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H I G H L I G H T S

• Iron oxide supported on silicalite-1
served as oxygen carrier to partially
oxidize biomass for syngas.

• Reduced oxygen carrier exhibited
outstanding tar catalytic cracking
performance and high CO2 adsorption
capacity.

• The silicalite-1 support was resistant
to undesired compound formation at
high temperature.

• The novel material is suitable for
cyclic process with high thermal and
chemical stability.
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A B S T R A C T

Iron oxide supported on silicatite-1 was synthesized as a novel oxygen carrier for biomass chemical looping
gasification (BCLG) with additional functionalities of its reduced form as a catalyst for tar decomposition and an
adsorbent for capturing CO2 in syngas. The temperature-programmed-reduction/oxidation profiles showed that
the iron oxide supported on silicatite-1 had lower reduction and oxidation temperatures than the iron oxide
supported on conventional silica. It was found the iron oxide supported on silicatite-1 was resistant to the
formation of strong metal-support interaction and irreversible silicate in the temperature range of 650–1000 °C
and exhibited high thermal/chemical stability in a cyclic process. The experimental results showed that at
900 °C, the temperature which maximize the gaseous products, the syngas contained only 0.6% C1-C4 hydro-
carbons/oxygenates, 3.5% one-ring aromatics, 5.7% heavier hydrocarbons/oxygenates, and 13.2% steam,
meanwhile the overall selectivity towards CO2 and CO was 77.0%. The cracking conversion of toluene over the
15Fe/S-1 was 34.8% at 700 °C. The iron supported on siliclaite-1 had a better catalytic activity in tar decom-
position than the iron on a conventional silica support as the silicalite-1 had higher surface area and showed
better metal dispersion. As an adsorbent for CO2 capture, the reduced oxygen carrier with 15% Fe had a
1.01 mmol/g CO2 adsorption capacity at 30 °C under 1 bar, which is comparable to other CO2 adsorbents
reported in literature. Therefore, the iron oxide supported on silicatite-1 is an effective looping material as an
oxygen carrier for biomass gasification, a catalyst for tar decomposition and an adsorbent for CO2 capture.
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1. Introduction

Biomass gasification is a process in which a solid carbonaceous
material is partially oxidized to produce a gas mixture of syngas mainly
including carbon monoxide and hydrogen [1]. The syngas can be used
to produce a variety of chemical products, such as methanol and other
hydrocarbons [2]. However, due to the relatively low energy density
and high moisture content of biomass, biomass gasification suffers from
low efficiency and high cost, compared with gasification of other fossil
fuels such as coal [3]. The considerable amount of tar derived from
biomass gasification can cause the contamination of catalysts in
downstream processes [4].

The concept of chemical looping processes (CLPs) was introduced in
early 1900 s and has received intensive applications since 1997 [5].
CLPs are essentially cyclic processes that are based on a set of redox
reactions using looping materials (LMs) such as metal oxides. CLPs have
been applied for the combustion, gasification and reforming of biomass
using a metal oxide as an oxygen source, known as oxygen carrier (OC),
to produce heat, electricity, fuels and chemicals [6,7]. Biomass che-
mical looping gasification (BCLG) has several potential advantages: 1.
the heat required for the endothermic biomass gasification could be
provided by circulating a high-temperature oxygen carrier from a
combustor; 2. the use of lattice oxygen in a recycling oxygen carrier
saves the cost for producing pure oxygen or steam that are usually used
as gasifying agents; 3. the heating value of the syngas produced by
BCLG is higher because lattice oxygen is more prone to partially oxidize
the fuels than gaseous oxygen [8].

