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Abstract
Catalytic steam gasification of biomass can produce clean and renewable hydrogen. In
this study, Ce/Fe bimetallic catalysts were used to promote hydrogen production from
cellulose steam catalytic reforming at 500-900 °C. The effect of different Ce/Fe ratios
on the catalytic performance of hydrogen production was studied. The distribution of
products, gas composition, carbon deposition and the stability of the catalyst were
analyzed with variant approaches. The results show that the catalytic performance of
the CeO2/Fe;03 catalyst in relation to hydrogen production was much better than pure
CeO:2 or Fe>O3. When the ratio of Ce:Fe was 3:7, the maximum yield of the H> was

28.58 mmol at 800 °C. CeFeOs; could be generated at 800 °C or higher temperature
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after redox reactions without forming CeO»/Fe>O3 clathrate. And the existence of
CeFeOs3 enhanced the thermal stability of Ce/Fe catalyst. The presence of CeO> not
only improved the oxidative ability of the iron catalysts, but also was in favour of the
oxidation of possible deposited carbon on the surface of the used catalysts.

Keywords: Hydrogen; Catalytic gasification; Cellulose; Biomass ; CeO2/Fe20s3
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Schematic of cellulose gasification process with CeO2/Fe20s3. After redox reaction,
high active phases like CeFeO3 and Fe;O4 were generated.
1. Introduction

Hydrogen is a renewable and clean energy carrier and its application only
generates water [1, 2]. Currently, the production of hydrogen is mainly from the
processing of fossil fuels such as coal gasification and natural gas reforming. The use
of fossil fuels results in the generation of greenhouse gases which are responsible for
climate change. Hence, renewable and sustainable feedstocks such as biomass have
drawn increasing attention [3, 4]. Converting renewable biomass into hydrogen can be
processed through steam catalytic gasification [5-8].

However, there are many challenges for catalytic biomass gasification. For
example, the content of alkali metals in biomass is very high, which could be
evaporated at high temperature and cause corrosion and agglomeration issues [9].
Another challenge of catalytic biomass gasification is that heavy tar compounds

produced from thermal-chemical conversion of biomass can cause coke deposition on
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the surface of catalysts. Considering those two issues, a two-stage pyrolysis-catalytic
steam reforming is proposed and applied [10, 11]. In the two-stage process of biomass
gasification, the pyrolysis of biomass happens at the first stage. And the derived
vapours from biomass gasification are catalytic reformed to produce hydrogen with
catalyst in the second stage. Therefore, the catalytic stage can be separately controlled
with flexible manipulation of process parameters [12, 13]. In addition, the poisoning
of catalyst caused by the contaminants from biomass pyrolysis can be limited [14].

Apart from the process optimisation of biomass gasification, catalyst plays an
important role in tar conversion and promoting hydrogen production [10, 11, 14].
Generally, metallic catalysts like nickel or iron based materials perform well in the
thermochemical conversion processes as widely reported [14-17]. Although Fe-based
catalysts offer relatively low activity than Ni, Fe is not toxic and much cheaper.
Therefore, it has high economic feasibility potentials in biomass gasification [18-21].
Furthermore, to reach the goal of turning the gas products into hydrogen enriched
syngas, steam as the gasification oxidant agent is necessary and water gas shift
reaction (WGS) is applied [22-25]. It is known that the efficient catalytic metal for
WGS is Fesz04 [24, 26, 27].

However, iron catalyst has some disadvantages mainly caused by thermal sintering
of the active phase Fe3O4 at high gasification temperature [27]. Another problem of
iron catalyst deactivation is caused by the over-reduction of Fe>O3 to metallic iron and
even iron carbides [28], while the metallic Fe is beneficial for Fischer-Tropsch [29]

and methanation reactions but not helpful to WGS process [30, 31]. So metal oxides
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supporters like Al2O3, Cr203, ZrO> or SiO; were introduced into the iron oxides to
decrease the sintering and enhance the material stability [32]. In the tar reforming
experiments, Kell found that the mixture of La and Fe with ZrO; as support show high
catalytic activity in benzene cracking [21]. While Kang pointed out that the
introducing of copper to Fe3Os increased the reduction kinetics and inhibited the
carbon deposition and Fes;C formation during methane reforming [30]. Khan
introduced several metal ions into the iron oxide and found that the influencing effect
strongly rely on the nature of addition of metal cations, and Fe/Ce could approach
equilibrium conversion during high temperature water gas shift reaction, and ceria
exhibits a synergetic effect on the performance of iron oxide [27]. On the one hand,
some of the researchers focus on the small amount of CeO> with some other metal
oxide as a promoter for tar reforming [16, 17, 22]. Laosiripojana suggested that the
GdCeOz> coating over NiFe/MgOAIL>O3 performed much better in naphthalene steam
reforming [16]. Chen found that Lao.sCeo2FeOs catalyst showed better activity and
stability than commercial Ni/Al2O3 during bio-oil/bioslurry steam gasification [22].
On the other hand, to prevent the over-reduction of iron oxide, high capacity and
mobility of oxygen is essential to improve the oxidative ability of the iron catalysts,
and high Ce:Fe ratio catalyst was usually used for oxygen carrier in redox reaction.
Lee found that Fe-based mediums with 30 wt% of CeO: exhibited high activity and
stability in water splitting oxidation for chemical hydrogen storage [33]. And Fe/Ce
performed well in Reddy’s the long-term water gas shift reaction experiments.

