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Catalytic gasification of cellulose was carried out in a U-type fixed reactor with Ni loaded MSU-F catalyst (Ni/

MSU-F) and Ni loaded γ-Al2O3 (Ni/γ-Al2O3). The characteristics of the catalysts were analyzed by using X-ray

diffraction, H2-temperature programmed reduction, and Brunauer-Emmett-Teller analyses. The operation

conditions of catalytic gasification reactions were 750 oC and 0.2 equivalence ratio. Air was used as gasification

agent. Catalytic gasification characteristics, such as gas yield and gas composition (H2, CO, CO2, C1-C4), were

measured and calculated. The gas yield of Ni/MSU-F was much higher than that of Ni/γ-Al2O3. Especially high

amount of hydrogen was produced by Ni/MSU-F. 
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Introduction

Biomass resources are plentiful in the world and can be

easily commercialized than any other renewable resources.

In spite of various biomass resources, two types of biomass-

to-energy conversion technologies have been developed in

the world. One is a biological pathway and the other is a

thermochemical pathway.1-5 Among the thermochemical

conversion technologies, gasification converts biomass re-

sources into syngas, which is composed mainly of hydrogen

and carbon monoxide, at relatively high temperature.6-12 The

syngas produced from biomass gasification processes could

be used to generate power by using a turbine or a gas engine

or to make various chemicals and synthetic biofuels by using

Fischer-Tropsch reaction. However tar, a byproduct of bio-

mass gasification processes must be removed before the

utilization of syngas.8,9,11,13,14

Tar, a mixture of poly-aromatic compounds with large

molecular mass, causes the blockage of lines and results in

the shutdown of plants. To reduce tar from biomass gasifi-

cation processes, a filtration using a ceramic filter and a

catalytic conversion process have been applied.15 Especially

the catalytic conversion process is more valuable because it

can decompose tar into CO and H2 and then increase the

content of CO and H2. In the tar decomposition process Ni/γ-

Al2O3 is widely applied.13,16 But the decline of activity due

to carbon deposition is a critical problem of the Ni/γ-Al2O3

catalyst. Various support materials have been developed to

overcome the declining activity of catalysts and to enhance

the activity of Ni. Since mesoporous materials among vari-

ous support materials have higher surface areas and have

enough room to add metal components, catalysts with meso-

porous support materials have outstanding activities in case

of biomass conversion reactions. Therefore, mesoporous

materials with Ni are expected to have good activity in bio-

mass gasification. Though MSU-F support material among

mesoporous support materials has not been used in biomass

catalytic gasification, MSU-F is a promising support material

because the high surface area and large pore size of MSU-F

are enough to add Ni and make the diffusion of tar particles

with large molecular size into the pores easier. 

Generally, lignocellulosic biomass resources are composed

of cellulose, hemicellulose, and lignin.17-19 Especially, the

weight fraction of cellulose is about 35-50 wt %. Therefore,

the gasification reaction of cellulose might provide the basic

data of biomass gasification reactions. The catalytic gasifi-

cation characteristics have been studied by using steam as

gasification agent. However, the catalytic gasification of

cellulose with air as gasification agent was carried out using

Ni loaded MSU-F (Ni/MSU-F) in this study for the first time.

Also, the catalytic gasification experiments of cellulose with

Ni loaded γ-Al2O3 (Ni/γ-Al2O3) have also been conducted in

this study to compare the catalytic activity of Ni/MSU-F

with that of Ni/γ-Al2O3. In this study, we are aiming to test a

Ni/MSU-F as a catalyst for attaining a higher gas yield

(especially H2) than Ni/γ-Al2O3.

Experimental

Cellulose was purchased from Sigma-Aldrich. Cellulose is
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composed of 1.1% of moisture, 95.4% of volatile matters,

2.1% of fixed carbon, and 1.4 wt % of ash. The elemental

analysis showed that it consisted of C (42.99 wt %), H (5.94

wt %), and O (51.07 wt %). For more detailed results of

elemental and proximate analyses, one can refer to previous

studies published.20,21

MSU-F and γ-Al2O3 were purchased from Sigma-Aldrich.

γ-Al2O3 was impregnated with 5 wt % of Ni using the

incipient wetness method. MSU was impregnated with 5 and

15 wt % of Ni using the incipient wetness method. The

precursor of Ni was Ni(NO3)3·6H2O. Prepared catalysts

were calcined at 650 oC for 3 h in muffle furnace.

The characteristics of the Ni-impregnated catalysts were

examined. Specific surface area was measured using the

Brunaur-Emmett-Teller (BET) method. X-ray diffraction

(XRD) patterns were obtained at room temperature by a

Rigaku D/MAX-III instrument equipped with a Cu Kα X-

ray source. Reducibility was evaluated by BELCAT using

the H2-temperature-programmed reduction (TPR) method.

