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Abstract

Interests in large-scale use of biomass for energy and in hydrogen are motivated largely by global environmental issues. Cellulose and
sawdust were gasified in supercritical water to produce hydrogen-rich gas in this paper, and Ru/C, PgfatiCle®, nano-Cefand nano-
(Cezr)O, were selected as catalysts. The experimental results showed that the catalytic activities were Ru/C > Pd/C > na@y-¥@ero-
CeQ, > CeQ particle in turn. Low-concentration sodium carboxymethylcellulose (CMC) (2—3 wt.%) was mixed with particulate biomass and
water to form a uniform and stable viscous paste which can be efficiently gasified. The 10 wt.% cellulose or sawdust with CMC can be gasified
near completely with Ru/C catalyst to produce 2—4 g hydrogen yield and 11-15 g potential hydrogen yield per 100 g feedstock at the condition
of 500°C, 27 MPa, 20 min residence time in supercritical water.
© 2005 Published by Elsevier B.V.
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1. Introduction reforming and cracking in water in the vicinity of its critical
state. No solid residue or char was produced. In 1982,
Interests in large-scale use of biomass for energy andElliott and co-workers[3-5] converted wet biomass to
in hydrogen are motivated largely by global environmental methane-rich gas using a reduced metal catalyst selected
issues. If grown and used renewably, biomass would makefrom the group consisting of ruthenium, rhodium, osmium,
little or no net contribution to atmospheric greenhouse gas iridium or mixtures thereof. Reaction conditions from about
concentrations. Of the options for making hydrogen from 300-450C and, at least, 13 MPa pressure were covered. In
renewable sources, biomass appears to be the lowest cost996, Minowa et al[6] found hydrogen-rich gas could be
one for the near- and mid-term. Wet biomass can be directly obtained in hot-compressed water (38) 17 MPa) from
dealt with by supercritical water gasification (SCWG) so as biomass with reduced nickel catalyst and sodium carbonate.
to avoid the drying process with high energy-consumption In 1993, Antal et al.[7,8] presented the first studies of
in conventional thermo-chemical gasification. A number of glucose complete gasification at 60D, 34.5MPa and a
researchers have investigated hydrogen production by SCWG30 s residence time. Following this work newly discovered
of whole biomass. carbon-based catalysts were used in high-concentration
The earliest report on supercritical gasification of wood biomass supercritical water gasification for high efficiencies,
is that of Modell[1,2]. In 1978, he issued a patent and and particulate biomass could be mixed with a cornstarch
reported the gasification of glucose and maple sawdustgel to form a viscous paste that can be delivered with a
with a catalyst composition that promotes hydrogenation, cement pump. In 2000, Schmieder et[8l. found that wet
biomass and organic wastes were completely gasified by
* Corresponding author. Tel.: +86 29 82663895; fax: +86 29 82668769. addition of KOH or k,CO;z at 600°C and 25 MPa, forming
E-mail addresslj-guo@mail.xjtu.edu.cn (L. Guo). a Hy rich gas containing C&as the main carbon compound.
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Concentrations of CO, CHand G—C,4 hydrocarbons were
low in the product gas (<13 and <1 vol.%, respectively).

In 2001, Lin et al.[10,11] proposed a new Hproduction
process named the HyPr-RING process, which used calcium
oxide (CaO) or/and calcium hydroxide Ca(QHas the
adsorbent of carbon dioxide to improve the hydrogen
fraction in product gas. In 2002, Watanabe et [A2]
reported that zirconia (Zr§) was also effective for bl
production from biomass in supercritical water. In 2002,
CMC [13,14] was reported to mixed with particulate
biomass and water to form a uniform and stable viscous
paste, which could be pumped to the continuous flow tubular
reactor.

A successful catalytic process depends on the optimized
combination of catalyst (components, manufacturing pro-
cess, and morphology), reactants, reaction environment,
process parameters, and reactor configurdfibh Catalysts
must be more durable as compared to catalysts used in typical
gaseous phase operations, due to water adsorption, sintering,
and dissolution of catalyst components. Each of these
interrelationships must be understood in order to develop a
successful catalytic supercritical water gasification process.

