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ABSTRACT:

The production of renewable hydrogen enriched gas from biomass waste is a promising
technology for the development of a sustainable economy and society. Until now, there are still
challenges of the technology in terms of the efficiency of hydrogen production. Catalyst is
known and has been tested to enhance hydrogen production from biomass gasification. In
particular using Ni-based catalysts, which have high reactivity for hydrogen production and are
cost effective. However, developing a Ni-based catalyst with high thermal stability and
resistance of coke deposition on the surface of the catalyst is still a challenging topic. In this
work, Ni-Al catalysts doped with low-cost Fe metal were investigated for hydrogen enriched
syngas production from gasification of biomass using a two-stage fixed bed reactor. NiO-
FeOs-Al 03 catalysts with various Ni:Fe molar ratios (9:1, 8:2, 6:4, 5:5, 4.6, 2:8 and 1:9) were
studied aiming to understand the influence of Fe addition on the production of hydrogen and
the catalyst stability in terms of coke deposition on surface. X-ray diffraction, temperature
programme reduction and Transmission electron microscopy analysis of the fresh catalysts
showed that nanoparticles (mainly Ni@k spinel phase and ADs, ~5 nm) were identified in

the catalysts. High dispersion of metal particles abtained using a co-precipitation method

of catalyst preparation. With the increase of Fe addition, hydrogen production was reduced
from around 11 to 8 (mmol Hy! biomass). However, the addition of Fe into the Ni-based
catalyst significantly reduced the amount of coke deposited on the surface of the catalyst.
H2/CO molar ratio was maximized to 1.28 when Ni:Fe molar ratio was 1:1. In addition,
sintering of metal particlesagnot observed through the TEM analysis of the fresh and reacted

catalysts.



1. Introduction

At present, fossil-based fuels, such as petroleum, coal, and natural gas, are used for over three
quarters of the primary energy consumption in the warlgignificant concerns have been
raised on the utilization of fossil fuels in regard to energy security and environmental impacts
2. The development of renewable and clean alternative energy sources is, therefore, deemed to
be vital to address the current increasing demand for energy and to decrease environmental
impacts of energy consumptidrf. Currently, alternatives to fossil fuels are renewable fuels,

i.e. biomass, hydropower and solar energgiomass has attracted increasing attention since

it is renewable, carbon neutral, and it can be obtained from many resources such as forest waste
Hydrogen-enriched syngas production from biomass via the gasification process is a promising
technology?. Also, hydrogen is an ideal clean fuel source for low carbon energy systems

and can be used directly in fuel célislydrogen has also been identified as a promising energy
carrier, which can be produced from biomass, hydropower, solar andWRiar example,

the electricity generated from wind and hydropower can be converted into hydrogen through
electrolysis in the purpose of energy storage. Furthermore, hydrogen-rich syngas production
from biomass would result in the decrease of the dependence on using fossil fuels, thus CO2
emission can be reducéd

Hydrogen-rich syngas production from biomass gasification receives extensive attention from
both industrial and academic researchers due to the high conversion efficté#eghallenge
towards H production from biomass gasification on a large scale is the formation of coke and
tar which can be eliminated by thermal cracking (gasification at high temperature) or by the
utilization of a catalyst (catalytic gasificatiof) Particularly, in the presence of steam and
catalyst, gas and hydrogen yields can be significantly enhanced because of the promotion of

steam reforming and water-gas shift reactfons

Ni based catalyst has an excellent element for steam gasification reactigmeferred as a
catalytic active site than precious metal such aRRtand Ru, as Ni-based catalysts are
relatively cheap and have high catalytic activities for hydrogen produétithA number of
catalyst supports (e.g. MCM-41, Mg-Al a@l+-Al) 2 % 146 have been tested for biomass
gasification. Among thenmAl»0s is regarded as an effective support, in particular, in relation

to the catalytic activity for hydrogen production and thermal staBflify. The introduction of

Ce(Q to Ni-catalysts has been reported to enhance the catalytic performance, and the formation
of the Ni-CeQ nanocomposite was responsible for the better catalytic performance in terms of

the prohibition of catalyst sintering and coke formation on the surface of the reacted catalysts
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12,1820 However, the cost of Ce species is quite high. It is proposed that Fe species have similar
high redox properties as Ce-species and can help promote hydrogen production in the steam
gasification of biomas$&'. The addition of Fe in the catalyst can significantly influence the
gasification efficiency' 222°. For example, it was reported that Fe species promoted water-gas

shift, reforming and decomposition reactions during the steam gasification of bfoflass