Yamaguchi also pointed out that CeO, was an effective modification of Fe2O3 and
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improved the thermal stability during the methane-steam redox process [34]. However,
biomass steam gasification is much more complex than oil model compounds
gasification and water-gas shift or other simple gas like methane steam reforming; it
includes all above reactions and is consisted of volatile releasing, cracking and
derived gases steam reforming. So the influence of Ce/Fe catalyst in biomass steam
gasification should be explored.

In addition, the application about perovskite structure(ABX3) in photochemical
reactions has been drawn more and more attentions since it was rated the top 10
scientific breakthroughs by the editors Science [35] and Nature [36] in 2013.
Moreover, relatively high ratio of CeO2 in Ce/Fe catalyst has been synthesised into
CeFeOs, whose perovskite structure exhibits not only high photocatalytic activity [37],
but also high capacity and mobility of oxygen, which means that it is potential to be
used in redox process [38-40]. Manwar revealed that nanocrystalline CeFeOs is a
potential candidate for photo-electrochemical water splitting reaction [41]. However
they are seldom studied in thermal-chemical reactions. Recently, Sahoo synthesized 3
or 6 at.% Fe-doped CeO; with microwave assisted combustion method and found that
they could be used for both CO oxidation and soot combustion, and exhibited high
thermal stablitity [42]. Ce/Fe binary catalysts have been studied by introducing high
ratio of ceria into the catalyst to forming CeFeOs rather than acting as catalyst
supporter or promoter. In addition, these catalysts were used mainly for
photochemical reaction rather than for biomass steam gasification. This paper uses

high photocatalytic active phase of CeFeOs for biomass steam gasification.
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Thereby, in this study, Ce/Fe catalyst was introduced into biomass steam
gasification and optimizing the mole ratio of cerium to iron is studied, in relation to
the yield of hydrogen production and the stability of catalyst using a two-stage reactor.
Temperature programmed reduction/oxidation (TPR/TPO) and X-Ray Diffractometer
(XRD) were applied to investigate the formation of CeFeOs and the mechanism of the

CeO2/Fe;03 catalysts on biomass gasification.

2. Experimental material and methods
2.1 Biomass materials and catalyst preparation

Cellulose (microcrystalline powders of 20 um particle size, Sigma-Aldrich Co.,
Ltd.) was applied as a representative material of biomass feedstock. Proximate and
ultimate analysis of the cellulose sample can be found in our previous work [43]. The
TGA analysis showed that cellulose began to decompose at about 310 °C and was
entirely converted at 450 °C, as shown in supplementary materials Fig.1S.

A wet impregnation method was applied for the preparation of CeO2/Fe:0s
catalysts. CeO: (analytically pure, Sigma-Aldrich Co., Ltd.) was impregnated with
aqueous solution of Fe(NO3)3*9H:0 (analytically pure, Sigma-Aldrich Co., Ltd.). The
catalyst precursors were kept stirring at 80 °C for 6h and dried at 105 °C overnight,
and subsequently calcined at 800 °C for 4h in a muffle furnace under air atmosphere.
Then the catalysts were crushed and sieved to granules with the size ranging from
0.245 to 0.350 mm prior to experimental work. While the raw CeO2 and FexOs

(analytically pure, Sigma-Aldrich Co., Ltd.) were used directly as catalysts for
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comparison. The catalysts were not reduced prior to the experiment since the derived
gases during pyrolysis-gasification process like hydrogen and carbon monoxide can
reduce the metal oxides in situ. Different mole ratios of Ce/Fe in CexFeyO were
prepared as X:Y=1:0, 7:3, 5:5; 3:7; 0:1. The actual ratios of Ce:Fe after the
preparation of catalysts were detected by ICP-MS (ELAN DRC-e, PerkinElmer,
America), and the related results were listed in Table 1S. The blank experiment

without any catalysts was assigned as “w/0”.

2.2 Experiment apparatus and method

The gasification of cellulose sample was performed in a two stage pyrolysis
catalytic reforming fixed-bed system as shown in Fig. 1, which is consisted of
two-stage fixed-bed furnace with two temperature ranges (First stage: pyrolysis zone;
Second stage: gasification zone; the height of both is 310 mm ), a quartz tube reactor
with an internal diameter of 45 mm, water feeding system, cooling system filled with
water/ice mixture, as well as gas cleaning system following by gas collecting and
measuring system.