However, the high tar and CO2 contents in the syngas produced by
traditional BCLG limit its applications in downstream synthesis and
lower the carbon utilization efficiency. A study showed that efficient
thermal tar cracking required at least 1250 °C for 0.5 s, which is energy
intensive [4]. Ni is a promising catalyst for catalytic cracking or re-
forming [9], but the high price of Ni is not competitive for its com-
mercialization. Therefore, the development of inexpensive oxygen
carriers which could reduce the tar content in the gasification products
is essential for BCLG. The deactivation of OCs during biomass conver-
sion also impedes its scale-up and commercialization. A study showed
that the agglomeration of iron oxide supported on alumina occurred
when magnetite (Fe3O4) was transformed into wüstite (FeO), resulting
in the deactivation. The low melting point of Cu (1085 °C) leads to more
serious agglomeration than iron during a thermal process [10]. Current
approach to ameliorate the deactivation caused by agglomeration is
mainly adding dopants into the OC for stabilizing reactivity and en-
hancing strength [11–13].

Fe-based OCs have low price, high mechanical strength, high
melting point, good chemical stability and non-toxicity [14]. Previous
studies showed that Fe-based materials exhibit acceptable reactivity for
H2 and CO, with weak reactivity for CH4 [15,16]. It was also reported
that metallic iron was highly active to catalyze tar decomposition in
most Fe-based catalysts [17–20]. In addition, the advantages of Fe-
based OCs also includes the resistance to carbon formation [10] and
sulphide/sulphate formation [21]. Therefore, iron oxide with special
designs and modification could be a potential OC for simultaneous
BCLG and syngas upgrading. Due to its limitation in oxygen transport
capacity and solid circulation rate, the content of Fe2O3 in the OC is
generally higher than 10 wt% [16].

In aspect of catalysts, traditional supports such as silica and alumina
are used to prevent the agglomeration of active components and thus
deactivation [22,23]. But these supports suffer from the formation of
strong metal-support interaction or even irreversible compounds such
as silicate and spinel at a high temperature [24,25]. Silicalite-1 is a
crystalline polymorph of SiO2 with MFI zeolite framework. Like most
zeolites, it has a high thermal and chemical stability owing to its crystal
system. Due to its microporous structure and high surface area, silica-
lite-1 is broadly used in separation [26–28] and catalysis [29–31].

The objective of this study was to synthesize and characterize Fe2O3

supported on silicalite-1 (Fe/S-1) with various loadings as multi-
functional materials that can be used to improve efficiency of BCLG and
the quality of the syngas. The feasibility studies of the Fe/S-1 as a
multifunctional material for biomass gasification, catalytic cracking of
tar, and CO2 capture were performed and the results were compared
with the performance of Fe2O3 supported on amorphous fumed silica
(Fe/SiO2).

2. Experimental section

2.1. Experimental hypothesis

The hypothesis of this study is that the outstanding adsorption ca-
pacity and stability of silicalite-1 as a catalyst support can be combined
with the advantages of Fe-based OC to develop a multifunctional ma-
terial as an oxygen carrier at its oxidized form, and a catalyst for tar
decomposition and adsorbent for CO2 removal at its reduced form to be
used in a novel BCLG process as shown in Fig. 1.

In the above BCLG process, biomass is partially oxidized in a gasifier
by the lattice oxygen provided by the oxygen carrier, at 500–1300 °C
depending on the types of the biomass. Instead of being transferred to
the combustor for regeneration in conventional BCLG processes, the
reduced OC that is mixed in the biochar is used as a catalyst to de-
compose the tar vapor present in the crude syngas with unexpected
CO2. After cooling down, the solid mixture is thereafter used as an
adsorbent for CO2 separation from the gas phase in order to obtain a
cleaner syngas with higher heating value and less contaminants for
downstream process such as Fischer-Tropsch synthesis. The solid mix-
ture is finally oxidized in air to regenerate the oxygen carrier and in-
crease its temperature for the next cycle.

OC plays a significant role as it severs as a multifunctional material
to circulate in various steps of the above BLCG process. A proper OC
should have the following desirable features: 1. providing lattice
oxygen for partial oxidation of biomass in its oxidized form; 2. catalytic
activity in tar decomposition in its reduced form; 3. high CO2 adsorp-
tion capacity in the reduced form; 4. stability in a cyclic process.