Elliott et al.[16,17]demonstrated that Ru, Rh and Ni had
significant activity for the conversion gfcresol, Pt, Pd and
Cu was reported lacking of activity, andalumina, ZrQ
and carbon was identified as the stable supports. Usui et
al. [18] presented Pd supported on®g particularly with
highest catalytic activity for cellulose gasification among a
supported Ni, Pd or Pt. Osada et[aR] reported the catalytic
conversion of biomass with a Ru catalyst supported onp TIO
in supercritical water would be an effective method for
biomass gasification at low temperatures as “4D0CeQ
particles are used as high-temperature oxidation catalyst
in Elementar High TOC Il analyzer. In this paper, Ru/C,
Pd/C, CeQ paticles, nano-Cefand nano-(CeZg0, were
selected as catalysts of biomass SCWG in the batch reactor.
Cellulose, a major component of woody biomass, was
used as the starting material to study the effect of catalyst
and reaction time. Then the catalytic gasification result of
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cellulose was compared with sawdust.

2. Apparatus and experimental procedure

The gasification of cellulose and sawdust was carried out

in a 140 ml, high-pressure autoclawg. 1 shows the auto-

25 ,20,20, 6 20,20, 20,20

clave schematic anllig. 2 shows the profile of temperature

measure point. The axial distributing H1-H7 and circumam-
bient distributing HB1-4 are fixed on the reactor outer wall
and H4 and HB1 is the same one measure point. And axial dis-
tributing HI1-HI4 isfitin the furnace. This is an axial symme-
try autoclave and furnace, so the temperature of H4 and HB3
is very close. The autoclave is fabricated from 316L stainless
steal and the lines of purging and sampling are constructed
of 1Cr18Ni9Ti stainless steal. The system was operated at
temperatures up to 65C and pressures up to 35 MPa. The
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Fig. 1. The autoclave schematic.
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Fig. 3. The temperature profile of autoclave heated when the Ini.p is 4 MPa.

pressure were monitored by means of pressure transduceB.1l. The isothermal absorption and desorption
system in the line of M purging. The temperature inside characteristics
the reactor was monitored by type K thermocouple. The
autoclave was heated by 1.2kW temperature controlled Fig. 4 shows the isothermal absorption and desorption
electric furnace and cooled by water. After cooling down to characteristics of catalysts. Liquid Nwas isothermally
room temperature, the product gas is sampled and measuredbsorbed and desorbed by the catalysts mentioned above.
using a wet test meter. Then the autoclave is demounted, andrhe isothermal absorption curves of Ru/C and Pd/C are
the reaction mixture is recovered for separation. The agueousshown as Langmuir-type mono-molecule absorption. The
phase is separated by washing the reaction mixture withisothermal absorption curves of nano-Ge@nd nano-
water and by filtration. The fraction insoluble on the filter (CeZr)xO, are shown as BET-type multi-layer absorption.
is dried at 70C to obtain the residue. The carbon element The isothermal absorption curves of Cegarticle is shown
compositions of the solution and residue are analyzed usingas Langmuir-type mono-molecule absorption at the less
an Elementar High TOC Il analyzer. Analysis of the gaseous relative pressure and BET-type multi-layer absorption at the
products is accomplished by use of a Hewlett-Packard improved relative pressure. The capillary agglomeration of
model 6890 gas chromatograph (GC) equipped with thermal nano-CeQ@ and nano-(CeZgD, appears when the relative
conductivity detectors. pressure is near 1.0.

Fig. 3 shows the temperature profile of autoclave heated
when the initial pressure (Ini.p) is 4 MPa. The temperature 3.2. The profile of pore diameter
can be heated to 50C in 40 min. The pressure is increased

as the temperature is increased, when the temperaturey Fig. 5shows the profile of pore diameter curves of the cata-

sts. The pore diameters of nano-Ceghd nano-(CeZgD»

ave wide range from several to several hundred nanometer.
The state of saturation absorption is not appeared. The Ru/C
and Pd/C catalysts have micro-pore structure, its pore diame-

remains steady, the pressure in the autoclave remains stead
too. The temperature of reactor wall is on the range of 10%
with the average wall temperature. The temperature inside
the reactor can be cooled to below 2@ in 1 min and

below 100°C in 2.5 min teris distributed below 5 nm. When the micropore is filled up,
Cellulose micfocrysialline [(§H100%)n] is water insol- the amount of absorption is not increased with the increas-
uble particle with white color. CMC [(§H1:NaOy)n] ing of relative pressure. The state of saturation absorption

appears. The pore diameter of the Ggaarticle is distributed

is straw yellow powder with 6.5-8.5wt.% Na. Sawdust
below 50 nm.

