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Abstract: Hydrogen, currently produced from the reforming of fossil fuel resssuis a
significant source for clean energy and the chemical industry. It is promisdeyélop a
high-efficiercy hydrogen production process from renewable biomass for sustainable
development. This research reports that catalyst support acidity could stronglyesttitgan
hydrogen production from the biomass gasification of wood sawdust. Forimirgrthe
influence of the Ni particle size for the biomass gasification, the uniform Ni nanopatrticles
around 2-3 nm were loaded into one type of mesoporous support MGt Yarious
acidity. Ni/H-[Al] MCM-41 with a large amount of Bmsted acid sites contributed32-
times higher hydrogen yield (21.6 mmo} k' sample) than that on Ni/H-[Si]MCM4

with a small amount of very weak acidic surface SiOH groups (9.8 mmgtt$amplé

and that on nonacidigi/Na-[Si]MCM-41 (6.7 mmol B g* sample). The surface acid sites

on supports could generate bifunctional catalysts and were proposed to show twagunctio
for enhancing the hydrogen production: 1) help to crack and transfepytbéy/sis
chemicals into smaller compounds for more efficient reforming on the Ni surface inside
nanopores; 2) enhance the support and Ni interaction for better reduction peopmkrty
surface activity of Ni nanoparticles and improve the reforming performance. Tdireub
Ni/MCM-41 catalysts were quite stable and no sintering has been observed after the
gasification at 800C, and only a low coke deposition has been detected.

Key words. Biomass gasification, hydrogen production, wood sawdust, Ni catalysts,
support acidity, MC\V41


mailto:jun.huang@sydney.edu.au
mailto:p.t.williams@leeds.ac.uk

1. Introduction

Hydrogen has been increasingly promotec akan energy source sinite combustion
product is only water without any greenhouse gases (GHG) emisisimadays, hydrogen

iIs mainly produced from carbon-rich fossil fuel resources such asahgas, coal, and
crude oil, with a significant amount of GHG emissions discharged to atmos@mTe [1

find a renewable resource for hydrogen production, many approaches have been
investigated where biomass gasification has provided a very promising option. This is due
to the fact that biomass is abundant in nature and it is;en€@ral resourcﬂZ]. Catalysts

play an essential role to improve the hydrogen production in biomass gasifiaatiNi-

based catalysts have been frequently studied because of their acceptable activity and low

cost compared with noble metal catal|8t$).

It has been reported from the literature that catalysts with smaller particle size and high
dispersion shows higher catalytic activity and lower deactive@.?Silva et al

suggested that reducing Co particle size (<3nm) decreased the deactivation rate and

demonstrated the lower amount of carbon deposition (0.71 mg cadp@atalyst) for
ethanol steam reforming. Wu et reported that NiO particles located inside the
MCM-41 mesopores demonstrated higher hydrogen production from biomass gasification
and suggested that smaller Ni particles (3nm) inside the MCM-41 mesopores promoted
water gas shift reaction and reforming reactions of hydrocarbons and methandhsgue to
longer residence time of reactants inside the MCM-41 pores. Therefore, nano-porous
supports are popular for reforming reactions due to its high surfacevasialefined
structure for small metal nanopartic@.

Apart from particle size, the chemical property and surface functional groupppafrsu

also play an important role in the performance of catalysts due to the various reaction
pathways by multifunctional groups or support-metal interact. It should be

noted that surface acidity exists on nearly all of current supports, Waiaa significant

effect for reaction$0-26|. Youn et al investigated Ni catalysts suppedton AlOs,

MgO, ZrQ, TiO2 and ZnO with different surface acidity and reported that NiZfb s02

with intermediate acidity of support showed the best catalytic performance fageydr

production during ethanol reforming. However, Emma e@ reported the Ni catalyst

on the acid support showed lower methane conversion compared to that on the neutral



support during methane dry reformiricherefore, there is still a debate as to whether the
acidity of support has positive or negative influence for reactions.