Both metallic Ni- and Fe- based catalysts as well as Ni-Fe bimetallic catalystsemavased

in biomass gasification procesdgor tar eliminatior?®?8, Ramli et al?® studied the production

of hydrogen from steam gasification of palm kernel shell (PKS). The authors used a sequential
impregnation method to prepamlite § (BEA) supported bimetallic Fe and Ni catalysts with

two calcination temperatures (500 and 70]. It is reported that a strong interaction between

Ni and Fe was observed at higher calcination temperatures (700 °C) resulting in the
stabilization of F& and NF* ions in the lattice, and thus a higher yield of hydrogen was
produced due to the promoting of the water-gas shift readioiire/a-Al2Os bimetallic
catalysts prepared by co-impregnation method have been investigated for the refdnaing

from the pyrolysis of cedar wood using a laboratory-scale continuous feeding dual-bed reactor
at 550C %8, The Ni loading amount was 12 wt.%, and Fe was added with a Fe/Ni molar ratio
between 0.13 and 2. It was reported that the surface of Fe atoms supplied oxygen species and
the addition of Fe to Ni/a-Al20s enhanced the catalytic performance regarding the production

of gas and the suppression of coke deposition on the surface of the catalyst. However, excess
addition of Fe has been reported to decrease the catalytic activity due to theofédiLed®ms

on the surface of the cataly&t

There are few reports using Ni-Fe bimetallic catalyst for gasification of real biomass. In this
work, co-precipitated Nid~e03-Al 203 catalysts were prepared and investigated for hydrogen
production from catalytic steam reforming of vapours derived from the pyrolysis of wood
sawdust. It is aimed to develop an efficient catalyst for hydrogen production from biomass
gasification in relation to the yield of hydrogen and the stability of catalyst (e.g. less coke
formation on the surface of the catalyst and the prohibition of metal sintering). In particular,
various molar ratios between Fe and Ni (1:9, 2:8, 4:6, 5:5, 6:4, 8:2 and 9:1) were studied, while

the molar content of Al (support) was kept constant at 80%.
2. Experimental

2.1. Materials



Wood sawdust was used as raw biomass material, which has been reported in our previous
report?®. Proximate analysis of the biomass sample showed that the sample contains about 5.7
wt.% moisture, 74.8t.% volatiles, 18.3vt.% fixed carbon and 1\2t.% ash. Additionally, an
element analysis showed that the biomass sample hasgt.869of hydrogen, 47.Wwt.% of

carbon, 0..wt.% of nitrogen and 46.8t.% of oxygen (obtained from mass difference).

NiO-Fe0s-Al 203 catalysts with various Ni:Fe molar ratios (9:1, 8:2, 6:4, 5:5, 4:6, 2:8 and 1:9)
were synthesized using a co-precipitation method, when the molar amount of Al molar was
kept constant at 80%. It is noted that the molar ratio of Ni and Fe in the catalyst was fixed at
20%. Before the preparation of catalysts, 1 mdlINi, Fe, and Al precursors have been
obtained by the dissolve of 29.1 g Ni(B©6HO in 100 ml deionized water, 40.4 ¢
Fe(NG)s- 9H0 in 100 ml deionized water, and 375.1 g AI¥PH0 in 1 L deionized water
respectively. During the preparation of catalysts, certain volumes of Ni, Fe, and Al precursors
were mixed and stirred. For the catalyst with the Ni:Fe molar ratio of 1:9, 2 ml Ni precursor
and 18 ml Fe precursor were added to 80 ml Al preculids: H.O solution (2 mol 1) was

slowly added to the above mixture to reach a pH value of 8. The suspension was ké@t at 60
within a water bath for one hour with continuously stirring. Filtration of the suspension was
carried out afterward and the filtration cake was repeatedly washed with deionized water until
apH value of 7 was reached. The derived catalyst precursor was derdwen at 8@C for

about 10 h, followed by calcination at 88D for 4 h within static air (heating rate wasQ

minY). Finally, the catalyst was ground to small particles with a size between 50 apoh, 180

and assigned as fresh catalyst.

2.2. Reaction system for catalytic steam biomass gasification

A two-stage fixed bed reaction system was used to test the developed catalysts fomhydroge
production?®. In general, the biomass sample (wood sawdust) was pyrolyzed in a first reactor,
and the derived vapours excluding the bio-char (retained in the first reactor) passed through a

second reactor where catalyst and steam were presented to produce hydrogedsymgets.

