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Abstract

We have been developed novel catalysts for gasification of biomass with much higher energy efficiency than conventional methods
(non-catalyst, dolomite, commercial steam reforming Ni catalyst). From the result of the gasification of cellulose over nove}/Bi@geO
catalysts, it is found that the gasification process consists of the reforming of tar and the combustion of solid carbon. We also tested novel
Rh/CeQ/Si0O; in the gasification with air, pyrogasification, and steam reforming of cedar wood. As a result, RIBE®Qave higher
yield of syngas than the conventional steam reforming Ni catalyst. Furthermore, we compared the performance between single and dual bed
reactors. Single bed reactor was effective in the gasification of cedar, however, it was not suitable for the gasification of rice straw since a
rapid deactivation was observed. Gasification of rice straw, jute stick, baggase using the fluidized dual-bed reactor ant5Ry @e®
also investigated. Especially, the catalyst stability in the gasification of rice straw clearly was enhanced by using the fluidized dual bed reactor.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction CO, can be decreased since from the “carbon neutral” point
of view [2].

Regulations against poisonous components in the ex- The gasification of biomass at around 1073-1223K to
haust gas such as $SONO, and particulate matter (PM)  syngas (H+CO) can potentially be used either as a gaseous
and against sulfur content in transportation fuels has beenfuel for power generation or as a feedstock for the synthesis
strengthened. From this point of view, the diesel en- of clean transportation fuels or many other chemicals. The
gine has a serious problem. This is because 75% of theformation of tar and char in the gasification process is the
automobile-origin N@ and almost 100% automobile-origin  most severe problen{8-14]. It is known that an entrained
PM. On the other hand, the diesel engine has an advantage ifbed gasification method can reduce the tar remarkably, there-
higher thermal efficiency compared to the gasoline engine. fore the technology is being developed as a project sup-
Therefore more attention is paid to clean diesel fuels. One ported by NEDO in Japan, although it is necessary to make
possible solution is synthetic fuels such as Fischer—Tropschwood biomass to small powd§r5]. The vaporized tars can
oil and dimethyl ether because it is known that the syn- condense either onto wall surfaces or into aerosols of small
thetic fuels can reduce the emission of N®M and SQ droplets when they were cooled. In terms of the utilization of
[1]. The synthetic fuels can be synthesized from syngas, produced gas to gas turbines or catalytic conversion of syn-
which is supplied by coal gasification and steam reforming gas to useful liquid fuels or chemicals, the droplets of tars
of methane in an industrial scale at present. Furthermore,deposit on either the turbine system that cause mechanical
when syngas is produced from biomass, the emission of problems or on the catalyst surface that cause the catalyst

deactivatiof12—14] Therefore most of the researches have

focused on the extensive cleanup of the produc{t@s18]
mspondmg author. Tels81-29-853-5030; According to the Iiteraturg, the tar. rem_oval from the prod-
fax: +81-29-853-5030. uct gas stream by catalytic cracking is one of the most
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than two decadeld 9—-28] The studies on the catalytic gasi- each run, 3 g of catalyst was used and pretreated by a hydro-
fication of biomass include the use of catalyst either in the gen flow at 773K for 0.5 h. After this hydrogen reduction,
gasifier itself or in separate reactors downstream from the the reactor was purged with nitrogen sufficiently at 773 K.
gasifier[29]. Some nickel-based cataly$80-37] dolomite At this point, adsorbed hydrogen on the catalyst surface
[38] and olivine[39] catalysts have been found to be active was desorbed completely. In the activity test, chemisorbed
catalysts for tar cracking in the primary reactor within the hydrogen is not necessary to consider at all. The fresh
temperature range of 1073-1173 K for dolomite and olivine, (after H treatment) and used catalysts were characterized
and 973-1073K for nickel-based catalysts. However, it has by a Brunauer—-Emmett—Teller (BET) analysis. Chemisorp-
been reported that the Ni-based catalysts were deactivatedion experiments were carried out in high-vacuum system
significantly by carbon deposition on the catalyst surface by volumetric methods. Research grade gas. @9.99%,
[30-33,40,41] Takachiho Trading Co. Ltd.) was used without further pu-
Recently we have found that Rh/Cg@xhibited the high rification. Before kb adsorption measurement, the catalysts
activity in cellulose gasification. The CeGupported Rh were treated in bl at 773K for 0.5h. H adsorption was
catalyst efficiently converted the total carbon in the cellulose performed at room temperature. Gas pressure at adsorption
to gas products even at 823[K2,43] However, the sin-  equilibrium was about 1.1 kPa. The sample weight was about
tering of CeQ and the catalyst deactivation was observed. 0.2g. The dead volume of the apparatus was about 60 ml.
And then, in order to inhibit the sintering of Ce0OCeQ
was loaded on other supports with high surface area andp 2. Apparatus for the activity test using fluidized bed
inert properties. We have developed stable Rh/AZ8(Q, reactors
catalyst for the gasification of cellulo§d4-50] Further-

more, we tested the performance of Rh/GSIO; catalyst The sketch diagram of the single bed reactor is shown

in the gasification of cedar wod81-57] In this review, we  in Fig. 1 The reactor was made of quartz glass. An inner
evaluate this catalytic gasification in terms of the cold gas

efficiency and the role of catalyst components is discussed.
In addition, we also tested the Rh/Cg8iO; in the gasi-
fication of other biomasses than cedar wood such as jute,

¢ A

Biomass

rice straw, and baggase. Especially, we also developed the Feeder
dual bed reactor whose function was the separation of char
and ash from volatile tar. <« A

Product gas

2. Experimental

Thermocouple
(Themocontroller)

2.1. Catalyst preparation \

The catalysts used in this investigation are Rh/@8@,

with 1.2 x 10~*molRh/g of catalyst and various con- Hesting

tents of Ce®@, commercial steam reforming Ni catalyst i 320 mm

(G-91, TOYO CCI, catalyst composition: 14 mass% Ni,

65—-70mass% Al03, 10-14mass% CaO, and 1.4-1.8 340 mm

mass% KkO), and dolomite (21.0 mass% MgO, 30.0 mass%

Ca0, 0.7mass% Si 0.1 mass% F€s3, and 0.5 mass%

Al,03). The dolomite was calcined at 773K for 3 h before Distributor —

reaction. The Ce@SiO, was prepared by the incipient wet-

ness method using the aqueous solution of Ce(diilO3)e 18 mm

and SiQ (Aerosil, 380 n#/g). The loading of Ce®on Si0,

was in the range of 10-80 mass%. After loading, it was

dried at 383K for 12h and then the calcination at 773K

for 3h under air atmosphere was carried out. After that, the

Rh was loaded on Cef5i0, by impregnation of the sup-

port with acetone solution of RhgEl;02)3. The acetone <N

solvent was then evaporated at around 333 K with constant B

fsltr:gllr::?’:l,t;;gt wgscpi’teasliset dwg’zsdg:aedda?]t di?g\/ic}cczg iéﬂ:i_;)he F_ig. 1. Schematic diagram of the single-l_)gd _reactor. Gasification with
' air A: N2 + biomass, B: @+ Ny; pyrogasification A: N + biomass,

particle size. The mass% of Ce@ the Rh/CeQ/SiO; is B: Ny; steam reforming A: M+ biomass, B: HO + Ny; solid carbon

denoted in the parentheses, such as RhiZ=0,(60). In (char+ coke) estimation A: N, B: O,.