For biomass gasification, the effect from support acidity has not been well investigated. In
this paper, we address whether the existence of surface acidity of catalyst supports
significantly influences the catalytic performance of the supported metal nanocatalysts in
biomass gasification using supported Ni catalysts as an example. One type of support
MCM-41 with uniform nano-pores has been applied to size the Ni nanoparticles and
minimize the effects from the Ni particle size for the reaction. MCM-41 supportdkane
synthesized with the acidity (Al form), without acidity (neutral form, may eagstery

weak acidic surface OH groups), and without acidity (Na f@. Ni particles could

be impregnated into uniform nanopores to realize uniform particle sizes. The obtained
Ni/MCM-41catalysts with and without support acidity were investigated for hydrogen

production from biomass gasification.

2. Experimental
2.1 Materials

Wood sawdust was used with particle size of less than 0.2 mm with a moisture content of
5.7wt.%, volatile content of 74.8 wt.%, fixed carbon content of ¥8.3 and ash content
of 1.2wt.%.

MCM-41 support was prepared according to the procedure reported by élhaaln
For H-[AI]-MCM-41 andNa-[Si]-MCM- 41 supportsthe mole ratioof Al/Si and Si/Na are

equal to 1:10 and 1:2 respectivelgalculated amounts of aluminum sulfate and

sodiunj carbonate were added to the MCM-41 materials. The obtained gels were

completely mixed with vigorous stirring for 1h. The resulting solids were collected by
filtration, washed with distilled water, and then dried in an ovenO#C8 Finally, the
obtained cake was calcined at 38Dwith a heating rate of @ min! in the presence of

static air for 6 h.

Wet impregnation method was used to synthesize catalysts by Idédngorous H-[Si]-
MCM-41, H-[Al]l-MCM-41, Na-[Si]-MCM-41, SiO, supports, respectively (The mole
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ratio isNi/Al=1:1). The required amount of NNQOz3)2.6HO was dissolved in ethanol to
form 1 mol L of solution. The impregnation was employgdthe addition of powdered
H-[Si]-MCM-41, H-[AlI]-MCM-41, N&[Si]-MCM-41, SiO, supports to the nickel
precursor solution. The mixture was stirred overnight followed by evaporatitimeof
mixture at 8C°C. The obtained solids were calcinath50°C with a heating rate of °C

min’, then maintained &50°C for 6 h in static air.
2.2 Pyrolysis-Gasification of wood sawdust

The biomass gasification experiments were carried out in a two-stage fixed bed reaction
system, which has been reported in our previous Biomass sawdust was
pyrolyzed in the first reactor, the derived gaseous pyrolysis products are passed directly to
the second reactor where catalytic steam reforming occurred. For each experiment, about
1.0 g sawdust and 0.5g catalyst were used. Sawdust was placed inside the first relactor, an
the catalyst was placed inside th¥ Bactor. Both reactors were separately externally
electrically heated. The temperatures of the two reactors were controlled separately using
two temperature controllers. Initially, the temperature of the catalyst Bégké2tor) was

heated and stabilized at 800 °C. Then the first pyrolysis reactor was started to be heated up
to 550 °C with a heating rate of 40 °C nitWater was injected to the top of tHé actor

with a flow rate of 4.74 ml-hby a syringe pump when the pyrolysis temperature reached
around 200C. N> was used as carrier gas for each experiment with a flow rate of 80 ml
min. The derived gaseous products after the second reactor were condensed with dry ice
cooled condensers to produce the liquid products and the non-condensed gases wer
collected with a Tedlar gas sample bag for later analysis. It is noted that the whole catalytic
reaction time was about 40 mins for each experiment. Selected experiment was repeated to
ensure the reliability of the data. Mass balance close to 100% was used as an iofdicator

an acceptable experiment.
2.3 Products analysis and characterization

The non-condensed gases were analyzed off-line by gas chromatography{&CQ
gas was analyzed by Varian 3380 @4h a Hysep 80-100 mesh column and argon as
carrier gas. CO, K and © gases were determined by another Varian 3380 GC equipped



with a 60-80 mesh molecular sieve column with argon carrier gas.(G hydrocarbons
were detected using a further Varian 3380 GC with a flame ionization detector wisle N

working as carrier gas.