For each experiment, 1 g CeO2/Fe>0Os3 catalyst, embraced by quartz wool, was put
on a porous plate in the second reactor. The carrier gas (Nitrogen, 99.999%) was kept
as 300 ml min™!. Then the first stage was set at 800 °C for cellulose pyrolysis, while
the gasification temperature varied from 500 °C to 900 °C with the step of 100 °C.
When the pyrolysis and gasification reactors were heated and stabilized at set

temperatures, respectively, 2 g cellulose (supported by silica wool, in a quartz basket
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with an internal diameter of 28 mm) was fed into the first reactor. At the same time, a
precise syringe pump introduced the water at 0.1 g min™!' through a stainless steel tube
which passed the pyrolysis stage and reached the entrance of gasification reactor for
catalytic steam reforming. Fast pyrolysis of cellulose sample happened in the first
stage and the derived pyrolyzed volatiles were catalytic steam reformed at the second
stage in the presence of the CeO./Fe>Os catalyst. After the pyrolysis and catalytic
reforming, the outlet products passed through two condensers with water ice mixture,
where the water and condensable vapors were collected. Finally, the noncondensable
gases were cleaned, dried and sampled with a gas bag. The gas sample was collected
every two minutes for detecting the gas content. It turned out that the effective gases
like CO, H», CO; and CH4 were below detection limit after 40 minutes, so it can be
sure that the reaction was completed and all the products were collected. Each
experiment was performed for 40 minutes and every gas sample was tested for three

times at least and the results were averaged.
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Figure 1. Schematic diagram of the reactor system

2.3 Characterizations of gas products and catalysts

Gas sample collected in the gas bag was analyzed off-line with a gas
chromatography (GC) (Panna A91, China). The produced gas sample was analyzed
using a dual channel GC with a thermal conductivity detector (TCD) and a flame
ionization detector (FID). Column A was Porapak Q (He as carrier gas) for the
analysis of CO; at 80°C. Column B was 5A zeolite molecular sieve (MS-5A, He as
carrier gas) for the measurement of Hz, Nz, O, CO, CHs at 100°C. The N
concentration and flow rate were used as the tracer to calculate the mass of each gas
(in volume, at 1 atm and 25°C). The total yield of gas production and liquid
production were calculated by the obtained mass of gas and liquid in relation to the
weight of cellulose sample. And the variation of char yield can be neglected since the
pyrolysis stage was carried out at the same condition at each experiment and the
weight of residual solid char ranged from 0.119 g to 0.121 g. While the mass balance
was calculated by that the whole productions of gas, liquid and char divided by the
total weight of input including cellulose and steam. For each test, it was repeated at
least three times, the repeatability was kept above 95%, and the results were averaged.

In order to investigate the stability performance of the catalysts during the cellulose
gasification, life time test was carried out. After each experiment, the catalyst was
kept in the furnace without any other changing while just the fresh cellulose sample
was introduced. So the used catalyst was recycled for the cellulose catalytic

gasification.



195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

The crystal structure of the fresh and used catalysts was characterized by X-Ray
Diffractometer (XRD, X’Pert PRO, PANalytical B.V, Netherlands) with Cu Ka
radiation (A\=1.5406 A ) operating at 40KV and 40mA at 20 range between 10 and 85°.
PANalytical X’pert HighScore software was used to analyse the diffraction spectra
peaks and the reference data from the Joint Committee on Powder Diffraction
Standard (JCPDS) files was applied to identify the crystal phases existed in the

samples.

The reducibility of the catalysts was characterized with Hydrogen temperature
programmed reduction method (H>-TPR) using a Catalyst Analyzer (Belcat-M,
Microtrac BEL., Corp). Before the reduction, 100 mg catalyst was heated from room
temperature to 500 °C at a heating rate of 10 °C min™' and kept isothermal for 1h, then
cooled down to 100 °C. In the above process, High purity argon (99.999%) was used
as purging gas. After that the gas was switched to 5% Hx/Ar (30 cm® min™'), the TPR
test was carried out from 100 °C to 800 °C at a heating rate of 10 °C min’! and kept
for 30 minutes. An on-line thermal conductivity detector (TCD) was applied to

measure the consumption of hydrogen [44].

In order to investigate the properties of used catalysts and the possible deposited
carbon on the surface, temperature programmed oxidation (TPO) was carried out in a
thermogravimetric analyser (Labsys Evol150, Setaram instrumentation, France). 30
mg reacted catalyst was heated to 105 °C and kept for 20 minutes, then it was heated

up to 850 °C at 10 °C min™!, and holding for 20 minutes. A high resolution scanning
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electron microscope (SEM, Quanta 200, FEI, Netherlands) was applied to test the

surface morphology of the used catalysts.