Catalyst
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tube was inserted from the top. Cellulose and biomass were
supplied from the top of the reactor together with fkom —
the port A. The biomass feeder consisted of a glass ves- Feeder
sel with a small pore at the bottom and it was vibrated by
the vibrator and the feeding rate was controlled by the vi-
brating rate. The gasifier was composed of a fluidized bed
section at the middle of the reactor. In the gasification of

. . . Thermocouple
biomass with oxygen, ®and N> were supplied from the (Themocontroller)
port B. In the pyrogasification, Nwas supplied from the T A
port B. In the case of steam reforming of biomass,axd
steam was supplied from the port B. The microfeeder was
used for steam feeding. The product gas was collected and 10 mm
analyzed by gas chromatography (GC). The concentration Heating
of CO, CQ and CH, products was determined by FID-GC s
equipped with a methanator using a stainless steel column
packed with Gasukuropack 54 and the concentration of hy-
drogen was determined by TCD-GC using a stainless steel
column packed with a molecular sievexd3The flowing rate
of the effluent gas out of the reactor was measured by a soap
membrane meter. The amount of solid carbon (coke on the
catalyst and char) was determined by the total amount of gas
(mainly CQ) formed under the air flowing at the reaction
temperature after we stopping the feeding of biomass and
cellulose. These activity tests were carried out under atmo-
spheric pressure by using 3 g of catalyst in the fluidized bed.

Fig. 2 shows the sketch diagram of the dual bed reactor, A
and this consisted of two fluidized-bed sections. First section
was located at the bottom of the conical part on the outer
quartz tube and the other one was at the bottom of the innerfFig- f2 St_CheZlatiC dBiagl\rlam Ef the dual(-:bed realftor- ?CtiVLty te/it ?Qf béomass
H H HH 1T on Al . iom . 8 Imation A: .

tube. The catalyst particles were placed in the fluidized-bed ’%l"’;s CC:aN; CharQe'Sﬁmatzi;] Ac:’ I;‘TBS o "écgbe estimatio :
section of inner tube. The biomass was fed from the feeder
by vibrating with an electric vibrator and transported through
the side tube under nitrogen flowing. In the case of this age one during the reaction (15-25 min). The yield of solid
dual-bed gasifier, oxygen was supplied through a capillary carbon (coket char) was calculated by (total amount of
tube which was inserted to the inner tube from the top of CO, 4+ CO)/(total carbon amount in fed biomass}]00.
the fluidized-bed reactor. At first, biomass was pyrolyzed It is difficult to distinguish between char and coke on the
in the outer tube to form the tar and char mainly. The char catalyst in the case of single bed reactor. Therefore, the
accumulated in the conical bed section and the tar reachedyield of solid carbon in the single-bed system corresponds
the catalyst-bed and took part in the reforming reaction. In to the sum of char and coke. In the case of the dual-bed
contrast, all the biomass-derived products in the feeding tubegasifier, first the coke deposited on the catalyst surface was

<>

B
v

Product gas
—>

A4

290mm

320 mm
Secondary
Fluidized

Catalyst Bed

340 mm

Distributoré, Primary Bed

18 mm

C

go to the catalyst-bed in the single-bed type. determined by measuring the g@erived from the coke
by burning it with oxygen. After that, the amount of char
2.3. Data processing accumulated in the pyrolysis zone was determined by burn-

ing. In this case, oxygen was introduced from the top and

The analysis of the product gases were carried out in bottom of the outer quartz tube. The tar yield was estimated
the similar way to that in the single-bed reactor. In the by (100— C-conversion (% C)- solid carbon (cha# coke)
non-catalyzed and dolomite-catalyzed reactions, a smallyield (% C)). The feeding rate of biomass or cellulose, N
amount of G product was formed. However, in other ex- and air are described in each result. Equivalence ratio (ER)
periments, amount of £product was below the detection can be calculated by (supplied oxygen weight)/(dry biomass
limit. The formation rate of the gas products was calculated weight)/(stoichiometric oxygen weight/dry biomass weight
from the GC analysis of the gas flowing out of the reactor for complete combustion).
in the unit of wumol/min. The carbon-based conversion to Energy efficiency of cellulose and biomass gasification
gas (C-conversion) was calculated by /B x 100", where can be estimated on the basis of cold gas efficiency. The cold
A represents the formation rate of GOCO, + CH4 and gas efficiency was calculated by the ratio of heat value of
B represents the total carbon supplying rate of biomass orbiomass combustion to that of produced gas. In this calcula-
cellulose. The C-conversion listed in the tables is an aver- tion, the heat energy supplied from the furnace is neglected.
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Table 1
Properties of various biomasses
Cedar wood Jute stick Baggase Rice straw

Particle size (mm) 0.1-0.3 0.1-0.3 0.1-0.3 0.1-0.3
Moisture content (wt.%) 10.0 3.0 5.0 11.4
Heating value (HHV) (kcal/kg) 4570 4699 4555 3080
Ultimate analysis (dry basis, wt.%)

C 51.10 49.79 48.58 36.9

H 5.90 6.02 5.97 4.7

(0] 42.50 41.37 38.94 325

N 0.12 0.19 0.2 0.3

Cl 0.01 0.05 0.05 0.08

S 0.02 0.05 0.05 0.06
Proximate analysis (dry basis)

\olatile fraction (wt.%) 69 7 69 49

Fixed carbon (wt.%) 30.7 22.4 29.7 28.4

Ash (wt.%) 0.3 0.6 1.3 22.6

2.4. Cellulose and biomass

Cellulose was purchased from Merk and the particle
size was 100-16@m. Various kinds of biomass such

catalysts at 823 K is shown Fig. 3. There was a maximum
in the C-conversion and the cold gas efficiency at 35 mass%
CeQ content. BET surface area decreased with increasing
CeQ content in the catalyst. Since Rh/Si@ave the high

as cedar wood (Japan), jute stick (Bangladesh), baggaseyield of tar and solid carbon, it showed low performance