For each experiment, 0.25 g fresh catalyst (non-reduced) and 0.8 g biomass sample were used.
Steam was generated by injecting water into the second reactor using a syringe pump. The
water injection rate was 4.74 gthCarrier gas (B with a flow rate of 80 ml mm was
introduced into the reaction system before heating the reactors. The second reactor lyas initia
heated to 800 °C, then the first reactor was heating t¢C588h a heating rate of 4C min’

1 The products derived from the second reactor were introduced into a condensation system
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which is composed of two condensers cooled by air agdcd, respectively. The non-

condensable gases were collected using a 25L Tldias bag.

The products (solid char residue and gas) and also the mass balance were obtained using the
following equations. It is noted that the collected liquid contained both oil product and un-
reacted water. In addition, hydrogen-enriched gas was the main product. Thus oil production

was not evaluated in this work.

Gas yield (wt.%) = Welght of gas

x100 Equation (1)

Weight of biomass sample

Weight of char residue

Char residue yield (wt. %) = x100 Equation (2)

Weight of biomass sample

Weight of char residue, gas and liquid

Mass balance = x100 Equation (3)

Weight of biomass sample + water of injected water

2.3. Gas analysis and characterisations of catalysts
2.3.1. Gas analysis

Concentrations of the non-condensable gases mainly includiadpy@rocarbons, CO, GO

H> and N were analysed by gas chromatography (GC) (Varian 3380). A flame ionization
detector (FID) and an 80-100 mesh HSgp column were used to deteatt@ C; hydrocarbon
gaseqN: as carrier gas). Thermal conductivity detector and a&eBgy80-100 mesh column
were used to determine the concentrations of CQ, B&and N. It is noted that calibrations

were carried out to all the mentioned gases (argon as carrier gas).
2.3.2. Characterisations of catalysts

The surface area of the prepared catalyst was analysed in this work. During Iyisés,ana
nitrogen gas was used as the adsorbate, and the specific surface area of the fresh catalyst was
determined by Badsorption isotherms @aQuantachrome Autosorb-1 Instrument. Before the
isotherm analysis, about 150 mg of catalyst was loaded and degassed under vacuu@ at 150

for 5 hours, and the surface area was then measured under liquid nitrogen. Five points within

a P/R range from 0.05 to 0.25 were collected, and the specific surface area was calculated

using the five-point BET method.

Temperature programmed reduction of the prepared catalysts was carried out using d modifie

thermogravimetric analyzer (SDT Q600). Fresh catalyst was loaded in an alumina pan and



placed in the thermogravimetric analyzer furnace. The furnace reaction area was pwged by
flow containing 15% Hand 85% NMwith a 100mLmint. The catalysts were heated from room

temperature to 120G at a rate of 1T min™.

Temperature-programmed oxidation (TPO) was carried out to the reacted catalysts using a
Stanton-Redcroft thermogravimetric analyser to obtain the amount of coke deposition on the
surface of the reacted catalysts. During the TPO analysis, around 20 mg of sample was heated

to 800°C with a heat rate of 26 min in an air atmosphere.

Catalysts were also analysed using scanning electron microscopy (SEM) (LEO 1530) and
transmission electron microscopy (TEM) (Philips CM120 BioFilter) to obtain detailed
morphologies of fresh and reacted catalysts. In addition, X-ray diffraction (XRD) was also
carried out to the fresh catalysts. During the XRD analysis, a SIEMENS D5000 equipment was
used in a range of 1M° with a scanning step of 0.02° using Cu Ka radiation. The shape factor

K is 0.89, X-ray wavelength of the Cu radiation is 0.1542 nm, B was obtained from Jade 5.0
(XRD analysis software) as FWHM values. Crystalline phase identification was carried out by
comparison with the Joint Committee on Powder Diffraction Standards (JCPDS) standards.

3. Resultsand discussion
3.1. Characterizations of fresh NiO-Fe2O3-Al203 catalysts

3.1.1 N adsorption analysis

Textural properties, theoretical metal composition, crystal size obtained from XRD analysis
and BET surface area are shown in Table 1. The fresh co-precipitateBeMieAl 203
catalysts show relatively high BET surface areas ranging from 110.3 to £a9'7mhe
specific BET surface area increased from 110.3 to 176.@mthen slightly decreased to
152.1nt g* when the Ni:Fe molar ratio was increased from 1:9 to 9:1. The surface area has
been reported to be enhanced with the increase of Ni cdmeru et al.®, who suggested

that the increased fraction of spinel phase might contribute to the increase of BET surface area.