3. Results and discussion
3.1. Influence of the ratio of Ce:Fe
3.1.1. Gas distribution

To investigate the influence of the ratio of Ce:Fe on the cellulose steam
gasification, pure CeO> or Fe;Os and different mole ratios of Ce:Fe (7:3, 5:5, 3:7)
were introduced into the catalytic stage. Both pyrolysis stage and gasification stage
were set at 800 °C. And the feeding rate of water was kept at 0.1 g min’!. Since the
reaction time was 40 min, the total water introduced into the system was 4 g, which
far surpassed the content of tar in the liquid product (water and tar were both
condensed in the condenser), the characteristics of oil was not analyzed here. And the
weight of residual solid char was steady from 0.119 g to 0.121 g, which indicated that
the variation of char yield could be neglected since the pyrolysis stage was carried out
at the same condition for each trial. While the total yield of gas production was
calculated with the mass of gas in relation to the weight of cellulose sample. And the
product yield and gas distribution of cellulose gasification with variant Ce/Fe catalyst
are shown in Table 1. The mass balance was calculated by that the whole productions
of gas, liquid and char divided by the total weight of input including cellulose and
steam, and its’ value ranged from 96.54% to 100.15%, it indicated that the experiment
results were reliable. Under the condition that without any catalysts were used, the gas

yield was 71.53 wt%, while the yield and content of hydrogen were 13.88 mmol g
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cellulose and 23.07 vol.% separately, the values of them were low. When CeO> was
introduced, the gas yield was decreased slightly from 71.53 wt.% to 70.45 wt.% but
the yield of hydrogen was increased slightly to 15.65 mmol g' cellulose, while the
content of CO; decreased sharply and the content of CO increased significantly, this might be
attributed to that CeO; prevented the further conversion of oil and the water gas shift. In
regard to Fe,Os addition, the same tendency was showed with that of CeO,. The CO content
increased up to 53.07 vol.% at the price of CO, diminishing to 10.42 vol.%. The content of H»
was decreased slightly from 23.07 vol.% to 22.05 vol.%, while the yield of hydrogen
increased to 17.30 mmol g! cellulose. However, the gas yield under Fe>Os increased largely
to 87.13% which is much higher than that of CeO,. It indicated that Fe,Os; performed
important role in promoting the thermal cracking and steam reforming of tar into light gases.
In general, the yield of combustible gases (Hz, CO, CH4) increased when CeO> or
Fe>O3 was introduced. And the low heating value was 13.55 MJ (Nm?)"! and 14.27M]J
(Nm?)! respectively.

The yield of gas product with CeO2/Fe>O3 mixture was shown in Table 1. With the
ratio of Fe increasing, the concentration of CO increased slightly from 49.15 vol.% to
53.07 vol.% ( the yield of CO was increased by 34.5% from 30.97 mmol to 41.64
mmol correspondingly, refer to Fig.2S), CHs showed similar trend as the content of
CH4 was increased slightly from 12.99 vol.% to 14.45 vol.%, while the CO:
concentration decreased from 13.00 vol.% to 10.42 vol.%. It is suggested that the
introduction of Fe promoted the thermal cracking of the pyrolysis volatiles resulting

in the increase of the production of CO and CHas. It should be noticed that when the
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ratio of Ce:Fe was decreased gradually from 1:0 (pure CeO») to 0:1 (pure Fe>O3), the
concentration of H, and CO; were increased initially and then reduced, while the

concentration of CO was decreased at first and then increased. Those might be related

to reverse water gas shift (RWGS, CO; + H, = CO + H20, AH = +41.19 KJ mol™),

which was endothermic reaction. It is proposed that the reverse water gas shift at 800
°C was enhanced, which restrained the production of H> and CO;. The maximum
yield of hydrogen (28.58 mmol, more than twice of without catalyst) was obtained at
the Ce:Fe ratio of 3:7. It indicatesd that the ratio of 3:7 (Ce:Fe) is the optimal value
for the hydrogen production in this work, much better than that of pure CeO: or Fe2Os.

It might be owing to that ceria and iron shows synergy in volatile conversion and

hydrogen production.

Table.1 Gas yields under different mole ratios of Ce:Fe.