Surface area, average pore size, and total pore volume of the fresh catalysts were
determined by B adsorption and desorption isotherms a@uantachrome Autosotb
Each sample (50mg) was degassed at 423K for 12 hours under vacuum befor

measurements and then recorded at 77K.

X-ray diffraction (XRD) patterns of the fresh catalysts were obtained on a SIEMENS
D6000 instrument in the range of 1762 with a scanning step of 0.02 using Guiadiation
(0.1542nm wavelength). A high resolution scanning electron microscope (SEND) (LE
1530) was used to obtain the surface morphology of the fresh and reacted.catalyst
Transmission electron microscopy (TEM) (Philips CM200) was used to characterize and

examine the fresh catalysts.

Temperature-programmed oxidation (TPO) of the reacted catalysts was utilized to obtain
the degree of coke deposition by using a Stanton-Redcroft thermograviarethyser

(TGA and DTG). About 10 mg of the reacted catalyst was heated in aiP@tr&r* to a

final temperature of 808C, with a dwell time of 10 min. Temperature programmed
reduction (TPR) of the prepared catalysts were carried out using a modified
thermogravimetric analyzer (SDTQ600) coupled with a mass spectrometer (ThermoStar
GSD301). Prior to the commencement of TPR, the sample was heate®Can' in

pure N (500ml min?t) from room temperatur® 500°C. The pre-treated catalysts were
cooled to room temperature before heating to Paoat a rate of 10C mint in a H
atmosphereDuring the reduction process, variance of generated gas and mass loss were

respectively monitored by MS and TGA through a heated capillary delivery.

NH3-TPD was performed on Chem BET TPR/TPD Chemisorption AnalyzBi-1,
QuantaChrome instrumeni®ypically, 30 mg of the samples were pretreated at ®Dbr
1h in He flow at a flow rate of 12l min™ to purge the gasr moisture adsorbed on the
samples, then the temperature was cooled to adsorption temperature®Gf iddwed
by adsorption of the gas mixture of Aleind He (8.16%, mol/mol) fa0min or 15min,



respectively. After adsorption, pure He flow (120ml Biwas passed through the samples
which were heated from 100 to 119D at a heating rate of 2C min.

3. Results and discussion

3.1 Characterization of fresh catalysts

The same type of mesoporous silica material MCM-41 has been prepared and impregnated
with Ni particles as described in the above experimental section. Their XRD patterns have
been listed in Figures 1 and 2. As shown in the XRD pattdrie small angle region §2

= 1.5-10°), all Nicatalysts expressed a typical pattern of MCM-41 material with a
hexagonal framework of strong (100) reflection at 2-2.5°. The weak (110)28)
reflections at 4.3° and 4.9° have been clearly observed for Ni catalysts on H-[SiiNICM-
support, which illustrate the long-range order of M@Mmaterial. However, folNa
[SIIMCM-41 and H-PAIIMCM-41supports, (110) and (200) reflections were small and
difficult to be detected in Figure 1 due to the disturbance of the long-tadge after

introducing Na and\l .
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Figure T Small angel XRD pattern of Ni catalysts NifH-[Al] MCM-41, Ni/Na-[Si]
MCM-41 andNi/H-[Si] MCM-41 supports.



For the XRD patterns for Ni/MCM-41 catalysts in the rangeddi&tween 10-70°, a broad
amorphous silica peak has been detected at around 23° as shown in Figoirgtrang

and sharp peaks have been observed for the existence of well crystalline NiO particles.
Only three broad and weak diffraction peaks were detected &t &F° and 64°,
corresponding to very fine NiO nanoparticles with NiO (101), NiO (012) and NiQ,(110
respectivelyThe particle size was estimated to be around 3 nm for all catalysts according
to the Scherrés formula for the width of the half intensity peak. These veryMienano-
particles were probably located inside nano-pores of M{dBpport instead of staying
onthe surface