3.1.2. XRD analysis

XRD patterns of the fresh NiBexOs-Al.Os catalysts are shown in Fig. 1 using the Joint
Committee on Powder Diffraction Standards (JCPDS) file as a reference. The identifiable
phases of the XRD patterns include Ni@J (JCPDS 78)552) and Y-Al203 (29-0063) for alll



the fresh NiOFe0s-Al203 catalysts. The diffractiopeaks at 26 of 31.2, 37.0, 45.0, 59.€¢

and 65.8 for stoichiometric NiA}O4 spinel phase were clearly displayed as shown in Fig. 1
Chen et al®! reported that wheAl®* was rich inNi-Al catalyst, Nf* coordinated with A}
dominantly to form NiA}O4 spinel phase. It is noted that Wang ef%and Lopez-Fonseca et
al. >3 reported that diffraction lines for NiéDs (JCPDS 78)552) at 20 positions (37.0°, 45.0,
65.5) overlap diffraction peaks gfAl>Oz at similar 20 positions (37.6°, 45.8, 66.8), which
was also observed in Fig. 1.

However, for the fresh Ni®e03-Al .03 catalysts with Ni:Fe molar ratios of 9:1, 8:2, 6:4, 5:5

and 4:6, there were no clear evidence to prove the appearance of Fe species, which may result
from the fact that the particle size of Fe species was too small to be détebieatidition, it

is also difficult to identify NiO particles; this might be also due to the presence of small NiO
particles. By further increasing Fe content (the F&0Os3-Al>03 catalyst with Ni:Fe molar

ratio of 1:9) the diffraction lines of a-FeOs (JCPDS 33664) at 260 positions of 24.1°, 33.L,

35.6, 40.8, 43.8, 49.4, 54.0, 57.5 andy-FeOs3 (JCPDS 39346, 20=23.8°, 26.T, 32.T,

33.9, 35.6, 37.2, 40.4, 43.2, 50.0, 53.7, 54.9, 57.2) were identified; this might be due to

the increased content of Fe in the catalyst. The particle size fosQdi8pinel calculated at

the 26 position of 45.0° and the particle size forAl>Oz calculated at 65%n NiO-FeOs-

Al O3 catalyst were both about 5 nm.
3.1.3. SEM analysis

The SEM images of fresh NiBexOs-Al .03 catalysts with scale bar of 1 um are shown in Fig.

2. With the change of Ni:Fe molar ratios, the morphology of catalysts only changed slightly
with similar morphologies. The micrographs which can be seen from Fig. 2 show thegresen
of agglomerates composed of small quasi-spherical particles for all freskRedM-AI O3
catalysts. However, due to the fact that the particle size of crystal phases in freBBGHO-
Al>0s catalysts is only around 5nm (Obtained from XRD analysis and shown in Table 1), the

particles of crystal phases are difficult to be observed using SEM analysis.

3.1.4. TEM analysis

The TEM images of the selected catalysts including the fresh 9NilFeAl, 5Ni5FeAl and
1Ni9FeAl catalysts are depicted in Fig. 3. A high dispersion of metal particles can be observed,
with a homogeneous distribution in a form of small well-dispersed particles. The particle size

obtained from TEM images is around 5nm which is in agreement with the XRD results (shown

7



in Table 1) for both the fresh 9NilFeAl and 5Ni5FeAl catalysts. With the incredseNif

molar ratio to 9:1, the size of metal particles was increased significantly as shown in Fig. 3 (c).
However, it was impossible to distinguish Ni@k, a-FeOs, Y-FeOs and Y-Al20s3from the

TEM analysis (Obtained from XRD results shown in Fig. 1).

3.1.5. TPR analysis

TPR analysis of fresh catalysts are shown in Fig. 4 to obtain the thermal stabilities of catalysts,
and the interaction between metal and support. There is a widendumption temperature
window from 300 to 1050 °C with a maximum value at around 800 °C and two other smaller
reduction peaks at approximate 420 and 550 °C, respectively, for all the fresh catalysts.