(Bangladesh), and rice straw (Japan) were used for the
gasification. The moisture contents were cedar wood 10%,
jute stick 5%, baggase 3%, and rice straw 11.4%, respec-
tively. The biomass was processed with a ball mill to about

0.1-0.3mm size. The analysis of these biomasses was car
ried out by Japan Institute of Energy. The properties of

different biomass are summarizedTable 1

3. Results and discussion

3.1. Role of Ce@in Rh/CeQ/SiO, for the gasification
of cellulose

Catalyst performance of Rh/Ce(3i0O, catalysts with
various CeQ contents in the gasification of cellulose using
the single-bed reactor is listed Table 2 The dependence
of the formation rate of the products on reaction time is
not shown here, the stable activity was observed during
the 25 min reaction over each catalyst. At higher reaction
temperature, the level of C-conversion approached 100%.
In this case, the formation rate of products was similar over
all the catalysts except Rh/SiQon which C-conversion

did not reach about 100%. This is because the gas com-

position can be determined by the reaction equilibrium.
In contrast, the difference in C-conversion and formation

rate among the catalysts became larger at lower reaction
temperature. This indicates that the gas composition is con-

trolled by reaction rate on each catalyst. Therefore, if we
like to compare the catalyst performance and the reaction
rate, we should use the data at lower reaction temperature
Dependence of C-conversion and cold gas efficiency in the
gasification of cellulose on Ce@ontent in Rh/Ceg@/SiO,

of Rh/SIG in the gasification of cellulose. However, only
10 mass% Ce@addition decreased the yield of tar and solid
carbon drastically, and this indicates that Gg@omoted
the gasification reaction significantly. On the other hand, the
addition of CeQ decreased the catalyst surface area, and
this can make the particle size of Rh metal large and reduce
the activity. This means that the additive effect of Gdtas
both positive and negative aspects. This can interpret the
maximum of the C-conversion and the cold gas efficiency.
Furthermord=ig. 4shows the relation between the forma-
tion rate of products and the amount of solid carbon and tar
in the gasification of cellulose over Rh/CgQiO; at 823 K.
From the relation between solid carbon yield and,G@r-
mation rate, the decrease of solid carbon yield caused the
increase of C@formation rate. One percent of solid carbon
yield corresponds to 3imol/min CQO, formation rate from

350
300
% 250
200
150
100
50
0

C-conversion and
Efficiency / %

BET surface area / m” g’

1 1 L

10 20 30 40 50 60 70 80
CeO, content / %

1 1

I |

50

Fig. 3. Dependence of C-conversior)( cold gas efficiency @) in the
gasification of cellulose at 823K and catalyst surface areaoph CeQ
content in Rh/Ce@SiO, using single-bed reactor. Reaction conditions
are the same iable 2
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Table 2

Performance of Rh/CefI8i0, catalysts in the gasification of cellulose using the single-bed réactor

Catalyst T (K) Formation rate gmol/min) C-conversion  Solid carbon  Tar Efficiency

% C %C % C %)°
co Ho CH: CO, C2 tyco & y (6CY (% CY (%)

Rh/SIQ 823 1194 1287 222 820 0 11 71 12 17 61
873 1479 1514 310 767 0 1.0 81 12 7 76
973 2169 2039 198 506 0 0.9 91 5 4 92

Rh/CeQ/SiO,(10) 823 1633 1705 233 840 0 11 86 8 6 78
873 1591 1460 536 814 0 0.9 93 3 4 90
923 2186 2032 366 530 0 0.9 98 2 0 103
973 2201 2013 315 600 0 0.9 99 1 0 99

Rh/CeQ/Si0(20) 823 1285 1359 542 1004 0 11 90 5 1 83
873 1750 1890 540 735 0 11 96 4 0 102
923 2082 1929 468 535 0 0.9 98 2 0 105
973 2255 1994 315 529 0 0.9 99 1 0 100

Rh/CeQ/Si0(35) 823 1250 1286 653 1050 0 11 94 4 2 88
873 1617 1666 470 966 0 1.0 97 3 0 91
923 2254 2061 172 644 0 0.9 99 1 0 93
973 2279 2357 211 615 0 1.0 99 1 0 101

Rh/CeQ/Si0»(50) 823 1195 1250 685 925 0 11 91 5 4 88
873 1645 1642 516 905 0 1.0 97 3 0 94
923 2029 1977 394 659 0 0.9 98 2 0 100
973 2399 2218 210 607 0 0.9 99 1 0 101

Rh/CeQ/Si0»(80) 823 1112 1126 542 954 0 1.0 83 5 12 75
873 1476 1466 534 875 0 1.0 92 4 4 88
923 2223 1951 339 508 0 0.9 98 2 0 100

aConditions: cellulose, 85 mg/min (C, 3148nol/min; H, 5245.mol/min; O, 2623.mol/min); air, 50 cnd/min (O 417umol/min); Ny, 50 cé/min;
total pressure 0.1 MPa, catalyst weight, 3 g; particle size of catalyst, 15@+256l, reduction at 773K for 0.5h.

b C conversionto gas {(formation rate of CO+ CO;, + CH,)/C-feeding ratg x 100.

¢Char(% C) = (CO + CO;, formation amount after stopping cellulose feedfitgal C feeding x 100.

dTar (% C) = 100— (C conversior(% C) + solid carbor(% C)).

€ Efficiency: cold gas efficiency.

the calculation. This can explain the relation between the der to elucidate the detail. However, it is possible to discuss
solid carbon yield and C&Xormation rate. From the relation  the tendency of the behavior. The relation between the for-
between tar yield and CECH,4 formation rate, the decrease mation rate of CO+ CHy and tar yield suggests that tar is

of tar yield caused the increase of G@H, formation rate. removed by catalytic reforming. The relation between the

In the case of tar yield, 1% also corresponds t@.810l/min formation rate of CQ@ and solid carbon yield suggests that
CO+ CH4 formation rate. This also can explain the relation solid carbon is removed by the combustion.

between the tar yield and C® CHy formation rate. CO On the basis of the above suggestions, we like to discuss
and CH, are the products in the reforming of hydrocarbons what occurs in the reactor during the gasification of cellu-
since CH is formed by CO hydrogenation (C® 3Hy — lose. In the feeding line of the reactor, cellulose can reach a
CH4+H20). This reaction is reversible. The reverse reaction heated region before the contact with the catalyst particles,
is steam reforming of methane(GH H,O — CO+ 3Hy) and it is thermally decomposed to the tar, char, steam, and

and this is a highly endothermic reaction. Therefore the par- gas products since the carrier gas of biomass is nitrogen.
tial pressure of methane decreases at higher reaction temThis can be related to the non-catalytic gasification of cellu-
perature when the reaction reaches the equilibrium level. It lose as shown iffable 3 After this, the pyrolyzed products

is observed that this behavior becomes more significant atincluding the volatile tar and solid carbon are introduced to
higher reaction temperature ifable 2 This suggests that the fluidized catalyst bed and they are interacted with the
CO hydrogenation and methane reforming reaction can pro-catalyst particles in the lower part of the catalyst bed.