Different Ce:Fe ratio w/o CeO, Ce:Fe=7:3 Ce:Fe=5:5 Ce:Fe=3:7 Fe.0;
Gas yield (wt. %) 71.53 7045 74.36 83.79 84.64 87.13
Mass balance (%) 98.74 100.15 96.54 98.90 98.30 98.28
H, yield (mmol g

13.88  15.65 21.70 27.01 28.58 17.30
cellulose)
Gas composition (vol.%)
H, 23.07 24.85 30.38 32.53 33.69 22.05
CO, 20.57  13.00 13.70 12.77 12.12 10.42
CH, 12.79  12.99 12.65 13.20 10.93 14.45
CcO 4358 49.15 43.27 41.50 43.26 53.07

3.1.2. XRD analysis

Fig. 2 shows the X-ray diffraction patterns of the fresh and reacted catalysts with
different Ce:Fe ratios prepared by impregnation. It shows that the main crystal phases

in the fresh catalysts were the same, it mainly includes Fe;Os; (Rhombohedral
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hematite phase, JCPDS 00-001-1053) and/or CeO; (cubic phase, JCPDS
01-081-0792). As for the pure CeO: catalyst, the XRD patterns before and after
reaction showed similar crystal phases, although the crystallinity was increased after
experiments. While the peaks of pure FeoO3 was totally disappeared, Fe;O4 (cubic
magnetite phase, JCPDS 00-001-1111) were observed after the redox reactions. It
might be attributed that the presence of reducing gases (e.g. H2 and CO) reduced the
Fe>Os3 catalysts into compounds such as Fe3Os which was the active phase in water
gas shift process. While the metallic Fe® was not observed in the XRD patterns. It
might be owing to that the Fe® was oxidized to Fe;O4 by steam (3Fe + 4H>O (vapor) =
Fe304 + 4H> ), since the steam was fed to the system continuously. Fe’ in iron oxygen
carrier could not be fully oxidized into Fe** with steam as oxidizing agent, this is in
agreement with Vozniuk’s work [45]. Therefore, Fe;Os was identified in the XRD
patterns of the used Fe,O3 catalyst after a series reaction as Fe;O3 = Fe3Os = Fe 2
Fe30a.

In regard to fresh CeO2/Fe2O3 bimetal catalysts, it was noticed that cerium and
iron did not form any binary metal oxides (CexFeyO), and no obvious phase changes
for Ce and Fe with the ratio of Ce:Fe changing. In addition, there were no cerium/iron
ions substituting into the cerium/iron lattice sites. Since the catalysts were calcined at
800 °C under air environment, Ce** ion was oxidized into Ce** ion, that’s the reason
that the diffraction peaks of CeO: rather than Ce;O3 exist. With the decrease of the
ratio of Ce:Fe from 7:3 to 5:5 and then 3:7, the content of iron in the mixture was

increased. The diffraction of the fresh catalysts appears to be narrower and sharper
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when the ratio of Ce:Fe was decreased. Furthermore, the diffraction peaks of Fe,Os
become more and more obvious especially in the Ce:Fe=3:7 catalyst. It is
demonstrated that the size of metal particles in the prepared catalysts was increased as
evaluated using the Scherrer Equation. In addition, the addition of Fe resulted in the
increase of the crystallinity and the size of Fe-based particles. It can be noticed that
the diffraction peaks of CeO> become narrower and sharper as the ratio of ceria in
Ce:Fe decreasing, that indicated the particle sizes of CeQOs: is increasing, it seems that
CeO; might be sintering when the amount of CeO. atoms is the minority(in this
experiment the ratio of Ce:Fe is 3:7).

For the used Ce/Fe catalysts, a perovskite type composite oxide CeFeOs
(orthorhombic phase, JCPDS 00-022-0166) and FesOs4 (cubic magnetite phase,
JCPDS 00-001-1111) were showed. It might be attributed that the presence of
reducing gases (e.g. H2 and CO) reduced the catalysts into compounds such as Fe3O4
during the water-shifting process. The new perovskite phase CeFeOs was also formed
during the experiment and it has been proved that perovskite ferrite have high
capacity and mobility of oxygen, fast response time and high activity [38], which
might be favourable for cellulose gasification. Unlike only Fe3O4 peaks could be seen
in the used pure Fe;Os catalyst, both Fe>O3 and Fe3Os4 were observed in the used
Ce/Fe catalysts. It could be related to that the introducing of CeO2 promoted the
oxidation of Fe3O4 to Fe;0Os3 in steam environment, because ceria has a high and multi
valence state and can undergo fast and reversible Ce™ «> Ce** transformation for

oxygen storing and releasing.
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As shown in Fig. 2b, the CeFeOs peaks are much more obviously than that of
Fe304 and the peaks of Fe2O3 can’t be seen especially at the ratio of Ce:Fe=7:3, i.e.,
Fe was mainly existed in the form of CeFeOs; lattice. It is indicated that the Fe
element in the fresh catalysts was likely to form CeFeOs in used catalysts rather than
Fe304 or Fe2Os3 after the redox reactions. With Fe ratio increasing, the diffraction peak
of Fe304 is becoming more significant, it can be related to the generated hydrogen and
carbon monoxide in-situ reduced the iron oxide and the iron-steam reaction (Fe + H,O
= Fe;04 + H2). In return, it promoted the production of CO, Hz and other gases as
shown in Table 1, because Fe3O4 was the active phase and had a high catalytic activity.
And the existence of CeFeOs; was also beneficial to steam gasification of volatile
further increasing the gas production than that of pure Fe;Os; or CeO,. The hydrogen
yield reached the maximum with the Ce:Fe=3:7 catalyst which shows strong

diffraction of CeFeOs and Fe30O4 in the XRD analysis.
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Figure 2. XRD patterns of catalysts with different Ce/Fe ratio.