For the fresh NiGFe0Os-Al .03 catalysts with a Ni:Fe molar ratio of 9:1, there is another extra
small reduction peak at about 250 °C which might be attribiastekde transformation from

FexOs to FeOas, which was also reported by other researctrers

Chen et al?! reported that the reduction peak at around 800 °C might be assigned as the
reduction of stoichiometric NiAD4 spinel phase, which was also identified by the XRD results
(Fig. 1) and other researchéfs®’. In addition, according to Ayub et &F.and Ratkovic et al.

39 the reduction peaks at around 420, 550 and 800 °C can be assigned as the reduction of
FeOs. A two-step reduction of Fe-oxide has been reportecbOd-eFe;Os->Fe or
FeOs->Fe;04->FeO->Fe), which was depesdion the composition and the weight of the
sample, and the particle size of metal oxitfes

With the decrease of Ni content and the increase of Fe content, for example, when the Ni:Fe

molar ratio was decreased to 5:5, 4:6, 2:8 and 1:9, two small reduction peaks at around 420 and
550 °C were clearly observed. The maximum reduction temperature was slightly increased to

830 °C and the width of the peak was enhanced with the increase of Fe content, indicagting

metal oxide species were reduced and the reducibility was reduced for the bimetallic catalysts
39

3.2. Catalytic steam gasification of biomass

3.2.1. Mass balance

The yields of gas, solid residue and mass balance are presented in Table 2. The residue yield
was around 36.@&1t.% for each experiment, since pyrolysis at the first stage was the same. It is
noted that the amount of carbon formed inside the second reactor was negligible by weighting

the reactor before and after the experiment. As mentioned previously, the liquid collected in
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the condensation system contains both unreacted water and oil, as the oil was not the key target
of this work, detailed oil analysis was not carried out. The mass balance showed that reliable

results were obtained from the experiments to support discussions.

When the steam reforming of the derived vapours from pyrolysis of wood sawdust was carried
out with a sand beaq a ‘blank’ comparative material within the second reactor), the gas yield
related to the mass of wood sawdust was 838.%, and the hydrogen production was 2.4
mmol (H: g* wood sawdust). The production of hydrogen is calculated by the molar of
hydrogen divided by the weight of the biomass sample used in each experiment. When the
reforming process was performed with the addition of R&Bs-Al .03 catalysts, both the gas

and hydrogen yields were enhanced significantly. The gas yield increased from 33.0 to 62.8
wt.%. In addition, the hydrogen production was increased from 2.4 to 11.4 (nargdmod
sawdust). The highest gas and hydrogen yields were obtained with the 9NilFeAl catalyst,
indicating that Ni played an important role for hydrogen and gas production in the process of

catalytic steam thermo-chemical conversion of biomass.

The relationship between Ni content and catalytic reactivity have been investigated by other
researchers. Barroso et &l.studied hydrogen production from steam reforming of ethanol
using NiZnAl catalysts with different Ni loadings$;was reported that with the increase of Ni
content, both the gas and hydrogen yields were increased. In our previous work, Ni/MCM41
catalysts with different Ni loadings ranging from 5 tow#t% were used for catalytic thermo-
chemical conversion of wood sawdust, also both the gas and hydrogen yields were increased
with the increase of Ni loadings. It is therefore suggested that a well distributed and increased
metal particle content (e.g. Ni) is one of the key factors to enhance catalytic reactions for
hydrogen productiof?.

With the decrease of Ni content or increasing the Fe content, both gas and hydrogen vyields
were decreased and then increased, indicating that Fe content also influenced gas and hydroge
yields. According to Nordgreen et &, metallic iron obtained by reducing iron oxides (FeO,
FeOs and FeOa) significantly reduced the content of tar, a mixture of hydrocarbons produced
from biomass gasification. Kuhn et &i.investigated catalytic steam reforming of tar in the
presence of olivine catalysts; they reported that Fe-related species increased significantly the
production of hydrogen, compared to the experiment using only olivine. Similar contributions
of Fe-related species to hydrogen production was also reported by Deff,.avhén catalytic

steam reforming of naphthalene (a model biomass tar compound) was carried out.



As shown in Table 2, when the molar ratio of Ni:Fe was higher than 1, the gas and hydrogen
yields were higher than the catalysts with the Ni: Fe molar ratio less than 1, indicating that Ni
played a dominant role for hydrogen production compared to Fe, which is consistent with other
literature®. It is suggested thati-species have high catalytic ability to break down C-H and

C-C bonds compared to Fe-species.

With decreasing the Ni:Fe molar ratio from 9:1 to 2:8, both gas aryields were decreased.