ceed on the catalyst surface. On the other hand, water gas Under our reaction conditions, ER is as low as 0.3, it is
shift reaction (CO+ H,O — COy + Hy) is also reversible  expected that there are two regions in the fluidized bed re-
reaction and it is thought that this reaction can proceed on actor. In one region, &is present and the atmosphere is ox-
the catalyst surface. This indicates that various kinds of re- idative. In the other region, £s absent and the atmosphere
action proceed on the catalyst surface, and the formationis reductive. Since oxygen is introduced from the bottom
rate of products can be influenced by all these reactions.of the reactor, it is thought that first region is in the lower
Therefore, it is necessary to simulate the phenomenon in or-part of the catalyst bed and second region is in the higher
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Fig. 4. Relation between the formation rate of products and the amount
of solid carbon (a) and tar (b) in the gasification of cellulose over
Rh/CeQ/SiO, with various Ce® content using single-bed reactor. Re-
action conditions are the same Table 2

Tar yield / %-C

part. In the lower part of the reactor, the catalyst surface is
oxidized and it can contribute to the combustion of the py-
rolyzed products including tar and solid carbon to form;CO

and HO. On the other hand, some catalysts interacted with
tar quickly move up by the fluidization and the catalyst be-

comes reduced at the upper part where the tar mainly takes
part in the reforming reaction in the presence of steam on the

catalyst surface to form CO andyHsince the reactivity of
solid carbon is low and the interaction between solid carbon
and catalyst particles is weak. It is thought that solid carbon
can react with oxygen in the lower part of the catalyst bed
when it comes to the part.

It should be noted that much larger amount of solid carbon

was formed in the case that the catalyst fluidization was not

enough45]. Therefore the fluidization is very important for

the stable operation. It has been reported that the fluidized

bed reactor is very effective to remove the low reactive car-
bonaceous species in the methane reforming with &l

0O [68-61] which is serious problem in CQOeforming of
methang62-65]

As discussed above, the catalyst has to contribute to com-

K. Tomishige et al./Catalysis Today 89 (2004) 389-403

high combustion activity is important for the catalyst stabil-
ity. From these considerations, it is expected that the role of
Ce(Q can enhance both reforming and combustion activity,
furthermore, the smooth redox properties in the combination
of Rh and Ce®@ can match the fluidizatiof66].

3.2. Performance of real biomass gasification over
Rh/CeQ/SiO,

One main component of real biomass is cellulose, how-
ever, wood biomass contains hemicellolose, lignin, and im-
purities such as sulfur, nitrogen and halogen. Therefore, it
is more practical to test the performance of Rh/GISID,
catalyst using the biomass such as cedar wood. Here, we
used the Rh/CeglSiO,(60) catalyst. From the optimization
of CeQ content using cellulose as shown above, it is con-
cluded that Rh/Ce@SiO,(35) is best. However, we also
carried out the optimization using cedar wood, and we ob-
tained the result that the best content was 60 mass% of CeO
although the detail is not shown here.

Fig. 5 shows the product distribution and C-conversion
on Rh/CeQ@/SiOy(60) (a) and commercial steam reforming

Biomass + O, 0,
3500 o 24 100
a
£ 3000 | W
E : 180 o
S 2500 : 3
3 0-6-6-6-© -~
S 2000 F { 19 s
£ 1500 | W-E-S-m 14 8
e ! g
g 1000 | ‘ 3
H 4120 ©
S 500 .—0—0—0—6 :
0! ' 0
0 10 20 30 40 50
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40 50
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Fig. 5. Effect of time on stream on the carbon conversion and prod-

bustion under oxidative atmosphere and reforming under uct distribution on (a) Rh/CefSiO,(60) and (b) G-91 in the gasifi-

reductive atmosphere. This is also supported by our pre-

vious reports that commercial steam reforming Ni catalyst
deactivated much more rapidly due to large amount of car-

cation of cedar wood using single-bed reactox) (C-conversion, Q)
Hy, (H) CO, (A) CO,, (@) CHy. Catalyst 3g, biomass 150 mg/min
(H20 10%, C 574&mol/min; total H 4815umol/min; total G
2208pmol/min), supplied @ 42 ml/min (1719umol/min) from the bot-

bon deposition because the combustion activity of methanewom, ER = 0.28, N, 68 mlimin (2782wmol/min) from the bottom, Bl

is much lower than Rh/CefI5iO, [44]. This suggests that

60 ml/min (2455.mol/min) from the top, and temperature 823 K.
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Table 3
Comparison of the performance of various catalysts at different temperatures in the gasification of cedar wood
T (K)  Formation rate gmol/min) Hp/CO  C-conversion Solid carbon  Tar yield  Cold gas
(% C) yield (% C) (% C) efficiency (%)
CcO Ho CO, CHg Cy
Rh/CeQ/Si0(60) 823 1605 2290 2915 513 - 14 88 11 1 55
873 2093 2616 2744 785 - 13 97 3 0 71
923 2594 3209 2497 628 - 1.2 99 1 0 77
973 3024 3456 2109 580 - 11 99 1 0 82
G-91 823 747 1094 2255 116 - 15 54 34 12 22
873 1464 1960 2497 219 - 1.3 73 15 12 41
923 1963 2522 2329 245 - 1.3 79 10 11 52
973 2562 3433 2252 309 - 1.3 89 9 2 69
Dolomite 823 566 174 1738 125 27 0.3 43 20 37 12
873 731 248 1767 173 65 0.3 48 19 33 17
923 1423 649 2533 270 99 0.5 75 17 8 32
973 2017 1098 2474 461 180 0.6 89 9 2 50
1073 2061 1335 2631 527 203 0.7 94 5 1 56
1173 2403 1566 1939 580 480 0.7 94 5 3 70
Non-catalyst 823 549 132 1654 106 38 0.2 41 8 51 11
873 849 169 1989 157 119 0.2 54 4 42 18
923 1068 253 2037 213 150 0.2 60 3 36 24
973 1288 338 2084 269 183 0.3 67 2 31 29
1073 1890 603 2102 433 384 0.3 84 4 13 49
1173 2268 732 2104 414 346 0.3 89 4 7 52