3.1.3. TPR (Temperature programmed reduction) analysis
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Fig. 3 shows the TPR profiles of catalyst reduction in relation to the reduction
stages and the corresponding temperature. For CeO», the reduction of CeO; to Ce203
shows two peaks, one quite weak peak at 511.2 °C as the surface shell reduction[27]
(as shown in Fig. 2S) and a relatively slight increase showed at higher temperature
( >700°C) for bulk reduction, it indicated that CeQO is very stable, and higher
temperature might lead to the reduction of CeO; to Ce;0s. While Fe,O3 showed good
reducibility, and the reduction process can be divided into 3 steps of reduction. The
reduction of Fe;O3; (hematite) to magnetite (Fe3O4) was located at ~467.9 °C, and is
followed by the reduction of magnetite (Fe3O4) to wustite (FeO) at 600 °C ~720 °C.
Further reduction of wustite to metallic Fe’ happens at around 800 °C, while the
complete reduction of FeO to Fe’ could not be observed. The process can be
described as the follows:

Fe>O3 (hematite) = Fe3O4 (magnetite) = FeO (wustite) = Fe

While the reduction of Fe3O4 to FeO as shown in Fig.3 was shifted to higher
temperature and mixed together with the reduction of FeO to Fe’. It indicated that the
Fe304 was thermal sintering at high temperature and hard to be reduced, as reported in
other’s work[46, 47].

Studies show that the reduction process significantly depends on the existence of
another metal oxide in the modified iron oxide[27, 31]. And that is confirmed in
Ce/Fe catalysts. For the mixture of CeO2 and Fe2O3 (Ce: Fe=7: 3), still three peaks are
showed: i) the reduction of hematite to magnetite at 455.9 °C which is similar with

that of pure Fe2Os; i1) followed by the reduction of magnetite to wustite which is
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shifted to lower temperature as 668.8 °C, it means that Fe3O; is easier to be reduced to
FeO, which indicates that the presence of CeO. decreases the thermal sintering of
Fe30y4; iii) while the last peak was much wider than that of the reduction of wustite to
metallic Fe® for pure Fe,Os catalyst, it might be the combination peaks of the
reduction of CeO; to Ce,03 and FeO to Fe.

With the ratio of increasing of Fe (Ce:Fe=5:5), the TPR profile is similar to that
of Ce:Fe=7:3 except that the peak value is lowed and reducibility is weakened. While
with the ratio of Fe increasing further to Ce:Fe=3:7, the reduction of Fe3O4 to FeO
was shifted to high temperature as 706.6 °C obviously, i.e., the reduction of Fe3O4
became difficult. It might be owing to that the preventing of Fe3O4 from thermal
sintering was weaken as the ratio of CeO2 was lowered (Ce:Fe=3:7).

As can be seen in the TPR results, similar reduction peaks are obtained for Ce/Fe
catalysts and the catalyst with pure CeO: or Fe;Os. Therefore, the possible
intermediate cerium iron bimetallic species is not showed, it suggested that the
interaction between Fe and CeO: support was weak after the calcination during the
process of catalysts preparation. This is in good agreement with the XRD results.
However, the reducibility of the catalysts changes with the variation ratio of Ce:Fe,
the reducibility of CesFe;Oy is the strongest among the impregnation Ce/Fe catalysts
and surpassed only by pure Fe,O3, and the whole reduction profile of the CeO2 shows
that the reducibility of CeO: is much less by orders of magnitude than the Ce/Fe
catalysts. This is in positive correlation with the ratio of iron. And the hydrogen

consumption of Fe** = Fe’ is 26.86 mmol g-1, much higher than that of Ce** - Ce’*
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with the value of 3.57 mmol g-1.
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Figure 3. TPR profiles of fresh catalysts with different Ce/Fe ratio.

