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Abstract—The effects of potassium on the reactivity of biomass-char steam gasification with the presence of a porous
material were investigated by using a thermogravimetric reactor with high-heating rates. Lignin was employed as a
char-rich biomass model compound. The potassium carbonate (K,CO,) was added to lignin and a mixture of lignin
and »Al,0; porous particles by means of aqueous impregnation. The effects of K,CO, and yAl,0O, addition on pyrol-
ysis of lignin and steam gasification of lignin-derived char were evaluated in terms of lignin conversion and the gaseous
products. Results showed that K,CO; slightly increased the steam gasification rate of lignin-derived char, but it did
not influence the conversion in both the pyrolysis and steam gasification steps. In addition, tar was reduced by adding
K,CO, because of the increment of carbon conversion to gas product. The presence of j#Al,0; was found to induce
the lower reactivity of resulting char after pyrolysis, reducing the gasification rate and conversion. A significant im-
provement in gasification conversion was observed with the presence of both K,CO, and <Al,0O;. Especially, almost
complete gasification was achieved at a reaction temperature of 1,073 K.
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INTRODUCTION

Biomass is known as a CO,-neutral energy source and is expected
to reduce CO, emission if it is utilized instead of fossil fuels. The
amount of carbon dioxide emissions in biomass combustion is equiv-
alent to the amount of carbon dioxide absorbed by photosynthesis.
Therefore, the use of biomass does not increase the net amount of
atmospheric carbon dioxide [1,2]. In the biological and thermochem-
ical conversion technology of biomass, the steam gasification of bio-
mass is promoted as a promising technology for biomass utilization
and also for hydrogen production [3-5]. An impediment to using
biomass is the large amount of tar produced from biomass in con-
ventional processes, which causes deposition problems in the back-
pass. Tar can deposit on surfaces in filters, heat exchangers and engin-
es. As a result, this reduces the component performance and increases
maintenance requirements. Since biomass has a low energy den-
sity compared to fossil fuels, such as coal and petroleum, a com-
mercial biomass gasification process is required to achieve higher
thermal efficiency. Low temperature gasification can reduce thermal
loss, leading to higher thermal efficiency. However, this induces a
higher yield of tar production. A number of researches have been
devoted to developing effective catalysts to enhance the thermal
decomposition of tar [6-11]. However, deactivating caused by car-
bon deposit seems to be the main problem of using catalysts. Recently,
a new approach has been proposed to solve the problem of tar by
employing porous solids as bed materials. The porous materials are
expected to promote the capture of volatile matter as carbon de-
posits in their pores [12-14].

Alkali and alkaline earth oxides and salts have been revealed as
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effective catalysts for the gasification of carbon by CO, and H,O.
So far, a number of intensive works have been carried out to in-
vestigate the catalytic mechanism of coal/char gasification [15-23].
However, few studies have mentioned the catalytic effects on reac-
tivity of biomass-derived char and on gaseous products. Particularly,
the synergetic effect of porous materials and alkali-catalysts has been
not explored. Therefore, the purpose of the present work is to in-
vestigate the catalytic effects of alkali on the steam gasification of
biomass with porous materials. Potassium carbonate (K,CO,) was
employed as the alkali-catalyst because of its good catalytic effects
on both carbon dioxide and steam gasification [24-26]. So far, K.CO,
is well known as a good alkali catalyst for the gasification of car-
bon. It has been suggested that the formation of intercalation com-
pounds between potassium (K) and carbon (graphite) takes place
during gasification [15,27]. The formation of a K-C bond may cause
a weakening of adjacent C-C bonds in the carbon network with the
rupture of aromatic rings leading to the formation of highly reac-
tive aliphatic fragments. Mims and Pabst mentioned that K,CO,
reacts with char or carbon to form surface salt complexes such as
surface phenoxide groups [17]. They suggested that nucleophilic
sites K+-O-C are formed on the carbon surface by reaction with
K,CO; and act as active sites during the gasification reaction. Saber
et al. reported that the oxide on the carbon surface is cable of stabiliz-
ing potassium on carbon [18]. The AL, O; was used as the porous
material. All experiments were carried out in a thermogravimetric
reactor with high heating rates.