By further decreasing the Ni:Fe molar ratio, the gas angldtds were increased slightly, but

were still lower compared to the catalysts with the Ni:Fe molar ratio larger than 1. This might
be ascribed to the presence of Fe oxides as shown in the XRD analysis (Fig. 1). Similar results
have been reported by Wang et 4).who investigatedNi-Fe/a-Al O3 catalysts for steam
reforming process of tar. It was reported tthataddition of Fe to Ni/a-Al>Os promoted the

steam reforming reaction in relation to tar reduction, when the range of the molar ratio of Fe to
Ni was below 0.5. However, when the Fe/Ni ratio was larger than 0.5, the yield of gas was
reduced It was proposed that the synergy effect of Ni and Fe was responsible for the high
activity of Ni-Fe/a-Al2O3 catalysts. In addition, bimetallic catalysts (Labfier70s) were

reported to have effective for the gasification of almond $hell

3.2.2. Gas concentration
As shown in Table 2, when the pyrolysis and steam gasification process was carried out with
a sand bed, the JHcontent was 17.4vol.%, CO content was 45.5vol.%;, C&htent was

14.5vo0l.%,CH4 content was 14.8vol.% whilexC,4 content was 7.8vol.%.

Compared with non-catalytic steam gasification of wood sawdust, tle®tentration was
increased to 37.2vol.%, G@oncentration was enhanced to 21.3vol.% while CQ, &1d G-

C4 concentration were all decreased, to 27.4, 6.2 and 1.2vol.%, respectively, during the steam
gasification process in the presence of Ni©0Os-Al 03 catalysts. This suggests that the water-

gas shift reaction (Equation 5), reforming and decomposition of hydrocarbons and oxygenated
compounds (Equations 4 to 9) were possibly promoted with Ni-based catalysts, Fe-based

catalysts and/or bimetallic Ni-Fe based catalyst§: 47 48

With the increase of Fe content, the CO composition in the catalytic performance of steam
gasification process was firstly decreased from 41.6 to 27.4vol.%, then increased to 30.3vol.%.
H> composition ranged from 37.2 to 32.7vol.%,0mposition was increased from 14.5 to
21.3vol.%, both CHand G-C4 compositions were firstly increased then decreased, from 6.2
to 13.7vol.%, then to 12.1vol.% and from 1.2 to 4.1vol.%, then to 3.4vol.%, respectively.
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Tar — aCO+ bCH+ c( Equation 1

CO+ H20 CO+ He Equation 2
CH4+ H20<> CO+3 Hz2 Equation 3
Co+Oe CO Equation 4
Cie+ H20¢ CO+ H2 Equation 5
CioH+CO+>2CO Equation 6

The decrease of CO fraction indicated that the water-gas shift reaction (Equation 5) was
enhanced by the addition of catalysts. The lowest CO content was generated with the 5Ni5FeAl
catalyst, indicating the water-gas shift reaction (Equation 5) was promoted to the largest extent
in the presencef the 5Ni5FeAl catalyst. In addition, when the Ni:Fe molar ratio was larger
than 1, the contents 6fO,, CHs and G-C4 content were smaller than that produced with Ni:Fe
ratio smaller than 1, indicating there was an optimal addition of Fe-species for the promotion
of water-gas shift reaction (Equation 5) and hydrocarbon decomposition reaction (Equation 6).
However, the K composition was higher when the Ni:Fe molar ratio was larger than 1. Thus

it is suggested thali-species were responsible for hydrogen production in this work.

According to gas composition data in Table 2 and Fig. 5, although the highest gas/sidsH

were obtained with the 9NilFeAl catalyst, the highegCB ratio, and lowest CO/CQatio

were obtained with the utilization of the 5Ni5FeAl catalyst. Th&CB molar ratio showed a

trend of an initial increase from 0.4 to 1.3, and then decreased to 1.1, when the Ni:Fe ratio was
reduced from 9:1 to 1:9; while the CO/@@olar ratio has an opposite trend, which was firstly
decreased from 3.1 to 1.3, then increased to 1.5. It is demonstrated that the increase of Fe
content promoted the water-gas shift reaction (Equation 5) and this reaction was promoted to

the largest extent when the 5Ni5FeAl catalyst was present in the steam gasification process.