3.2 Lifetime test of the catalysts

In order to further investigating the performance of the catalysts during the
gasification of cellulose, the stability of catalysts was tested for 5 cycles (during each
cycle, fresh cellulose sample was introduced) with Ce:Fe=3:7 catalyst used as the
catalyst showed the best performance in terms of hydrogen production. In addition,
the temperature was set as 800°C and the water feeding rate was 0.1 g min™! for the
lifetime test. The gas yield was listed in in Table 2. It can be found that when the
catalyst was used for 1 and 2 times, the gas yield increased obviously and the content
of H> was kept steady, hence the yield of hydrogen increased gradually to 29.35 mmol
g-1 cellulose, the performance of catalyst seems to become better and it might be
owing to the existence of highly—active compounds such as Fe3O4 or CeFeOs after the
first redox experiment (as shown in Fig.4). However, with catalyst used further (over
3 times), the increasing trend become gentle and H> and CO yield decreased slightly,

but CHs and CO: increased slightly, although the increase of CO: (from 10.28 to
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14.58 mmol g' cellulose) surpassed that of CHs (from 9.27 to 11.54 mmol g’!
cellulose) and occupied the main increment. It infers that the oxidation of catalyst
might be increased and promote the formation of carbon dioxide. However, from the
life test result, we can know that the yield of H> is still kept 26.29 mmol g-1 with H>
content over 30% and CO about 40%. The heat value is kept at about 13 MJ (Nm?)™!.
It indicated that the catalytic activity of the catalyst we used is still kept stable without
obvious inactivation. It indicated that the performance of Ce:Fe=3:7 catalyst is not too
bad for hydrogen production after five times reusing test.

Table 2. Gas yields in lifetime test for catalysts (Ce:Fe=3:7) stability.

Life time 1 2 3 4 5
Gas yield (wt.%) 84.64 88.94 90.99 91.50 91.98
Mass balance (%) 98.30 97.99 97.18 96.33 96.16
H2 yield (mmol g'!

28.58 29.35 28.12 27.31 26.29
cellulose)

Gas composition (vol.%)

H> 33.69 33.35 31.93 31.17 30.33
CO, 12.12 14.23 15.32 15.95 16.81
CH,4 10.93 11.72 12.48 13.12 13.31
CO 43.26 40.70 40.27 39.75 39.54

The XRD spectra of used Ce/Fe catalyst is shown in Fig. 4. The XRD spectra
of the catalyst used with variant cycles exhibit the same pattern. However, the
diffraction peaks of CeO> and Fe>O3 become more and more significant while the
patterns of CeFeOs and Fe3O4 seem to be weakened with the catalyst recycle except
that there is an increasing of CeFeOs peak during the 2 times reusing. It is consistent
with the catalytic activity as higher H» yield for catalyst reused for twice, it indicated

that Ce2FeOs is more active for water shifting reaction of biomass with more H> and



417  CO formed. The decrement of active compounds of CeFeO3 and Fe3Os resulted in the
418  weak performance of catalyst with catalyst reused further (recycle time over 3), while
419  the increment of CeO; and Fe;Os promoted the oxidation of catalyst, and leading to
420  more CO> formed.
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422 Figure 4. XRD patterns of reacted catalysts (Ce:Fe=3:7) after several times.
423 The morphologies of the used catalysts after each cycle were shown in Fig. 5.
424  The deposition of carbon on the surface of the reacted catalysts is difficult to be
425  observed as shown in Fig.5, as steam injecting during water-gas shifting process
426  might react with potential carbon deposition. With catalyst recycle going, some
427  irregular particles were observed on the surface of catalysts, it might be attributed to
428  the agglomeration generated at higher temperature (800 °C). Combined with the XRD
429  results of the reacted catalyst in Fig.4, it might be CeO: particles that were
430  agglomerated.
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Figure 5. SEM micrographs of CexFeyO (x:y=3:7) after several tests. (a)~(e)
represents the catalysts reacted for one, two, three, four, five times respectively. (f)
EDX results for the reacted catalysts.

Possible carbon deposition on the used catalysts was carried out with TPO
analysis and the results were showed in Fig.6. The weight increased at 250 °C to 550
°C, it might be caused by the oxidation of metallic Fe (a few of Fe particles exist
possibly, cannot be seen in XRD patterns in Fig.4) and Fe3O4 to Fe;O3. With the
increase of recycle times, the weight gaining of used catalysts shown in Fig.6 was
decreased. As part of the Fe3O4 was oxidized to Fe2Os3 in the lifetime test as shown in
Fig.4. Therefore it cost less oxygen in the TPO test and resulted in less weight gain.
As for the oxidation peak shifting to higher temperature, it might be ascribed to the
thermal sinter of FesOs4 particles after each recycle, which made Fe3O4 hard to be

oxidized. However, the weight loss peak can be hardly seen in TPO analysis, only a
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slight decrement was around 550 °C, it might be the oxidation of filamentous carbon
[11, 48] and there was no amorphous carbon oxidizing peak. Generally speaking, the
carbon deposition on catalysts was trace amounts and could be neglected. It seems
that the presence of CeO2 not only improved the oxidative ability of the iron catalysts,
but was also in favour of the oxidation of possible deposited carbon on the surface of
the used catalysts, because the CeO: has a high capacity and mobility of oxygen.
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Figure 6. Temperature programmed oxidation of used catalysts after several

recycles.