[(CH1.3500.62)n] was collected in sawmill, and crushed to
200 meshes. The 5.0 wt.% Pd on activated carbon, 5.0 wt.

. , , %3 3. The surface area of catalyst
Ru on activated carbon, nano-Ce®@ith purity of 99.9 wt.%

(dry basis), nano-(CeZip, with purity of 99.9wt.% (dry The surface area of catalyst is calculated by BET for-

basis) and Ce@particle produced by Elementar Company mula, and the value is shownTable 1 The surface area has

were used as catalysts. wide range from 0.276 fg (CeQ particle) to 1196.86 fig
(RU/C).

3. Properties of catalysts

4. Results and discussion
The isothermal absorption and desorption characteristics,

area surface and pole volume were measured by Beckman The mass fraction of hydrogen in cellulose is 6.17%, and
Coulter Co. SA3100TM surface area analyzer. hydrogen theoretical yield of cellulose gasification is 14.8%
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Fig. 4. The isothermal absorption and desorption characteristics of catalysts.

when cellulose is gasified completely to hydrogen and carbon heated to 500C, and cooled by water when the temperature
dioxide. The mass fraction of hydrogen in sawdust is 5.27%, remains 20 min at 500C. The product gas was sampled and

and hydrogen theoretical yield of sawdust is 16.08%. analyzed when the reactor autoclave was cooled to air tem-
perature. At last, the reactor autoclave was opened, and the
4.1. The effect of CMC addition on cellulose gasification  liquid and solid product were measured and analyzed.

Fig. 6shows that the effect of CMC addition on cellulose
In this experiment, 10 g water, 1.0 g cellulose and/or 0.4 g gasification with and without Ru/C catalyst. The CMC addi-
Ru/C catalyst and 0.2 g CMC powder were added and mixed tion enhanced the gasification efficiency (GE (%) =the mass
in the autoclave. The autoclave with feedstock was installed of gas product/the mass of biomass), carbon gasification
and sealed. pfwas used as purge gas. The initial pressure was efficiency (CGE (%) = the carbon fraction in gas product/the
regulated to 4.0 MPa by addingontinuously and adjust- ~ carbon fraction in biomass), hydrogen yield (¥ (%) =the

ing the values at lines. The temperature of feedstock wasmass of hydrogen yield/the mass of biomass) and potential
hydrogen yield (PYH (%) =YH> + CO yield + 4CH yield,

Table 1 defined as the sum of measured hydrogen and the hydrogen
The surface area of catalysts which could theoretically be formed by completely shifting
Catalyst Surface area {ig) carbon monoxide and completely reforming hydrocarbon
RU/C 119686 species). The n_1i_xture _of cellulose and CMC cpuld be near
Pb/C 96242 completely gasified with Ru/C catalyst. The influence of
n(CezrxO; 13418 CMC on gasification was more serious with Ru/C catalyst.
nCeQ 19.079 The yields of hydrogen, methane and carbon dioxide were
CeQ power 0888

improved obviously and the less fraction of carbon oxide was
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Fig. 5. The curves of catalysts pore volume vs. diameter.

produced with the addition of CMC. CMC addition would 4.2. Catalyst performance with cellulose and CMC
strengthen the mixing of cellulose and water to improve

the reaction rate, and N&rom CMC would catalyze the Fig. 7 shows the effect of different catalyst on cellulose
water—gas shift reaction to improve the hydrogen fraction in gasification. The gasification efficiency, carbon gasification
product gas. efficiency, hydrogen yield and methane yield with Ru/C
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Fig. 6. The effect of CMC addition on cellulose gasification (water, 10 g; cellulose, 1.0 g; Ru/C, 0.4 g; CMC, 0.2G; 200nin; Ini.p, 4.0 MPa).
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Fig. 7. The effect of different catalyst on cellulose gasification (water, 10 g; cellulose, 1.0 g; catalyst, 0.4 g; CMC, 0°203;ZD@in; Ini.p, 4.0 MPa).