Polychronopoulou et af? investigated an adsorption-enhanced steam reforming process of
phenol (a model compound of wood biomass pyrolysis oil) carried out with supported Fe
catalysts, the optimum loading of Fe for maximupyi¢ld was 5wt.%. According to Orio et

al. %2, four different dolomites with varying E®s content were investigated for oxygen/steam
gasification of wood, the dolomite with highestBe content exhibited the highest activity

with 95% tar conversion.

Based on the research work of Wang ef4lthe catalytic performance of NiBe0s-Al 03

catalyst for partial oxidation showed that the conversion of methane and the selectivity of CO
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and H were 90.09, 97.28 and 97.09%, respectively at@7Bccording to Wang et at®, the
utilization of co-precipitated Ni-Fe catalysts for hydrogen production from partial oxidation of
ethanol (a model compound of biomass derived by-product) was performed,stResoNi
catalyst showed the best activity in terms of the ethanol conversion and the selectivity of
hydrogen.

3.2.3. Coke deposition on reacted catalysts
TPO analysis was carried out to the reacted catalysts and the results are shown in Fig. 6 via

weight change intensity (mg) versus temperatd@.(Two oxidation stages in the TPO
analysis are observed, the first oxidation peak is ascribed to the oxidation of metal particles
and the second peak was for carbon oxidation. The peaks of increasing mass from 3D to 600
and above 70C were assigned as Ni and Fe species oxidation. The reduced metal species
were produced during the pyrolysis and steam reforming process where reductiorpageht H

CO were present®. Therefore, the reduction of fresh catalysts before the reaction is

unnecessary, which reduced the operation cost.

Weight loss before 58C for the TPO analysis is suggested to be assigned to the oxidation of
amorphous carbon. The oxidation peak at a higher temperature which starts from 53Cto 700
might be attributed to the oxidation of filamentous carbon deposited on the surface of the
reacted catalyst. The amount of coke formation on the surface of the reacted catalysts was
obtained as the weight loss except for the oxidation of metal divided by the initial sample
weight from the TPO results. It is proposed that the total amount of coke deposition on the used
catalyst was less than 2wt.% in relation to the weight of the used catalyst with a Ni:Fe molar
ratio of 1:9, indicating that a high stability of catalyst resistant to coke deposition. At the
temperature of 80C, carbon gasification reaction and Boudouard reaction (Equations 8 and
9) contribute to the reduction of coke formation as suggested by SuttorfetGorujo et al.

52 reported a more thanvit.% amount of coke formation on a Ni/dolomite catalyst for steam
gasification of forestry residue. In addition a higher amount (>10wt.%) of coke formation was
reported for gasification of biomass using a Ni@J catalyst>3,

SEM analysis, shown in Fig. 7 confirms the presence of amorphous and filamentous carbon on
the surface of the used catalysts with a Ni:Fe ratio larger than 1 and there was almost no carbon
deposition on the surface for the reacted catalysts with a Ni:Fe ratio smaller than 1. Wang et al.
28 reported that one of the drawbacks of udWighased catalysts during steam reforming of
biomass tar was carbon deposition on the surface of metallic Ni speciesNivkRigealloy
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species could resist the formation of coke. Therefore, they reported the addition of Fe

suppressed the carbon deposition on the surface of the reacted catalyst.

Although the filamentous carbon was confirmed by the SEM images, due to the low amount
of coke deposited on the used catalyst, it was not identified from the TEM analysis as shown
in Fig. 8 TEM analysis of the size of metal parti¢tel nm) inside the reacted 9NilFeAl (Fig.

8) was similar to the results shown in Fig. 3 (fresh catalyst), indicating sintering was not serious

after the catalytic reforming of vapour produced from pyrolysis of sawdust.

Conclusions

In this work, NiOFe03-Al0s catalysts with different Ni:Fe molar ratios (9:1, 8:2, 6:4, 5:5,

4:6, 2:8 and 1:9) prepared by co-precipitation method have been investigated for hydrogen-rich
syngas production from pyrolysis and steam reforming of wood sawdust. The prepared catalyst
has well-dispersed NiAD4, a-FeOs andy-Fe0s crystal phases. The high dispersion of metal
species wsproved to enhance the catalyst stability in terms of coke formation on the surface
of the used catalyst and the sintering of metal particles. Both gas and hydrogen yields were
increased significantly when catalysts were added into the gasification process, gas production
was increased from 33.0 to 62v8% and the Hyield was enhanced from 2.4 to 11.4 mmolg
lwood sawdust with the 9Ni1FeAl catalyst. The enhanced hydrogen production was suggested
to be due to the increased number of catalytic sites during the biomass gasification process and
both Ni and Fe metal (mainly Ni) promoted the steam gasification process. Coke deposition on
the reacted 1Ni9FeAl catalyst (<2wt.%) was suggested to be negligible. The increase of Fe
addition to the NiOFeOs-Al>Oz significantly reduced the amount of coke formed on the

surface of the catalyst, as obtained from the TPO analysis of the reacted catalyst.
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Table 1: Textural characteristics of fresh NF&O3-Al 03 catalysts.