Conditions: catalyst 3g, ER- 0.28, feeding rate 150 mg/min (10% moisture, C 5p480l/min, total H 4815umol/min and G 2208umol/min), N,
flow 60 ml/min from the top and 68 ml/min from the bottom; @ow 42 ml/min from the bottom. Cold gas efficiency is calculated by neglecting external
heating[52].

catalyst G-91 (b) as a function of time on stream. The sta- deposited on the catalyst surface or exited the reactor with
bility of the C-conversion and product distribution is one of the flow of product gasFig. 6 shows the dependence of
the most important factors in the gasification process and cold gas efficiency on reaction temperature using various
it is available on Rh/Ce@SiO,(60) catalyst. On the other methods. It is clear that the gasification of cedar wood
hand, the severe deactivation was observed over G-91. Theover Rh/CeQ@/SiO, was more energy efficient than other
details of the activity test using various methods are listed in methods. The efficiency over G-91 is apparently high, how-
Table 3 The C-conversion over Rh/Ce(SiO, was within ever, it is expected that the efficiency decreased with time
97-99% level above 873 K and thus the amount of the solid on stream. In the case of non-catalyst and dolomite, high
carbon was very low and no tar formation was observed. On temperature is necessary for high efficiency.

the other hand, on G-91 catalyst, the C-conversion was be- The catalyst life in this biomass gasification process with
low 90% level even at 973 K, and high yield of solid carbon 150 mg/min of feeding rate, 3g of catalyst, ER around
and considerable yield of tar were observed. Considering the0.3, and the oxygen supply in part of cocurrent and part
deactivation of G-91, Rh/Cefl5iO, showed much higher

performance than G-91. 100

Table 3 also shows the comparison of the perfor-
mance in the cedar gasification between Rh/&8{,(60) s 80 F
and conventional systems. On Rh/C£810,(60) cata- &
lyst the C-conversion is 88% at 823K, which jumped g 60 1
to the 97% level at 873 K. Since the amount of char on &fﬁ w0 |
Rh/CeQ/SiO(60) catalyst was very small even at lower §°
temperature, the catalyst surface was kept quite clean and S 2}
thus no deactivation was observed during the reaction pe-
riod. On the other hand, the C-conversion is 43 and 41% 0 " : "
on the dolomite catalyst and in the non-catalyzed systems, 800 900 1000 1100 1200
respectively at 823 K. Although the C-conversion attains Temperature / K

to about 94% at high temperature (1173 K) on dolomite, _ . . i
the value is under 90% in the non-catalvzed svstem at theFlg. 6. Tgmperaturg' de'pendence of cold ge}s efﬁmency using various

Yy . Y ) methods in the gasification of cedar wood using single-bed readir: (
same temperature. The rest of the carbon in biomass re-rn/ceq/sio,(60), (O) G-91, (1) dolomite, (<) non-catalyst. Reaction
lated to the tar and solid carbofable 3 which is either conditions are the same ifable 3
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4000 7 100 alyst in this system. In the life test experiment, the total fed

Xy X XXX ) .
XX O’%xéx % x> biomass was 36 g on 3 g of catalyst. The sulfur and chlorine
3000 [00000° © 009 000 190

g
%: ‘\j in the fed biomass were estimated to be 0.23 and 0.10 mmol,
g "m 150 % respectively. According to the hydrogen chemisorption, the
2 2000 | z dispersion of Rh (MRh = 0.16), about 0.058 mmol of
g 170 & Rh presents on the 3 g of catalyst surface, which is much
g 1000 F & lower amount than the fed sulfur and chlorine. However,
5 ©0%00%00000000 | almost no deactivation of the catalyst was observed during
0 , ; 50 the reaction period. This suggests that the sulfur and chlo-
0 100 200 300 rine adsorbed on the catalyst surface can easily removed
Time on stream /min by oxidation or reduction activities of the catalyst in the

. . , fluidized bed reactoj52]. Further investigation on effect of
Fig. 7. Effect of time on stream on the carbon conversion and product . terials i for th lucidati fth
distribution on (a) Rh/Ce@SiOx(60) and (b) G-91 in the gasification ~POISONOUS Materials IS necessary for the elucidation or the

of cedar wood using S|ng|e-bed |feacto)'<)((:_ConversionY @) HZ: (.) meChanlsm Of thelr remOV3.| from the CatalySt Surface.
CO, (A) CO;, (@) CHjy. Catalyst 3g, biomass 150 mg/min 481 10%,
C 5748umol/min; total H 4815umol/min; total & 2208umol/min), O, 3.3. Pyrogasification and steam reforming of cedar wood

flow 21 mi/min (& 859umol/min) from the bottom, @ flow 21 ml/min
(O2 859pmol/min) from the top, N 60ml/min from the top, and
68 ml/min from the bottom, temperature 92382].

using Rh/Ce@'SiO; and conventional methods

It is found that Rh/Ce@'SiO,(60) exhibited much higher

performance and gave much more energy efficient than the
of countercurrent systems at 923K was tested for 4h asconventional methods (non-catalyst, dolomite, commercial
shown inFig. 7. The C-conversion was quite constant in the steam reforming catalyst) in the gasification of cedar wood
98-99% level during the reaction period. The formation of with air using single-bed reactor as shown above. Here, we
CO, CQ, and K was almost stable with a subtle fluctuation also have tested the performance in the pyrogasification and
may be due to the feeding rate fluctuation or experimental steam reforming of cedar using Rh/Cg8i0, and conven-
error. However, the formation of methane slowly decreased tional methods.
after about 2 h. The catalyst deactivation is mainly related to  Catalytic performance in the pyrogasification of cedar
the solid carbon deposition on the catalyst surface and it wasover G-91 and Rh/CeflSi0O»(60) as well as non-catalyst
not severe problem in the case of our novel catalyst. Further-and dolomite is listed ifable 4 In addition,Fig. 8 shows
more, the sulfur (0.02 mass%) and chlorine (0.01 mass%)reaction temperature dependence of the carbon-based yield
present in the cedar wood are poisonous component forof the products. In the case of non-catalyst, mainly tar was
metal catalysts and they are supposed to deactivate the catformed as shown iffig. 8@&). When dolomite was used, tar

Table 4
Performance of various catalysts in the pyrogasification of cedar wood
Catalyst T (K) Formation rate gmol/min) H,/CO
CcO Ho CHy Cy? CO
None 873 408 152 92 81 150 0.4
923 530 250 116 120 239 0.4
973 636 220 153 145 244 0.3
1023 616 264 232 215 305 0.4
Dolomite 873 375 160 141 55 185 0.4
923 528 316 137 74 299 0.6
973 604 432 147 86 374 0.7
1023 697 526 237 148 314 0.8
G-91 873 690 985 244 - 375 14
923 750 1116 237 - 365 15
973 1071 1300 227 - 333 1.2
1023 1329 1367 194 - 272 1.0
Rh/CeQ/SiO(60) 873 961 1270 290 - 368 1.3
923 1107 1313 348 - 364 1.2
973 1285 1314 321 - 339 1.0
1023 1592 1467 328 - 227 0.9