Ni/H-JAIMCM41

NiO (101} MO (112} NiD (110}

Ni/Na{SijMCM41

NiD (101}

Nid (012)

WiQ (110}

Intensity
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Figure 2: XRD analysis of Ni/MCM#L catalysts

The N adsorption-desorption isotherms and corresponding Barrett-Joatendd (BJH)
pore size distribution curves are presented in Figure 3 (a) and (b), reslyed&iv

Ni/MCM-41 catalysts shoed type IV isotherms, indicating a mesoporous structure



according to the IUPAC classification. The pore size distribwtiasevaluated by the BJH
model, which corresponds to narrow and uniform mesopores around 2-3rrefl fo
Ni/MCM-41 catalysts. The BET surface areas, total pore volumes, and average pore
diameters have been determined by &bsorption and desorption isotherms and
summarized in Table 1. Ni/MCM-41 catalysts showed a high surface area aroub@0®00-

m? g*. The Ni/H-[SiIMCM-41 demonstrates the highest surface al€d8.677 n? g?l),

which was followed by theNi/Na-[SiIMCM-41 (1012.769 rag?), andNi/H-[Al] MCM-

41 (800.237 rAgY), due to the disturbance of the long-range order after introducing Na
and Al as detected by the above XRD investigatibime average pore diametesas
between 2 and 3 nm with the total pore volume changing from 0.593 tod823.
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Figure 3: Pore size distribution (a) and &tsorption/desorption isotherms of the fresh

catalyst (b)

Table 1: Surface areas, pore volumes, and pore diameters of Ni/MCstalysts

Sample Surface area Total pore volumé Average Pore
(m?/g) (cm?/g) diameter (nm)
Ni/H-[Si]MCM41 1018.677 0.746 2.92
Ni/H-[AIIMCM41 800.237 0.825 3.12

Ni/Na-[Si]MCM41 1012.769 0.593 2.34




& Surface area pore volume and average pore diameter calculated fpom N
adsorption/desorption isotherms

SEM and TEM investigations have also been carried out for the characterization of the
Ni/MCM-41 catalysts. NiO crystal (normally ca. 200 nm on silica or alumina surfade) h

not been obviously detected on the outside surface of mesoporous suppbirs
[AIIMCM-41, Ni/Na[SiIMCM-41andNi/H-[SI]IMCM-41, as shown in the SEM images

in Figure 4. The impregnated NiO particles were probably located inside the nanofpores
MCM-41 supports The Ni/Na-[SiIMCM-41and Ni/H-[SiIMCM-41showed the similar
shape and size of MCM-41 patrticles. However, the support particles were very fine on
Ni/H-[AI]IMCM-41 after introduction of Al during the preparation. The disturbance of the
long-range order after introducing Al might break the growing of M&Mparticles during

the synthesis and caused the very fine particles.

Figure 4: SEM images of Ni/MCMA catalysts

TEM images confirmed that the long-range order of the MCM-41 structitd®ifiMCM-

41 as indicated by the XRD pattern and the uniform mesopores have been clearly observed
in Figure 5.The long-range order of MCM-41 mesoporous structure has been slightly
disturbed after indroducing Na during the synthesis and strongly lmbstuby the
introduction of Al as shown in Figure 5, which is consistent with the XRD results. The NiO
particles have been homogeneously dispersed inside the nanopores of aldMCM-
supports with the main particle size around 2-3 nm as ptoy@EM analysis in Figure 5.

No large Ni crystals have been observed on the surface dblitHg AIIMCM-41, Ni/H-



[SIIMCM-41 and Ni/Na-[SiI]MCM-41 catalysts as indicated by both TEM and SEM

images similar as the XRD patterns.