catalyst had the most value on these conditions, and Ru/C hagl.3. The gasification results with Ru/C catalyst

the largest surface area among all the catalysts used in this

experiment. Then, the surface area of catalyst is important4.3.1. The effect of different initial pressure condition

for supercritical water catalyst gasification. Pd/C has the with different temperatures

same amount of metal, the similar isothermal absorption and  In this experiment, 15 g water, 1.5 g cellulose, 0.3 g Ru/C

desorption curve, the similar profile of pore diameter and catalysts and 0.3 g CMC powder were added and mixed in

the similar large surface area, but the product gas with Pd/Cthe autoclave. The initial pressure is regulated to 0.1, 0.5,

catalyst was produced less than that with Ru/C catalyst at1.0, 1.5 or 2.0 MPa. The pressure of reaction was increased

the same conditions. It can be concluded that Ru metal haveto 27 MPa, the temperature of reactions were 532, 509, 483,

more catalytic activity than Pd. 482 or 457 C, respectivelyi-ig. 8shows that the gasification
The methane yield was similar with Ce@article, nano- results on different initial pressure condition with different

Ce(, nano-(CeZr)O2, Pd/C catalyst and without catalyst. temperatures. The initial pressure had the more effect on

The more hydrogen, more carbon dioxide and less carbongasification results because the gasification efficiency was

oxide with catalyst were produced than that without any cat- still low even the reaction temperature was high as %32

alyst. Then, the reaction of water—gas shift was enhancedwhen the initial pressure was 0.1 MPa. The temperatures

with these catalysts. were very similar when the initial pressures were 1.0 and
The catalysts of nano-CeCand nano-(CeZgD, have 1.5MPa.

wider profile of pore diameter than Ce@article asFig. 4,

and more hydrogen with nano-Ce@nd nano-(CeZgD, 4.3.2. The comparison of cellulose gasification by SCW

is produced than that with Ce(article. It seems that the partial oxidation and gasification

profile of pole diameter has identical trend with hydrogen In this experiment, the autoclave with feedstock was

production for this metal oxide type catalyst. installed and sealed. When;Ns used as purge gas, the
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Fig. 8. The gasification results on different Ini.p conditions with different temperatures (27 MPa; residence time, 20 min; water, 15 g; cé&igidse/d,.
0.3g; CMC, 0.39).
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Fig. 9. The gasification results on different Ini.p condition with different pressures (water, 10 g; cellulose, 1.0 g; Ru/C, 0.2g; CMC, 02 gesience
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reaction condition is the completely gasification, and if Table2 _ o
N, is not used, the reaction condition is the supercritical The comparison of cellulose SCWG with SCW partial oxidation

water (SCW) partial oxidation because the oxide in the Partial oxidation Gasification
air will take part in the reaction. The initial pressure is GE (%) 3212 4759
0.1 MPa.Table 2shows the cellulose gasification result by YHz (%) 089 154
SCW partial oxidation and gasification. The gasification has CGE (%) 2937 4151
produced the more gas product with more hydrogen, carbonEY':rf]rE:/c‘R/ ) ii; 3?3
dioxide and methane and less carbon oxide. Cé (mmol?g) 286 068

CHg, mmol/g 277 516
4.3.3. The gasification results on different initial CO, (mmol/g) 427 816
pressure condition Operating conditions: water, 15 g; cellulose, 1.5 g; Ru/C, 0.3g; CMC, 0.3 g;