Conditions: catalyst 3g, biomass 60 mg/mina(® 10%, C, 2299mol/min; H, 3185.mol/min; O, 1767wmol/min), N> 25 ml/min from the top and
25ml/min from the bottom (total 2046mol/min) [55].
aCarbon based.
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Fig. 8. Temperature dependence of the distribution of carbon containing products in pyrogasification of cedar wood using the single-bed reactor. (a)
Non-catalyst, (b) dolomite, (c) G-91, (b) Rh/Cg8i0,(60). Conditions: catalyst 3 g, biomass 60 mg/minr@HL0%, C 229Qumol/min; H 3185.mol/min;

O 1767pmol/min), N; 25 ml/min from the top and 25 mil/min from the bottom (total 2@#60ol/min). In the case of non-catalyst and dolomite, €OH4

included G [55].

yield decreased and at the same time the yield of solid car- Catalytic performance in the steam reforming of cedar
bon increased. This indicates that cracking of tar to solid wood over G-91 and Rh/Cef5i0,(60) is listed inTable 5
carbon can proceed on dolomite. It is characteristic that the In addition,Fig. 9shows reaction temperature dependence of
yield of solid carbon was almost the same at various re- the carbon-based yield of the products. In the case of G-91,
action temperatures over G-91 as showrFig. 8c). The the yield of solid carbon decreased with increasing reaction
yield of tar drastically decreased and gas yield increased bytemperature. This behavior is much different from that in
using G-91 compared to non-catalyst. However, solid car- the pyrogasification. The yield of tar also decreased with the
bon yield on G-91 was higher than that on non-catalyst, reaction temperature. The effect of Rh/G¢8I0,(60) was
especially at higher reaction temperature. This can be duemuch more drastic. The yield of solid carbon and tar was
to the conversion of a part of tar and gas to solid carbon much lower than that in the pyrogasification. The tar yield
via dehydrogenation reaction and CO disproportionation. became zero at 973 K. This indicates that steam can pro-
In contrast, Rh/Ce&SiO,(60) decreased the yield of solid mote the gasification of cedar wood via reforming reaction.
carbon and tar drastically, and then increased the yield of In addition, compared with pyrogasification, CO formation
CO + CHa. The yield of solid carbon was lower than that became lower and #CO ratio drastically increased by the
on non-catalyst, and this suggests that inert solid carbon canaddition of steam via water gas shift reaction (G®l; —

be converted over Rh/Cef®i0O;. In this system, since oxy- CO; + Hy).

gen is not introduced at all, it is expected that carbon reacts

with steam, and Rh/Ce{5iO, can catalyze the reaction of 3.4. Comparison between single-bed and dual-bed

solid carbon with steam. However, the interaction between reactors in the gasification of cedar wood

Rh/CeQ/SiO, and the solid carbon may be weak, and the

reaction mechanism is not clear at present. In addition, the We compared the performance in the gasification of cedar
yield of tar over Rh/Ce@SiO, was much lower than that wood using the single-bed and dual-bed reactors as sum-
over G-91. In the pyrogasification, steam is present and is marized inTable 6 In the single-bed reactor, all the com-
formed from the biomass pyrolysis although the partial pres- ponents in the biomass contacted with catalyst and oxygen.
sure of steam is low. Therefore the reforming of tar with Thus, there is a possibility of complete C-conversion to gas.
this steam occurs. The result indicates that the activity of tar Consequently, C-conversion in the single-bed system was
reforming over Rh/Ce@SiO, was much higher than that around 98% at 873 K. In contrast, in the dual-bed system,
over G-91. only tar and other volatile matter can be contacted with
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Table 5

Catalyst performance in the steam reforming of cedar wood in the single-bed reactor

Catalyst T (K) Steam flow rate Formation rate ¢mol/min) Hp/CO

(pmol/min)
coO H CHy CO,

G-91 823 1666 144 2493 204 1232 17.3
873 1666 306 2502 234 1068 8.2
923 1666 373 2448 158 1313 6.6
973 1666 553 2807 86 1253 51

Rh/CeQ/SiO(60) 823 1666 210 2003 446 1215 9.5
873 1666 166 1942 555 1208 11.7
923 1666 340 1931 587 1227 5.7
973 1666 450 1884 433 1291 4.2

Conditions: catalyst 3g, biomass 60 mg/mina(H 10%, C, 2299umol/min; H, 3185umol/min; O, 1767wmol/min), N, 25ml/min from the top and
25ml/min from the bottom (total 2046mol/min) [55].

catalyst particles and oxygen. Thus, the C-conversion in theaccumulated as char in the primary-bed which are formed
dual-bed reactor was usually around 80% in temperatureby the pyrolysis of cedar wood. A small fraction of tar was
range of 823-923 K. In the catalytic gasification reaction, converted in to coke (1.5-0.5% C), which was deposited on
the solid carbon (char and coke) forms in two ways; one the catalyst surface. It is concluded that the dual-bed reactor
is formed directly from biomass during the pyrolysis, and gave higher yield of useful product gases (CQ,dtd CH;)
this is called as char. The other one is formed during the than single-bed system, especially at lower reaction temper-
tar reforming on the catalyst surface, and this is called as ature. As mentioned in previous section, the catalyst with
coke. In the single-bed systems, these two types of solid higher combustion and reforming activities exhibited higher
carbon cannot be measured separately by burning themperformance in the gasification using single-bed reactor.
together after the activity test. However, in the dual-bed This is because the deposited carbon should be removed
system, these can be measured separately and the results aby combustion. In contrast, in the dual-bed reactor, there
listed in Table 6 The rest of the carbon (about 20%) was is no interaction between the catalyst and char with low
reactivity. Therefore, the amount of carbon on the catalyst
is reduced and it is expected that the stability is enhanced

100 even on the catalyst with low combustion activity.
80

o 3.5. Comparison between CgfSiO, supported noble

s 60 metals and nickel catalysts in dual-bed reactors

=]

2 40 5 o L

! The catalysts used in this investigation are M/GEIO,
20 (M = Rh, Pd, Pt, Ru, Ni) with 2 x 10-*mol/g.a:. Metals

0 (Rh, Pd, Pt, Ru) were loaded on C#8iO, by impregna-

873 921 973 1023 tion of the support with acetone solution of RB{ZO,)3,

(a) Reaction temperature / K Pd(GH702)2, Pt(GH702)2, Ru(GH702)3, respectively.
In the case of Ni/Ce@SiOy, Ni(NO3)2-6H,O aqueous