Molar Theoretical MetaIaComposmor Eartlcle BET surface
. (Wt.90) size(nm}
Sample ratio v area
(Ni:Fe) Ni Fe Al203  NiAl204 (m?/g)
Al203

1INi9FeAl 1:9 2.3 19.3 78.4 - - 110.3
2Ni8FeAl 2:8 4.5 17.2 78.3 5.0 3.5 123.5
ANi6FeAl 4:6 9.0 12.8 78.2 4.2 3.4 141.2
5Ni5FeAl 5:5 11.2 10.7 78.1 4.4 3.6 146.5
6Ni4FeAl 6:4 135 8.5 78.0 4.5 5.3 141.8
8Ni2FeAl 8:2 17.9 4.3 77.8 4.7 4.4 170.7
ONilFeAl 9:1 20.1 2.2 7.7 4.5 4.4 152.1

®The theoretical metal composition was calculated via the equation M=M/(Ni+EazAl
where M represents Ni or Fert(%).

®The particle size was calculated based on XRD result shown in Figure 1.
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Table 2: Mass balance and gas compositions from pyrolysis and steam gasification of wood
sawdust.

Catalyst bed Sand 9NilFeAl 8Ni2FeAl 6Ni4dFeAl 5NiS5FeAl 4Ni6FeAl 2Ni8FeAl 1Ni9FeAl

Gas/Wood

sawdust 330 628 57.1 58.4 51.3 49.6 50.0 53.2
(Wt.%)

Residue/Wooc

W) 388 375 36.3 36.3 36.3 375 36.3 36.3
Mass balance )35 1906 1024 88.5 99.2 99.4 97.6 101.8
(Wt.%)

H yield

(mmol g 2.4 114 10.7 9.2 8.7 8.4 7.7 8.3

wood)

Gas composition (vol.%, Nree)

co 455 416 32.9 38.0 27.4 28.0 30.3 29.8
Ha 174 365 37.2 33.6 35.2 34.8 32.7 33.4
CO 145 145 17.6 18.3 20.9 20.4 19.9 21.3
CHa 148 6.2 10.3 8.0 13.4 13.7 12.9 12.1

Co-C4 7.8 1.2 2.1 2.1 3.1 3.1 4.1 3.4
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Fig. 1: XRD results for fresh Ni®Ge0s-Al203 catalysts with different Ni:Fe ratios; (a): 1:9;
(b): 2:8; (c): 4:6; (d): 5:5; (e): 6:4; (f): 8:2; (9): 9:1.
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Fig. 2: SEM results of fresh NiGexOs3-Al 203 catalysts with various Ni:Fe ratios.
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(b): fresh NiOFezos-AI 2Oz catalyst with a Ni:Fe = 5:5;

. B

(c): fresh NiOFeOs-Al 203 catalyst with a Ni:Fe = 1:9.
Fig. 3: TEM analysis results of fresh Ni&»0s-Al 203 catalysts with various Ni:Fe molar
ratios.
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Fig. 4: Differentiated weight loss intensity results of fresh [R&0Os-Al 205 catalysts with
different Ni:Fe ratios; (a): 9:1; (b): 8:2; (c): 6:4; (d): 5:5; (e): 4:6; (f): 2:8; (g): 1:9.
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Fig. 5: B/CO, CO/CQ molar ratios based on gas composition in Table 2 and coke
deposition based on TPO results in Fig.6.
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Fig. 6: Weight change intensity of used Ni&:0s-Al O3 catalysts with different Ni:Fe
ratios; (a): 9:1; (b): 8:2; (c): 6:4; (d): 5:5; (e): 4:6; (): 2:8; (g): 1:9.
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Fig. 7. SEM results of used Ni®Ge0s-Al 203 catalysts with various Ni:Fe ratios.
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Fig. 8: TEM results of used Ni®e0O3-Al 03 catalysts with a Ni:Fe molar ratio of 9:
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