 wtC/c-containing sample, the atomic ra- 

tio of carbon to Na is about 40, and in the 10wt% 
one is about 140. Therefore, Na in the 10 wt%-contain- 
ing sample can be more intercaI'ated than the 3 ~a% 
one and also form more M-O-C complex. Thermal sta- 
bility of M-C complex is less affected by its amount 
on the sample because this complex makes carbon 
stable through only the weak interaction and the inter- 
action is exerted over the long range, while thermal 
stability of M-O-C complex depends strongly on lhat 
because the interaction is exerted over the short 

range, 
Fig. 8 is the result of CO2 TDS from the non-treated 

sample (a) and the sample that is thermally pretreated 
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Fig. 8. COz thermal desorption spectra on activated char- 
coal containing 10 wt% KzCO3 by 24000 L O,. ex- 
posure at RT after outgassing for 10 min at 950 K. 
(a) fresh sample and (b) sample pretreated at 700 
~ for 30rain in 1 atm N., before using in 
TDS. 

in nitrogen atmosphere (b) and for the non-treated sam- 
ple (a). The [3-peak in curve (b) is less distinct than 
in curve (a). This could be attributed to the loss of 
functional groups on the sample by thermal treatment. 
The M-O-C complex is formed via metal bound to func- 
tional group which contains oxygen�9 Therefore, the 
loss of functional group results in lower number of 
M-O-C complex being formed. 
3. C o m p a r i s o n  b e t w e e n  K2COa- and Na2COa-con- 
ta ining Act iva ted  Charcoals  

Fig. 9 shows the difference in CO., TDS shape be- 
tween Na2CO:r and K2CO~-containing activated char- 
coal. The peak height ratio of ct- to [3--peak is bigger 
for the KeCO:~-containing sample. In addition to this, 
the higher outgassing temperature, the more distinct 
this effect. Because K has lower ionization energy, than 
Na, K can be more easily intercalated into carbon than 
Na. Therefore, the peak height ratio of ct- to [3-peak 
i:s higher for the case of addition of K._,CO> M-O-C 
complex is easily decomposed to M-(" complex and 
it sublimes more easily than M-C complex. Therefore, 
at higher outgassing temperature the difference of the 
rmmber of M-O-C complex and that of M-C complex 
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Iqg. 9. COz thermal desorption spectra on activated char- 
coals containing 10 wt% NazCO~ [(a) and (e)] and 
10 ~t% KzCO3 [(b) and (d)] by 24000 L Oz expo- 
sure at RT after outgassing for 10 rain. Outgassing 
temperatures are 950 K [-(a) and (b)] and 1030 K 
[(c) and (d)]. 

is more outstanding. 

CONCLUSIONS 

CO~ thermal desorption spectra of the alkali metal 
carbonate-containing samples after outgassing follow- 
ed by 0._, exposure reflects the characteristics of the 
reaction intermediates which are formed on the sam- 
ple after outgassing. Catalysts enhance O~ adsorption 
and CO_, formation from oxygen adsorbed on the sam- 
pie. Reaction intermediates infe-red from TDS results 
are metal-oxygen-carbon (M-O-C) and metal-carbon 
(M-C) (intercalated compound) complex. Iligher out- 
gassing temperature and longer outgassing time lead 
to decreases of the number of M-O-C complex and 
its thermal stability. Major difference in TDS pattern 
between KzCO:~- and Na~CO:~-containing samples ap- 
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pears in a-peak depending on the intercalation abili- 
ties of K and Na. 
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