Figure 5: TEM images of Ni/MCMkL catalysts

The reduction property and surface NiO species of the Ni/MQMatalysts hae been
carried out by TPR investigation and their curves are shown in Figufdessmall
reduction peak around 39Q has been only observed for ti#gNa-[SiiMCM-41 and the
Ni/H-[SIIMCM-41 catalysts, which could be caused by the reduction of Ni nanopatrticles
on the outside surface of MCM-41 supp[l'he strong and large peak at the keigh
reduction temperature around 660-7A@Doccurred on all Ni/MCM-41 catalysts, which
was assigned to the very fihgO nanoparticles inside the nanopores of MCM-41 supports
(2-3 nm) . It was reported that smaller metal oxide nanoparticles required higher
temperature for hydrogen reduction with the stronger interaction between metal and
support. Obviously, mosNiO particles were very fine nanopatrticles aroungl 2-
nm and small enough inside pores of MCM-41 supports. In addition, cechparthe
Ni/Na-[Si[MCM-41 and theNi/H-[SIIMCM-41, the reduction peak at high temperature
shiftedslightly to the lower temperatuas theNi/H-[AI]MCM- 41, which indicated the Al
addition and the generation of surface acidity enhanced the reducibility of NiO

nanoparticles.
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Figure 6: TPR analysis of Ni/MCMA1 catalysts

The surface acidity of the catalysts has been probed by the chem-adsorption/desorption of
basic molecule ammonia VidH3-TPD, a popular method utilized to analyze the acidity of
catalysts. As shown in Figure & strong and broad desorption peak has been observed at
200 to 400°C for theNi/H-[Al] MCM-41 due to the formation of large amount of surface
acid sites after introducing Al into the silica network. The 4-charged Si cation replaced by
the 3-charged Al cation would induce a native charged Psf@ and require a proton on

network O, which could generate surface SIOHAI groups asBted acid sites (Al species

incorporated into silica network near SiOH grouf&5-38]. Only a very weak and broad
desorption temperature peak was observed at 200c3fa0 theNi/H-[Si]MCM-41, which

indicated the presence of most of neutral sites (SiOH groups) on the surface wigh a ver
small amount of weak acidic3@iOH groups. No obvious peak has been detected for the
Ni/Na-[SIIMCM-41, which indicated that thBa-[Si]MCM-41 support did not offer the

surface acid sites and acidié 1 OHs have been totally replaced by Na cations
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Figure 7: NH-TPD of Ni/MCM-41 catalysts

3.2. The pyrolysis/gasification of wood sawdust on Ni/MCM-41 catalysts

The pyrolysis/gasification of wood sawduwgiscarried out on Ni/MCM-41 catalysts in a

two stage reactor systei@as yield, mass balance, and gas compositions of g ®4,

CHs and G-C4 hydrocarbons during the gasification of wood sawdust are presented in
Table 2 and Figure.8

For all the Ni/MCM-41 catalysts, most of Ni particles were located inside nanopores with
a uniform size of 2-3 nm. The biomass gasification is suggested to be derived via the Ni
active centers. Therefore, similar Ni particles should offer similar activity. However, a
different catalytic performance has been clearly observed during the pygaggisation

on Ni/MCM-41 catalysts with various surface acidity. Clearly, the support acidity has
influenced the biomass gasification on supported Ni catalysts. As shown in Table 2, the
Ni/Na-[Si]MCM-41catalyst without surface actgi showed the lowest gas yield and
hydrogen vyield during the gasification. TiN/H-[Si]MCM-41catalyst with the small
amount of weak acidic SiOH groups contributed the higher gas yield compared to that of
the Ni/H-[AIIMCM-41 with a large amount of Bimsted acid sites. The significant



amount of Bpnsted acid sites on the surface of supports could not cause the higher
gasification rates. The well hexagonal structure of MCM-41 supports might result in the
better diffusion of pyrolysis chemical vapor inside the pordsibf-[SiIMCM-41catalyst
resulting in a higher gasification rate

Table 2: Mass balance and gas compositions from the gasification on NiAICM-

catalysts
Ni/H-[Al] Ni-H-[Si] Ni/Na-[Si]
Catalyst bed MCM41 MCM41 MCM41
Gas/wood (wt. %)* 63.9 73.6 51.8
Mass balance (wt. %)* 94.72 101.35 95.63
H. yield (mmol B g* sample) 21.6 9.8 6.7

*The gas, residue yields and mass balance presented in was calcialdtedfellowing equations:
Gas mass