Inthis experiment, the initial pressure was regulated to 0.1, 500°C; residence time, 20 min.
1.0, 2.0, 3.0 or 4.0 MPa respectively, and the temperature of
feedstock was heated to 500, the pressured of reactions  4.3.4. The effect of amount of catalysts on cellulose

were 13, 17, 21, 23, 27 MPa, respectively. gasification
The effects of initial pressure and the pressure of reac-  |n this experiment, different amount of catalyst (0, 0.2,
tion on gasification results were shown the same trEigd 9 0.4, 0.8 and 1.6g) were added into the autocldsig. 10

shows that the hydrogen yield had the least value when theshows that the amount of catalyst has great influence on gasi-
pressure of reaction was near the critical pressure. The yieldfication. When the amount of catalyst was increased to 0.8 g,
of methane was increased and the yield of carbon oxide the gasification efficiency, the carbon gasification, potential
remained the same levels as the pressure of reaction (initialhydrogen y|e|d and the y|e|d of methane and carbon diox-

pressure) was increased. ide were increased. And when the amount of catalyst was
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Fig. 10. The effect of amount of catalysts on cellulose gasification results (water, 10 g; cellulose, 1.0 g; CMC, 0°Zgréfidence time, 20 min).
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Fig. 11. The effect of reaction time on cellulose gasification results (water, 10 g; cellulose, 1.0g; Ru/C, 0.4 g; CMC, 0.2 g; Ini.p, 4.0 MPa).

increased from 0.8 to 1.6, these values were decreasedTable 3

And the hydrogen yield had the most value at the amount The gasification results of sawdust and cellulose

of catalyst is0.4 g. Sawdust Cellulose
GE (%) 9808 11723
o YH; (%) 253 334

4.3._5.. The effect of reaction time on cellulose CGE (%) 772 037

gasification PYH; (%) 1173 1292
In this experiment, the temperature of feedstock was H, (mmol/g) 1265 1668
heated to 250, 300, 350, 400, 450 or 3@Qrespectively,and  CO (mmol/g) 129 260
cooled by water at once in some operating runs. At the othersC¢Hs (mmol/g) 1118 1137
CO;, (mmol/g) 1687 2009

conditions, the temperature remains 10, 20, 30, or 60 min,
respectively, when the feedstock temperature was heated tcg
500°C. Fig. 11shows the cellulose supercritical water gasifi-

perating conditions: water, 10 g; sawdust, 1.0 g; Ru/C, 0.2g; CMC, 0.4g;
00°C; residence time, 20 min.

cation results at different reaction times. The gasification was g|julose. The research of cellulose gasification had the
reached the most gas product and hydrogen yields, when thgnhortant values on other raw biomass gasification.

temperature remains 20 min when the feedstock temperature
was heated to 50CC.

4.3.6. Comparison of sawdust and cellulose gasification

4.4. The comparison with previous gasification results

Fig. 12 shows the comparison of this work with previ-

In this experiment, cellulose and sawdust were gasified ous gasification results. Catalyst and temperature have great
in autoclaveTable 3shows that sawdust can be gasification effect on the hydrogen yield and potential hydrogen yield.
near completely, and the gasification results of cellulose The gasification with Ni/NgCOg catalyst produced more
and sawdust show the similar characteristics. The resultshydrogen than that with Pt/C and Pd#8l; at 350°C. The
of cellulose gasification were better than sawdust. Maybe gasification with Ni/NaCOjs catalyst produced more hydro-
other compound in sawdust is difficult to gasification than gen than that with only Ni or N&CO3 addition, respectively.

8
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Fig. 12. The comparison of this work with previous gasification results°@4@0]; 400°C [19]; 440°C [12]; 450°C [3]; 500°C, this work.
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The NaOH catalyst had better hydrogen production catalytic
activity than ZrQ, Ni/Al ,COz and Ru/TiQ at the same con-
dition. The effect of catalyst on PYt+had the same trend as
on YH; except that the PYHvalue with Ru/TiQ catalyst is
more than that with NaOH and the P¥Malue without cata-
lyst is more than that with catalyst. In this work, the hydrogen
yield was the most except that with Ni/pNaOs at 350°C. The
potential hydrogen yield with Ru/C has the most value than
that on other condition since in higher temperature. Maybe
the temperature of this work is a little higher than previous
gasification temperature.

5. Conclusion

In an autoclave, the mixture of cellulose and CMC was
catalytically gasified in supercritical water with Ru/C, Pd/C,
Ce(Q patrticle, nano-Ce®and nano-(CeZg0, as catalyst.

It can be concluded that cellulose with CMC addition can
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