METHOD AND MATERIALS
The experimental apparatus [28,29] mainly consists of a 25-mm

in inner diameter quartz thermobalance reactor, an inner quartz tube
of 13-mm in inner diameter, an infrared gold image furnace and a
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9. Water pump
10. Ar carrier gas
11. Steam trap
5. Sample (Biomass) 12. CaCl, column
6. Quartz glass tube 13. Sample gas
7. Infrared gold image fumace 14. Mass flow controler

Fig. 1. Experimental apparatus.
1. Thermobalance
2. Mass spectrometer
3. Micro GC
4. Gas bag

balance sensor (Fig. 1). The inner quartz tube was installed to avoid
the influence of buoyancy change due to gas convection during heat-
ing. An 8-mm-diameter, 10-mm-long ceramic basket was suspended
in the thermobalance. Two platinum mesh sheets (150 mesh) were
placed at the bottom of the ceramic basket. The temperature was
measured by an R-type thermocouple placed near the sample. Steam
was fed through a coil above the sample basket.

The #AlLO; was supported by Mizusawa Industrial Chemical.
Its particle size is in the range from 70 to 200 wm, with a BET sur-
face area of about 205 m” g'. The K,CO; catalyst was added to the
mixture between lignin and Al O; by aqueous impregnation (wet
mixing). The thick slurry obtained upon addition of the lignin and
alumina to the catalyst solution was dried at about 350 K for 12 h.
The sample without the catalyst was also wetted and dried in the
same manner. The ratio of lignin to #AlLO, was 1: 1 by weight.
The amount of K,CO, added was 10% by weight of the mixture
between lignin and K,CO;.

A sample of 20-40 mg was put into the ceramic basket of the
thermogravimetric reactor. Initially, Ar gas of 2.72 cn’ s™', which
is equivalent to gas velocity of 0.55 cm s at the standard state, was
fed into the thermobalance reactor to purge oxygen from the reac-
tor tube. After the oxygen concentration fell below 100 ppm, the
reactor was heated at 383 K to dry the sample. After 10 min dry-
ing, the temperature was increased and was kept at 473 K for 5 min.
Subsequently, the temperature was stepped up to reaction tempera-
tures, i.e., 973 K and 1,073 K, with a heating rate of about 100 K
s™'. The temperature and weight loss of the sample during the reac-
tion were recorded on a personal computer at sampling rates of 5
Hz. Pyrolysis was carried out at an early stage. After insignificant
change in weight and gas evolution was observed, the steam was
introduced into the reactor with carrier gas Ar (50 : 50 vol%) to start

Table 1. Properties of lignin

Elemental composition (wt%, daf basis)

Carbon 64.5
Hydrogen 5.6
Oxygen 27.0
Sulfur 2.9

the steam gasification. Hence, steam gasification of char produced
by the pyrolysis of the sample took place. The gaseous products were
analyzed by a quadrupole mass spectrometer (Standom; ULVAC,
Inc.) at time intervals of 2 s. lons of m/z=2, 15, 28, and 44 were
selected to measure the concentrations of H,, CH,, CO, and CO,,
respectively. In conjunction with mass spectrometry, gas composi-
tions were also measured by a TCD micro-gas chromatograph (model
M-200H; Hewlett-Packard Co.) to verify the accuracy of the mass
spectrometer data. An MS-5A column was used to measure con-
centrations of H,, O,, N,, CH,, and CO with Ar carrier gas. The con-
centration of CO, was measured with a Pora Plot Q column and
Ar carrier gas. The sampling time interval of the micro-GC was
approximately 90 s. Effluent gas from the reactor was collected in
a gas bag to measure the total amount of gaseous product. This gas
was analyzed with the micro-gas chromatograph. After the steam
gasification, the residue was burnt off by switching Ar carrier gas
to air. The refractory char was determined from the weight change
through the combustion step. The TGA result was presented in terms
of relative mass profiles. The relative mass was calculated based
on the total combustible portion in the sample. This portion was
defined as the weight change from 473 K to the final step of com-
bustion. Lignin was employed as a char-rich biomass model com-
pound. The elemental composition of lignin is listed in Table 1. The
ash of employed lignin consisted mainly of oxides of sodium (37.2%),
potassium (7.5%), silicon (3.3%) and aluminum (1.9%), along with
small concentrations of magnesium, calcium, iron, phosphorus and
titanium (<0.4%).

In the case of lignin/}AL,0,/10 wt% K,CO,, the sample basket
was taken out from the thermobalance reactor after the pyrolysis
step as well as the steam gasification step. The samples were ana-
lyzed to ensure the existence of potassium by using a scanning elec-
tron microscope with energy dispersive spectrometer, SEM-EDS,
(Hitachi High-Technology Co., S-4200) with a Kevex superdry de-
tector.