100 solution was used. The calcination at 773K for 3h was
w0 | carried out after the drying at 383K for 12 h. In each run
& of the activity test, 3g of catalyst was used and pretreated
£ 60 % by hydrogen flow at 773K for 0.5 h.
% w0l For the comparison of the performance of various cata-
s lysts, the formation rate of C& Ho + CHy over various
2 | catalysts are shown iRig. 10 The details of the results are
listed in Table 7 The order of the activity at 823K in the
0 — T gasification of cedar wood to synthesis gas was as follows:
(b) T Rh > Pd > Pt > Ni = Ru. In the case of Ru, the activity

at 923K also the lowest. On the other hand, the activity of
Fig. 9. Temperature dependence of the distribution of carbon containing Njj at 923 K becomes higher than that over Pd(RiPt =
products in steam reforming of cedar wood in the single-bed reactor. (a) Pd= Ni > Ru) This indicates that Ni/CeZ5iO, catalyst

G-91, (b) Rh/Ce@'SiO,(60). Conditions: catalyst 3 g, biomass 60 mg/min . . .
(20 10%, C 229mol/min; H 3185umolimin; O 1767.umol/min), can give high performance at high temperature. In contrast,

N, 25mi/min from the top and 25ml/min from the bottom (total Rh/CeQ/SiO, exhibited higher performance in the range
2046p.mol/min), H;O 1666wmol/min from the botton{55]. of 823-923 K. In addition, the results of,bHthemisorption
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Table 6
Comparison of the performance of Rh/C#810,(60) in the single-bed and dual-bed systems for the gasification of cedar wood
Reactor T (K) Formation rate gmol/min) C-conversion  Char yield Coke yield Tar yield
(% C) (% C) (% C) (% C)
CcO Hp CO, CHg CO + Hz + CHqy
Single-bed 823 1605 2290 2914 512 4407 88 32.0 - 0
873 2093 2615 2743 784 5492 98 2.0 - 0
923 2593 3208 2496 628 6429 99 3.0 - 0
973 3024 3456 2109 580 7060 99 3.0 - 0
Dual-bed 823 2077 2638 1961 467 5182 78 720.5 15 0
873 2091 3079 1959 363 5533 77 22.0 1.0 0
923 2784 3666 1492 213 6663 78 215 0.5 0

Conditions: catalyst 3 g, biomass 150 mg/minn(H10%, C 574§ mol/min, total B 4815umol/min and total @ 2208umol/min), supplied @ 35 ml/min

(1432p.mol/min), N, 150 ml/min (6138.mol/min) and ER= 0.25.

aChar+ coke (solid carbon): it is difficult to determine separately in single-bed reactop. Sifport: Aerosil 380 (380 Aig).
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Fig. 10. Comparison of M/CefSiO, catalysts (M= Rh, Pd, Pt, Ru, Ni)

in the gasification of cedar wood using the dual-bed reactor. Formation rate
of CO+H;+ CHg: open bar 923K, filled bar 823 K. Reaction conditions:
catalyst 3g, biomass 150 mg/min {8 10%, C 5748.mol/min; total

Hy 4815pumol/min; total G 2208umol/min), supplied @ 35 ml/min
(1432pmol/min), ER= 0.25, total N 150 ml/min (6138.mol/min).

are also shown iffable 7 Furthermore, H/M and BET sur-
face area of Rh/CeflSiO, were determined to be 0.16 and
125 n?/g, respectively. It is found that the H/M molar ratio
on Rh catalyst was almost the same level as that of other
catalysts. This indicates that the activity is not determined
by high metal dispersion, and the properties of metal in-
fluenced the performance. It is suggested that the activity
in the gasification of cedar wood using the dual-bed reac-
tor is related to that in reforming of hydrocarbons. On the
other hand, the low activity over Ru catalyst can be due
to the loss of Ru metal from the catalyst surface, which
is caused by the oxidation of Ru to volatile Ru oxide. In
addition, the performance can be reflected by the differ-
ence in the resistance to poisoning with S and CI. It is
necessary to investigate the effect of poisonous materials
such as S and Cl on the gasification performance in the
future.

Table 7
Catalyst properties and performance in the gasification of cedar wood over M&I& using the dual-bed reactor
Metal T (K) Formation rate gmol/min) Characterization
co Hy CHy CO, C-conversion  Char yield Coke yield Tar yield H> adsorption, BET
(% C) (% C) (% C) (% C) H/M (mol/mol) (m?/g)
Pt 823 890 1217 193 1647 48 31 5 16 0.21 128
873 1475 2211 268 2023 66 27 2 5
923 2234 3171 85 2018 76 23 1 0
Pd 823 1488 1049 258 1437 55 30 5 10 0.14 127
873 1830 2347 226 1944 69 24 2 5
923 2287 2834 82 1802 73 23 2 2
Ru 823 841 579 159 1604 45 32 6 17 - -
873 1139 1111 263 2079 61 30 3 6
923 1433 764 388 1459 57 30 3 10
Ni 823 827 579 154 1907 50 36 3 11 0.05 136
873 1454 993 299 1821 64 27 2 7
923 2096 2542 339 1726 73 24 2 1

M/CeQ/Si0,: loading of M = 1.2 x 10~* mol/gea, loading of Ce@ = 60 mass%. Reaction conditions: catalyst 3.0g, biomass 150 mg/mi® (H

10mass%, C 574@mol/min, total H 4815umol/min, total @ 2208u.mol/min)
(6138p.mol/min).

, supplied @ 35 ml/min (1432wmol/min), ER= 0.25, total Nb 150 ml/min



400 K. Tomishige et al./Catalysis Today 89 (2004) 389-403

3.6. The gasification of rice straw in the single-bed and  are not clear at present, the non-catalytic gasification can
dual-bed reactors give similar behavior as shown ifable 3 In the case of
the gasification of cedar wood on non-catalyst/GD ratio