Gas yieldlwt. %) = —————— x 100
y ( /0) wood sawdust mass
Gas mass+Liquid mass+Char mass+Residue mass

Mass balance (wt. %) X 100

Wood sawdust mass+injected water mass

However, the hydrogen production has been significantly improved foedlséon on the
Ni/H-[AIIMCM-41 catalyst withalarge amount of Bimsted acid sites. The hydrogen yield
on the Ni/H-[AI]MCM-41 (21.6 mmol H g* sample) was more than two to three times
higher than thabn the other two Ni/MCM-41 catalysts (6.7 and 9.8 mmeigH sampl@.

The Ni/H-[SiIMCM-41 catalyst with onlya small amount of weak acidic SiOH groups
contributed a slightly higher hydrogen yield than that produced froracithc Ni/Na-
[SIIMCM-41 catalyst. Obviously, the large amount ofhBsted acid sites on the support
surface could not enhance the gasification rate as detected before, but significantly
improved the reforming for hydrogen production. Lliopoulou feported that the
enhancement of surface acidity of AHMCM-41 catalysts could promote the
hydrocarbon conversion and cracking for the upgrading of biomasdysgigr oils
Therefore, théNi/H-[AIMCM-41 worked as a bifunctional catalyst and the large amount

of Bronsted acid sites was proposed to transfer the pyrolysis derived chemicals into smaller



compounds for more efficient reforming on the Ni surface. In addition, comparecwiith t
similar reduction peaks for tHgi/H-[SiIMCM-41and the Ni/Na-[Si]MCM-41 catalysts

the Ni/H-[AIMCM-41demonstrated a relatively lower temperature and sharp reduction
peak in the TPR analysis, indicating the different Ni surface promertthe Ni/H-
[AIMCM- 41 compared to the other two NiI/MCM-41 catalysts and influencing their
reforming performance.

As shown in Figure 8, the fraction of the gas composition also confirmedé¢hatdhming
process has been strongly enhanced omNiid-[AIlIMCM-41. The Ni/H-[SiiMCM-41
catalyst showed the slightly enhanced reforming performance thai/Ne [SijMCM-

41 catalyst, however, both catalysts produced a significant amountsqc&H0 Vol.%)

with a small amount of £C4 hydrocarbons (ca. 5 Vol.%). These hydrocarbon compounds
almost disappeared using tHgH-[Al]MCM- 41 catalyst. Th&€O; gas fractiorwashigher

with theNi/H-[AI]MCM- 41, suggesting that the dry reforming of hydrocarbons @ith

was not promoted by théNi catalysts on acidic supportd. Was consistent with the
Iiteratur that incorporating Al to the MCM-41 framework did not promote methane
dry reforming on Ni catalystsTherefore, the steam reforming of hydrocarbons was
proposed to significantly improve the hydrogen production onNiAd-[Al]MCM- 41
catalyst (increased from ca. 25 Vol.% up to ca. 55 Vol.%). For the steam irejoom
hydrocarbons, CO should be produced and the CO fraction should be increagedetio
the Ni/H-[AI]MCM- 41 catalyst contributed the lowest CO fraction compared to the other
two catalysts, indicating the existence of the water gas shift reaction and the consumption

of CO to further increase hydrogen production as also reported by @eapers in the

steam reforming of hydrocarbon.
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Figure 1 Gas composition from biomass gasification

The reacted catalysts were analyzed by temperature programmed oxidation (TPO) to
determine the amount and type of deposited coke. Oxidation of carboreolaiter 55€C,

which was assigned to filamentous type carbons formed during the gasification @cess [
. As shown n Figure 9, low coke deposition has been detected for the Ni/MCIM-
catalysts. The coke deposition was 1.8 wt%, 1.6 wt%, and 1.3 wt% bii/th§Al ]MCM-