RESULTS AND DISCUSSION

1. Effects of K,CO; on the Pyrolysis and Gasification of Lignin

In the present study, the catalytic effect on steam gasification of
biomass-derived char was investigated by using lignin as a char-
rich biomass model compound. Fig. 2 illustrates the relative mass
profiles of lignin in the case of lignin alone and the case of lignin
with 10 wt% K,CO; at temperature of 1,073 K. Although K,CO,
slightly increased the rate of weight change in the steam gasifica-
tion step, it was not observed to have a significant influence on the
conversion in both the pyrolysis and steam gasification steps. The
unreacted carbon after the steam gasification is expected to become
coke or refractory carbon, which seems to be less reactive in an oxy-
gen-free atmosphere. As mentioned above, the K,CO; has been re-
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Fig. 2. Effects of K,CO; addition on relative mass profiles of lignin.
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Fig. 3. Effects of K,CO, addition on gaseous products of lignin.

ported about its catalytic effects on carbon gasification. However,
it is likely not able to enhance the reactivity of lignin-coke in the
steam gasification.

Fig. 3 shows the composition of the produced gas in the cases
of lignin and lignin/10 wt% K,CO,;. In the case of lignin/10 wt%
K,CO; the amount of H, and CO was observed to increase. The
hydrocarbon gas, i.e., CH,, was observed in small amount, indicat-
ing effective reforming reactions. The gas evolution rate profiles of
H, and CO, for both cases are depicted in Fig. 4. The first and sec-
ond peaks denote the gas evolved in the pyrolysis step and in the
steam gasification step, respectively. Note that area of each peak
represents the amount of gas released in each step. As can be seen,
the lignin/10 wt% K,CO, gave a larger amount of gas product, es-
pecially H, and CO. The product gas after pyrolysis was estimated
by integrating the profile of gas evolution rate. Table 2 summarizes
results of gas product after each step and carbon conversion. Com-
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Fig. 4. Effects of K,CO, addition on H, and CO, evolution rate pro-
files of lignin.

paring lignin and lignin/10 wt% K,CO; at 1,073 K, the carbon con-
version was increased with the presence of K,CO;. Owing to the
absence of change in solid conversion as shown in Fig. 2, the in-
crease in carbon conversion to gas is considered to stem from the
reduction of tar. The higher amount of gas product at 973 K likely
resulted from the water-gas shift reaction, which is slightly exo-
thermic and favors low temperatures.

Elliott and Baker reported that alkali catalysts can reduce tar prod-
uct by means of either stopping tar formation initially or by cata-
lyzing tar decomposition [30]. Hence, the increase in gas product
in the pyrolysis step is due to the catalytic effect of K,CO; on tar
decomposition. In addition, K,CO, was found to promote H, pro-
duction during the steam gasification. Therefore, it can be con-
cluded that K,CO, performs as a catalyst for steam gasification of
the biomass-derived char and tar decomposition.

2. Effects of AL O; on the Pyrolysis and Gasification of Lignin

Fig. 5 shows a comparison of the relative mass profile between
lignin and lignin/ALO; for temperatures of 973 K and 1,073 K.
Fig. 6 presents the effect of 1Al O; on the total amount of gas prod-
uct. The evolution rate profiles of H, and CO, are depicted in Fig.
7. In the pyrolysis step, lignin/}*ALO; gave a lower relative mass
while the carbon conversion to gas product was decreased, as can
be seen in Table 2. This means the higher amount of volatile (tar)
was liberated. The porous material, Al,O; was found to have a
tendency to stimulate the coking reaction of tar released during py-
rolysis and gasification [12,13]. It was proposed that the tar released
during the pyrolysis step is captured on <AL O; particles as coke
by means of dehydrogenation. However, the reaction unlikely took
place in this study. This is attributable to the diminution of alumina
porosity resulting from the mixing procedure. A reason for the drop
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Table 2. Summary of gas product and conversion
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Temperature " Gas evolution (mmol/g-daf-lignin) Carbon conversion
) H, CH, co co, Q)
Lignin 973 PY 9.86 1.18 6.10 3.11 0.193
GS 73.21 1.18 7.56 32.25 0.763
1,073 PY 9.60 0.83 7.79 3.25 0.221
GS 48.75 0.83 13.64 19.91 0.640
Lignin/pAl,O, 973 PY 7.68 1.05 4.63 3.46 0.170
GS 41.00 1.05 5.59 19.56 0.487
1,073 PY 9.67 1.11 5.86 3.74 0.199
GS 31.46 1.11 8.54 13.28 0.427
Lignin/pAl,05/10 wt%K,CO, 973 PY 7.03 0.81 5.70 3.42 0.185
GS 50.56 0.81 7.58 24.24 0.607
1,073 PY 8.61 0.78 7.37 3.56 0.218
GS 46.36 0.78 12.88 20.14 0.629
Lignin/10 wt%K,CO, 1,073 PY 11.72 0.97 9.31 4.06 0.267
GS 54.85 0.97 19.02 18.50 0.716
*PY: After the pyrolysis step. GS: After the gasification step
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Fig. 5. Effects of <Al O; addition on relative mass profiles of lignin
at temperatures of (a) 973 K and (b) 1,073 K.