In the fluidized-bed reactor, the physical strength of the was much lower compared to Rh/C€8iO,. In addition,
catalyst particles is very important. This is because the attri- the deactivation was not observed at all in the gasification
tion rate is considerably high when the physical strength of of cedar wood when Rh/Cef5iO, catalyst was used. On
catalystis low. Rh/Ce@SiO, particles used above were pre- the other hand, it is found that the dual-bed reactor inhibited
pared by pressing fine powders of Si@\erosil 380). And the catalyst deactivation significantliig. 11(b)).
then we observed the attrition of the catalyst particles, espe- There are some possible reasons for the catalyst deac-
cially in the activity test for longer time on stream. Therefore tivation. As listed inTable 1 rice straw contains much
the catalysts with higher physical strength are favorable, andlarger amount of ash than other biomass (cedar wood, jute
we applied the commercial Sjgranules: CARIACT G-6  stick and baggase). This suggests that the ash can cause
(size 0.18-0.50 mm, BEE 535 nt/g) supplied from Fuiji the catalyst deactivation. At present, we have not analyzed
Silysia Chemical Ltd. This support exhibited highest per- the component of ash in rice straw in detail yet. In order to
formance among some supports which we have tested. Theelucidate the deactivation mechanism, further investigation
loading of Ce®@ and Rh on SiQ(G-6) was carried out in  on the analysis of ash and spent catalyst is necessary. In

the same way as that on powder $iO addition, it is characteristic that the ratio of fixed carbon of
Fig. 11shows the effect of time on stream on C-conversion
and product distribution for the gasification of rice straw 3500 5 100
over Rh/Ce®/SiOy(G-6)(30) in the single-bed and dual-bed E 3000 100
reactors. The Cefcontent was optimized from the activity g 2500 | éw RS
test although the details are not shown here. In the case of 2 2000 160§
the single-bed reactor, the rapid deactivation was observed. = 1500 | A 4 40 §
It should be noted that the deactivation of fdrmation was 2 1000 | §
more rapid than CO and COln fact, since C-conversion § 500 F 120©
was almost the same during the reaction, it can be interpreted o et 0
that the reforming of tar to CO andyHks suppressed and the 0 5 10 15 20 25
conversion to CO and #D proceeds. Although the details (a) Time on stream /min
3500 100
g 2300 100 £ 3000 f o—0—80—0
£ 3000 | lg o S TN > 1 80Q
g 2500 2 g 2500 1 g W "a g X
%2000 | {60 g g0 e ] 60 §
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Fig. 11. Effect of time on stream on C-conversion and product distri- Fig. 12. Effect of time on stream on C-conversion and product distribution
bution for the gasification of rice straw over Rh/Cg8i0,(G-6)(30). for the gasification of various biomasses over Rh/@8@,(G-6)(30) in

(a) Single-bed reactor, (b) dual-bed reactox) (C-conversion, Q) Ha, the dual-bed reactor. (a) Cedar wood, (b) jute stick, (c) baggasg: (
(H) CO, (A) CO,, (@) CHy. Catalyst 3¢, feeding rate: 200 mg/min,  C-conversion, ©) H,, (ll) CO, (A) CO,, (@) CHy. Catalyst 3 g, feeding
supplied @ 35ml/min (1432.mol/min), ER = 0.25, Np 150 ml/min rate: 200 mg/min, supplied 035 ml/min (1432wmol/min), ER= 0.25,
(6138p.mol/min) and temperature 873 K. N2 150 mI/min (6138.mol/min) and temperature 873 K.
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Table 8

Effect of temperature on the gasification of various biomass on Rh/(S&®(G-6)(30) catalyst

Biomass T (K) Formation rate jgmol/min) Hy/CO C-conversion Char yield Coke yield Tar yield

(% C) (% C) (% C) (% C)
CO Hp CO; CHgq

Cedar 823 2152 2686 1841 517 1.3 78 20.8 1.2 0
873 2599 3232 1752 269 1.2 80 19.1 0.8 0
923 2902 3541 1605 148 1.2 81 18.5 0.5 0

Jute 823 2032 2634 1729 323 1.3 71 24.0 3.0 2.0
873 2362 3036 1818 306 1.3 78 17.0 1.0 0.0
923 3057 3255 1577 218 11 84 14.5 0.5 0.0

Baggase 823 1850 2057 1645 416 1.1 68 21.0 4.0 7.0
873 2050 2357 1739 516 1.2 75 21.0 2.0 2.0
923 2965 3264 1587 205 1.1 82 17.0 1.0 0.0

Rice straw 823 1797 2057 1569 366 1.2 65 21.0 4.0 10.0
873 2102 2162 1677 452 1 74 19.0 4.0 3.0
923 2878 3167 1524 172 1.1 80 16.0 2.0 2.0

Conditions: catalyst 3 g, ER 0.24, feeding rate of cedar, jute stick, baggase 150 mg/min (moisture: cedar 10%, jute stick 3%, baggase 5%) and rice straw
200 mg/min (moisture 5%, C 35%).,Nlow 100 ml/min through the feeding line and 50 ml/min from the top,flow 35 ml/min through the catalyst bed.

rice straw was higher than that of others. This suggests that gested that Ce©plays an important role in promoting
the character of char of rice straw is different from that of combustion activity and reforming activity.

others. Larger retention of char from the rice straw in the 3. Rh/CeQ/SiO, also showed higher performance in the
catalyst bed can decrease the activity in the single-bed reac- pyrogasification and steam reforming of cedar wood than
tors. In the case of the single-bed reactor, the ash and char the commercial steam reforming Ni catalysts.

must contact with the catalyst surface during the reaction 4. In the gasification of cedar wood on Rh/C£8I0, cata-
time. In contrast, in the case of the dual-bed reactor, the ash lyst, the yield of synthesis gas using the dual-bed reactor
and char was accumulated in the primary-bed, and it cannot  was higher than that using the single-bed reactor.
contact with the catalyst. This can explain the difference 5. On CeQ/SiO, supported noble metal catalysts in the

between the single-bed and dual-bed reactors. dual-bed reactor, the order of the gasification perfor-
Fig. 12shows the effect of time on stream on C-conversion mance was as follows: Rk Pt> Pd> Ni = Ru, and it
and product distribution for the gasification of different is concluded that Rh is an effective component.
biomasses over Rh/Cef3i0O,(G-6)(30) in dual-bed reac- 6. In the gasification of rice straw using the single-bed re-
tors. The details of the results are listedlable 8 When we actor over Rh/Ce@ISiOy, the rapid deactivation was ob-

used the dual-bed reactor, the stable activity in the gasifica- served probably because of high ash content and fixed
tion of four biomasses was observed during the 20 minreac- carbon ratio in the rice straw. In contrast, the dual-bed
tion. However, the performance was dependent on the kind  reactor inhibited the catalyst deactivation drastically.
of biomasses. The order of the syngas yield was as follows: 7. It is found that the combination of Rh/CefSiO, with

cedar> jute > baggase- rice straw. In terms of the impu- the fluidized dual-bed reactor is effective for the gasifi-
rities such as nitrogen, chloride, sulfur, and ash, the order cation of cedar wood, jute stick, baggase, and rice straw
of the amount is as follows: cedar jute > baggase- rice at lower temperature than usual.

straw (Table 1. This order agrees with that of the syngas

yield. This correspondence suggests the impurities can af-

fect the catalyst performance. However, the mechanism of Acknowledgements
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