3.3 Influence of reaction temperature
The influence of catalytic temperature on the hydrogen production from biomass
gasification was investigated, when cellulose pyrolysis temperature was kept at 800

°C and the water feeding rate was 0.1 g min’!

in the presence of the catalyst
(Ce:Fe=3:7), while the gasification temperature varied from 500 °C to 900 °C at the

step of 100 °C. As can be seen in Table 3, the gas yield was increased straightly from

62.92 wt.% to 85.84 wt.%, which indicated that the gasification temperature had a
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significant effect on the thermal conversion of liquid oil compounds to light gases.
For that gas product, the concentrations of hydrogen and carbon oxide increased
slightly as temperature increasing from 500°C to 700°C, while the content of methane
decreased straightly from 16.95 vol.% to 12.24 vol.%, but no obvious change showed
for carbon monoxide. This can be explained by that the increase of temperature
restrained the production of CH4 while promoted the water gas shift reaction ( CO +
H>0O = CO; + H» ). When the temperature was further increased to 800 °C, the yield of
hydrogen reached the maximum at 28.58 mmol and the concentration of CO was
increased significantly to 43.26 vol.%. These can be attributed to that the cracking
reactions and catalytic steam reforming of volatiles were enhanced with the increase
of reaction temperature. While at 900 °C, the yields of CO2 and H> were decreased
while the yield of CO was increased at higher temperature, it might be iron’s role on
reversed water gas shift (CO2 + H, = CO + H;O) prevail over the former at elevated
temperature.

Table 3. The influence of gasification temperature on gas production.

Different gasification

500 600 700 800 900
temperature (°C)
Gas yield (wt.%) 62.92  67.69 72.94 84.64 85.84
Mass balance (%) 102.92  99.53 97.01 98.30 97.88
H2 yield (mmol g'!
cellulose) 18.77  21.36 24.03 28.58 27.01
Gas composition (vol.%)
H» 30.56  32.78 33.86 33.69 31.57
CO, 1533 17.64 17.56 12.12 11.23
CH, 1695 12.78 12.24 10.93 12.81
CcO 37.16  36.80 36.35 43.26 44.40

Fig. 7 shows the results of XRD analysis of the used catalysts obtained at
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different reaction temperatures. After used at 500 °C, a diffraction peak of Fe3O4 was
showed with some Fe;Os; and CeO,. With gasification temperature increasing from
500 to 700 °C, the diffraction peak of Fe3Os was increasing while the Fe>O3 patterns
decreased; it indicated that proper high temperature was benefit for the reduction of
Fe>O3 to FezO4. It should be notice that some CeFeOs patterns showed at 800 °C,
while Fe;O3 and CeO> diminished. And when the temperature reached 900 °C, the
diffraction of CeFeOs; becomes more remarkable while the diffraction patterns of
Fe3O4 was disappeared. The peak of CeO2 become weak and they are mainly existed
in CeFeOs3 with trace Fe;Os. It indicates that temperature was an important factor for
the formation of CeFeOs; CeO2 would agglomerated with Fe.O3; and formed CeFeOs
at higher temperature. The decrease of the diffraction of Fe3O4 might be due to the
following two reasons; 1) More Fe ions were used to form CeFeOs lattice. 2) The

oxidation of Fe3O4 to Fe2O3 was enhanced at higher temperature.
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Figure 7. XRD patterns of used catalysts (Ce:Fe=3:7) under different temperature.
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4. Conclusions

The present study introduced Ce/Fe catalyst into the biomass steam gasification.
The influences of mole ratio of Ce:Fe and catalytic temperature on hydrogen
production were investigated in a two stage gasification system. The main conclusions
are listed as the follows. The CeO./Fe>Os3 catalyst with a Ce:Fe ratio of 3:7 is optimal
for the hydrogen production in cellulose steam gasification. When the temperature
increased from 500 °C to 900 °C, the catalyst promoted the volatile steam gasification
and resulted in the increasing of gas yield. However the highest hydrogen production
was 28.58 mmol g-1 cellulose at 800 °C owing to that the iron enhanced the reversed
water shift reaction at 900 °C and caused the decreasing of hydrogen and carbon
monoxide. CeFeO3; can be generated at 800 °C or higher temperature after steam
gasification of biomass without forming CeO2/Fe;Os3 clathrate. And the existence of
CeFeOs enhanced the thermal stability of Ce/Fe catalyst. The increase of iron addition
resulted in an enhancement of the crystallinity and the particle size of the used
catalyst. The decrease of CeFeOs and Fe3Og4 rather than the agglomeration of CeO: or
carbon deposition is the main reason that deactivated the catalysts in the lifetime test.
The presence of CeOz not only improved the oxidative ability of the iron catalysts, but
was also promoted the oxidation of possible deposited carbon on the surface of the

used catalysts due to the high capacity and mobility of oxygen in CeOs.
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