41, Ni/H-[SI]IMCM-41, andNi/Na-[Si]MCM-41 catalysts, respectively. It has been widely

reported that highly active catalysts in gasification or reforming would cause high coke
deposition.
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Figure 9: Weight ratios of coke the catalyst for the Ni/MCMkHcatalysts after the

gasification

As shown in Figure 1,ahe deposited coke was hard to be observed on the outside surface
of the MCM-41 catalysts as shown in their SEM images. The small amount of filamentous
carbon confirmed by TPO might be located on the Ni surface inside pores of MMCM-
The reacted Ni/MCM41 catalysts were analyzed by XRD to confirm whether the sintering
occurred for the Ni particle&s shown in Figure 11, the XRD patterns did not show any
obvious change for the Ni/MCM-41 catalysts before and after reaction, indicating almost
no sintering during the gasification process. Only small new diffraction peaks at 44 and
52° were observed due to the generatioMNoparticles after the gasification of sawdust
. It was reported that the NiO was reduced to Ni during the gasification process under
the reducing environment. Therefore, an easier and safer pwagssairried out without

the pre-reduction with Hduring the catalyst process. Therefore, Ni/M@Meatalysts

were quite stable for biomass gasification.
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Figurell: XRD analysis of reacted catalysts

4. Conclusions

In this work, the obtainetNi/MCM-41catalysts with and without support acidity were
investigated for hydrogen production from the biomass gasification of wood sawdu
MCM-41 supports were synthesized with acidity (Al fokiiH-[Al] MCM-41), without
acidity (neutral formNi/H-[SI]MCM-41, may exist as very weak acidic surface SiOH
groups), and without acidity (Na formi/Na-[Si]MCM-41). The Ni/H-[Si]MCM-41
catalyst demonstrated the highest surface &@@#8(677 ni/g), which was followed by



Ni/Na-[Si]MCM-41 (1012.769 rfig), and theNi/H-[Al] MCM-41 (800.237 n¥/g), due to

the disturbance of the long-range order after introducing Na and Al as detect®&Dby
investigation. As expected,large amount of surface acid sites have been generated after
introducing Al into the silica network near SiOH growpshe Ni/H-[Al] MCM-41. Most

of neutral sites (SiOH groups) on the surface with aesgnall amount of weak acidic®Q

SIOH groups were formed on thi/H-[SIIMCM- 41 catalyst. No acidity was observed for

the Ni/Na-[SiIMCM-41. Most of Ni nanoparticles had a similar size at 2-3 nm and were
located inside the nanopores of MCM-41 supports, which could minimize the effects from
the Ni particle size for the biomass gasification. Compared tNitha-[Si]MCM-41 and

the Ni/H-[SI]MCM- 41 catalysts, the reduction peak at high temperature shifted slightly to
the lower temperature on tie/H-[AI]MCM- 41 catalyst, which indicated thd addition

and the generation of surface acidity enhanced the reducibility of NiO nanopatrticles.

The large amount of Bnsted acid sites on tiNg/H-[AI[MCM- 41 catalyst could not cause

the higher gasification rates, and tHigH-[Si]MCM-41catalyst with the small amount of
weak acidic SIOH groups contributed the highest gas yield. In addition, the presence of
significant Bpnsted acid sites promoted the conversion of hydrocabrons derived from
biomass pyrolysis into smaller molecular products includiagahtl CO. However, the
large amount of Bmsted acid site®n the supports has significantly improved the
reforming and hydrogen production during the wood sawdust gasification. Theghpd

yield on theNi/H-[A]IMCM-41 (21.6 mmol B g! sample) was more than two to three
times higher than thain the other two Ni/MCM-41 catalysts (6.7 and 9.8 mmelg+t
sample). The surface acid sites helpped crack and transfer the pyrolysis chemicals into
smaller compounds for the more efficient reforming on the Ni surface insid@araso

Low coke deposition has been detected for Ni/MCM-41 catalysts (less than 2 wt% of
filamentous type carbonen the Ni/H-[AI]MCM-41, Ni/H-[SiIMCM-41, and Ni/Na-
[SIIMCM-41 catalysts), corresponding to their activity in gasification. The obtained
Ni/MCM-41 catalysts were quite stable and almost no sintering has been observed after

gasification at 800C.
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