For more detailed procedure of catalyst characterization, one

can refer to a previous study published.16 Conventional

transmission electron microscopy (TEM) was also used to

study the size of Ni particle and the degree of its dispersion

over the catalyst. The TEM sample was prepared by deposit-

ing a drop of sample solution on a 3 nm thick amorphous

carbon-coated TEM grid, which was air-dried prior to TEM

characterization in JEM2100F.

Catalytic gasification was conducted at 750 oC in a U-type

fixed reactor made of quartz. The volume, height, and inlet/

outlet diameter were 50 mL, 160 mm, and 15 mm, respec-

tively. Air was used as the gasifying agent and equivalence

ratio (ER) of 0.2 was applied. The vapor-phase product was

cooled in two condensers. The condenser temperature was

controlled at −20 oC by a circulator for sufficient condensa-

tion of bio-oil. The product gas that passed the condensers

was collected in a Teflon gas bag for further analysis. For

catalytic gasification, two reactors were employed. Non-

catalytic reaction took place in the first reactor, while the

catalytic upgrading of product vapor occurred in the second

reactor that contained a catalyst layer. The mass ratio bet-

ween the catalyst and biomass was 1:10 in the second

method.

Results and Discussion

The surface areas of γ-Al2O3 and MSU-F used as catalyst

support materials were 113 m2/g and 602 m2/g, respectively.

The pore size of MSU-F was about 11.6 nm. The surface

areas of MSU-F and γ-Al2O3 decreased due to the addition

of Ni. The surface area of Ni/γ-Al2O3 containing 15 wt % Ni

was 45 m2/g, whereas the surface area of Ni/MSU-F con-

taining 5 wt % and 15 wt % Ni was 450 m2/g and 385 m2/g,

respectively. 

The XRD patterns of Ni/MSU-F and Ni/γ-Al2O3 are shown

in Figure 1. Ni peaks were observed at 37, 43, 64o which

were assigned for NiO (101), NiO (012) and NiO (110),

respectively.22 15 wt % Ni/MSU-F showed higher peak

intensity than 15 wt % Ni/γ-Al2O3, indicating that the Ni

particles in MSU-F are larger than those in γ-Al2O3. The

mean Ni crystallite size calculated using Scherrer equation

was 51.2 nm and 35.8 nm for 15 wt % Ni/MSU-F and 15

wt % Ni/γ-Al2O3, respectively. Ni is known to be dispersed

more evenly on acidic support materials than on non-acidic

ones.23 In this study, too, an acidic support γ-Al2O3 led to a

much better dispersion of Ni (smaller Ni crystallite particles),

despite its much smaller surface area, than MSU-F. The

mean Ni crystallite size of 5 wt % Ni/MSU-F was 28.4 nm,

which is also much larger than the mean pore size of MSU-F

(11.6 nm), implying that a considerable amount of Ni existed

outside the pores.

Figure 2 shows the TEM images of Ni based catalysts.

The average Ni particle sizes of 15 wt % Ni/MSU-F and 15

wt % Ni/γ-Al2O3 were 45.2 nm and 20.9 nm, respectively,

which were quite close to the results of XRD. 

The TPR results of Ni-added catalysts are shown in Figure

3. The reduction peak of 15 wt % Ni/MSU-F appeared at

approximately 420 oC and 620 oC, representing Ni particles

existing on external surface and inside the pores, respective-

ly. The 420 oC peak showed much larger peak area, indicat-

ing that most Ni particles existed on the external surface,

which is in good agreement with the XRD result. In the case

of 5 wt % Ni/MSU-F, too, more Ni particles existed on the

external surface than inside the pores. On the other hand, 15

wt % Ni/γ-Al2O3 exhibited a weak shoulder peak at 410 oC

Figure 1. XRD patterns of Ni based catalysts.

Figure 2. TEM images of Ni based catalysts (a) Ni/MSU-F (b) Ni/γ-
Al2O3.
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and a main peak at 580 oC, suggesting that Ni particles

existed mostly inside the pores of γ-Al2O3. Also, Wu et al.24

ascribed the first reduction peak at lower temperature to

large NiO crystals which were formed outside the pores of

Ni/MCM-41 catalysts. Meanwhile, the second reduction peak

at high temperature was attributed to small NiO particles

inside the pores of the Ni/MCM-41 catalysts. Their sugges-

tion matches our results well. Meanwhile, the high temper-

ature peak implying strong interaction between Ni oxides

and MSU-F may be originated from the reduction of nickel

silicate,25 whereas the low temperature peak may imply

weak interaction between Ni oxides and MSU-F. TPR peaks

intensity, XRD peak intensity, and TEM results indicate that

most NiO may exist on the outside surface of MSU-F as

weak interacting NiO species.