in relative mass in the case of lignin/}#ALO, would be the suppres-
sion of the secondary reaction of tar with carbon in char. In a ther-

1+AL O, would contribute to less-reactive char and coke which is
hardly converted in oxygen-free atmosphere.
3. Effects of K,CO; on the Pyrolysis and Gasification of Lig-
nin with the Presence of }<Al,O,

Fig. 8 illustrates the relative mass profiles of lignin between the
cases of lignin/pAlO, and lignin/}~Al,04/10wt% K,CO, for tem-
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Fig. 7. Effects of <Al,O, addition on H, and CO, evolution rate profiles of lignin at temperatures of (a) 973 K and (b) 1,073 K.
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peratures of 973 K and 1,073 K. Figs. 9 and 10 show the amount
of gaseous products and the gas evolution rate profiles of lignin/j
ALO; and lignin/pAl,0,/10 wt% K,CO;, for temperatures of 973 K
and 1,073 K. The addition of K,CO, was observed to increase the
total conversion of lignin and the overall amount of gas product.
As can be seen in Figs. 8 and 10, in the pyrolysis step K,CO, did
not have a significant influence on the conversion of lignin and gas
production of H, and CO,, compared to the case of lignin/j<Al,O;.
Nonetheless, a slightly increase in carbon conversion as shown in
Table 2 would be an indication of tar reduction by K,CO;.

After steam injection, the gasification rate of carbon was consid-
erably accelerated and the gasification conversion was increased.
The gas production in the steam gasification step was also increased,
as can be seen in Fig. 10. This indicates that K,CO, can catalyze
the gasification of carbonaceous compounds in char and coke depos-
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Fig. 11. SEM photographs of alumina particle at 1,073 K for lig-
nin/}<AlL0;/10 wt% K,COs: (a) after pyrolysis and (b) after
steam gasification.

ited on }#ALO; particles. Almost complete conversion was achieved
at 1,073 K in the case of lignin/}ALO,/10 wt% K,CO;. For lignin/
1+ALO;, the superior conversion compared to that in the case of lignin
alone is attributable to the dispersion of char in the mixture with
the bed material, reducing the formation of refractory carbon. Figs.
11(a) and 11(b) depict SEM photographs of a <AL O; particle after
pyrolysis and after steam gasification, respectively. The amount of
potassium on the alumina particle detected by EDS system is shown
in terms of a ratio of potassium (K) to alumina (Al). The potas-
sium seems to persist on the surface of Al O, particles even after
the steam gasification. This suggests that a large amount of potas-

sium can exist on #+ALO; particles throughout the reaction, leading
to high gasification rate.

CONCLUSIONS

The catalytic effect of an alkali-catalyst, K,CO,, on the steam
gasification of lignin with the presence of a bed material, #Al,O;,
was investigated by using a thermogravimetric reactor with high
heating rates. K,CO, slightly improves the steam gasification rate
of lignin-derived char. In addition, K,CO; is found to perform as a
catalyst promoting tar decomposition during pyrolysis and steam
gasification, increasing the carbon conversion to gas product. The
addition of 3#Al,O, alone induces the formation of less-reactive char
and refractory carbon, decreasing the steam gasification rate and
also the overall conversion. The steam gasification rate of this car-
bonaceous compound is improved with the presence of K,CO;, lead-
ing to a higher conversion. Particularly, an almost complete gasifi-
cation conversion was achieved at 1,073 K. Therefore, it can be con-
cluded that K,CO; is a good catalyst to promote the steam gasifica-
tion of char with the presence of bed materials.
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