The total TPR curve area of 15 wt % Ni/γ-Al2O3 was

much smaller than that of 15 wt % Ni/MSU-F and similar

with that of 5 wt % Ni/MSU-F. This is attributed to the

formation of NiAl2O4, which is resistant to gasification, by

strong metal-support interaction between Ni and alumina

support in Ni/γ-Al2O3.
23,26 The presence of the main TPR

reduction curve at low temperature and large curve area of

Ni/MSU-F suggests that the reducibility of Ni/MSU-F is

stronger than that of Ni/γ-Al2O3.

The catalytic gasification results of cellulose with air as

the gasification agent are shown in Figure 4. The gasifi-

cation yields of gas, oil, and char without catalyst were 34

wt %, 61 wt %, and 5 wt %, respectively. In the case of

catalytic gasification, the gas content increased to 56 wt %

and oil content decreased to 29 wt %. Especially, the gas

yield obtained with Ni/MSU-F was higher than that with Ni/

γ-Al2O3. The gas yield of 5 wt % Ni/MSU-F was higher than

that of 15 wt % Ni/γ-Al2O3. It means that MSU-F support

material might be advantageous for gasification reaction

compared with γ-Al2O3 support material. Because the re-

ducing ability of Ni/MSU-F is superior to that of Ni/γ-Al2O3

as shown in Figure 3, the gasification reaction of Ni/MSU-F

might be more active than that of Ni/γ-Al2O3 and the gas

yield of Ni/MSU-F was higher than that of Ni/γ-Al2O3. Also

the gas yield increased with increasing Ni content from 5

wt % to 15 wt %. However, even with three times higher Ni

content, the gas yield obtained with 15 wt % Ni/MSU-F was

only slightly higher than that obtained with 5 wt % Ni/MSU-

F, probably because the increased amount of Ni resulted in

poor dispersion of Ni existing on the external surface of

MSU. Further investigation on the optimal amount of Ni to

be impregnated will be required.

Syngas components from gasification experiments with

and without catalysts are shown in Figure 5. Major products

of the air gasification were CO and CO2. However, the

hydrogen concentrations increased in the case of the cata-

lytic gasification. Especially, the hydrogen selectivity of Ni/

MSU catalyst was higher than that of Ni/γ-Al2O3 catalyst.

For example, hydrogen content obtained with 5 wt % Ni/

MSU-F was higher than that with 15 wt % Ni/γ-Al2O3.

Similar to the results of Ni/CeO2-ZrO2,
16 Ni/MSU-F catalysts

of which the reduction capability was superior might pro-

mote biomass gasification reaction. Also, hydrogen content

increased and the content of CO and CO2 decreased with

increasing Ni content from 5 wt % to 15 wt %.

Li et al.
27 suggested that there were 7 different reactions in

the case of catalytic gasification over Ni based catalysts. As

shown in Figure 4, catalytic gasification over Ni/MSU-F and

Ni/γ-Al2O3 catalysts produced lots of hydrogen compared

Figure 3. TPR results of Ni based catalysts.

Figure 4. Product yields of air gasification of cellulose with ER =
0.2.

Figure 5. Gas composition after catalytic air gasification of cellulose
at ER = 0.2.
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with non-catalytic gasification reaction. It means that reac-

tions (4)-(7), which are related with hydrogen production,

might actively occur during the biomass catalytic gasification.

Especially, the comparison of the H2 yields and oil yields

obtained from the catalytic gasification reactions suggested

that Ni/MSU catalysts might promote tar decomposition

reactions (6, 7) better than Ni/γ-Al2O3 catalysts. However,

researches on the detailed mechanism by using model

compounds such as naphthalene are needed to confirm the

tar decomposition reactions by Ni based catalysts.

2C + O2 = 2CO (1)

C + O2 = CO2 (2)

C + CO2 = 2CO (3)

CO + H2O = CO2 + H2 (4)

C + H2O = CO + H2 (5)

CnHm + nCO2 = 2nCO + (m/2)H2 (6)

CnHm + nH2O = nCO + (n+m/2)H2 (7)

Conclusion

Catalytic gasification experiments were carried out using a

U-type fixed bed reactor with air as the gasification agent.

Compared with non-catalytic gasification, catalytic gasifi-

cation of cellulose increased syngas yield and decreased oil

yield due to vivid tar decomposition by the catalysts. Especi-

ally, catalytic gasification increased H2 concentration in

syngas. Also, Ni/MSU-F showed higher gasification ability

than Ni/γ-Al2O3. This may be attributed to the fact reduci-

bility of Ni increased more by MSU-F than by γ-Al2O3.
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