2.2. Synthesis of oxygen carriers

Silicalite-1, as the support of iron oxide, was synthesized using the
hydrothermal method. A total of 15.4 mL tetraethyl orthosilicate
(TEOS) was mixed with 18.6 mL of 1 M tetrapropylammonium hy-
droxide (TPAOH) aqueous solution. Additional 30.9 mL deionized
water was then added to form a slurry with a molar composition of: 1
SiO2 : 0.27 TPAOH : 4 EtOH : 46 H2O. The slurry was vigorously stirred
at a room temperature for 5 h before being transferred into a Teflon-
lined autoclave for crystallization at 170 °C for 72 h. The slurry was
then centrifuged and washed by deionized water for 4 times and then
dried at 100 °C overnight. The silicalite-1 was obtained after being

Fig. 1. Schematic of the upgraded chemical looping of biomass gasification
(The red columns are the additional units integrated in the conventional pro-
cess). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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calcined in an air flow at 550 °C for 6 h. Fumed silica that was pur-
chased from Sigma-Aldrich as a support for comparison.

Iron oxide was loaded to the supports using the incipient-wetness
impregnation (IWI) method. The capacities of water adsorption were
0.1 mL/g and 0.5 mL/g for silicalite-1 and SiO2, as measured using a
titration method. In order to make oxygen carriers with intended Fe
loading of 15, 20 and 25 wt%, 0.4 mL and 2 mL aqueous solutions of the
desired amount of Fe(NO)3·9H2O were added to 4 g of siliclaite-1 and
SiO2, respectively. The samples were dried at 100 °C overnight and
calcined in a furnace at 500 °C for 4 h.

2.3. Characterization of oxygen carriers

The X-ray diffraction (XRD) analysis was carried on a D8 Discover
X-ray diffractometer (Bruker Optics Inc., Billerica, USA) at 40.0 kV and
40.0 mA. Diffraction patterns were recorded using CuKα radiation
(wavelength of 1.5406 Å) over a 2θ range of 5.0°–70.0° with a step size
of 0.02° and identified using the database provided by the Joint
Committee on Powder Standards (JCPDS). Surface morphology and
structure, energy dispersive X-ray spectroscopy, and element mapping
were studied by an Auriga field emission scanning electron microscope
(FESEM, Carl Zeiss AG, Oberkochen, Germany). Nitrogen ad-
sorption–desorption isotherms were measured by a 3Flex surface
characterization analyzer (Micromeritics Instrument Corp., Norcross,
USA) at −196 °C. Prior to the analysis, all samples were degassed at
300 °C for 8 h. The total surface area and external surface area were
calculated using the Brunauer-Emmett-Teller (BET) equation and t-plot
method, respectively.

2.4. Redox reaction of oxygen carriers

The redox behavior of the oxygen carriers was investigated with the
temperature programmed reduction (TPR) and subsequent temperature
programmed oxidation (TPO) methods in an AutoChem 2920 analyzer
(Micromeritics Instrument Corp., Norcross, USA). The samples were
activated in an inert He gas flow at 300 °C for 2 h prior to analysis. After
cooling down to a room temperature, the gas flow was switched to a
10%H2/90%He mixture at 50 mL/min and the temperature was in-
creased to 1000 °C with the ramp of 10 °C/min. The H2 consumption
during reduction was measured by a thermal conductivity detector
(TCD). After TPR analysis, the sample was protected in a N2 gas flow
while cooling down to room temperature. Then a 5%O2/95%Ar mixture
was applied to the samples at 50 mL/min while the temperature was
increased to 1000 °C with the ramp of 10 °C/min. The O2 consumption
during oxidation was also recorded by the TCD.

2.5. Gasification of cellulose using the OCs

The gasification of cellulose as a model biomass compound was
conducted using the OCs in a Py-GC/MS system that consists of a two-
stage pyrolyzer (Rx-3050TR, Frontier) and a gas chromatography
equipped with a mass spectrometry detector (7890A GC, 5975C MS,
Agilent). The pyrolyzer has two reactors connected in series vertically: a
top reactor for the pyrolysis of cellulose and a bottom reactor packed
with excessive amount of oxygen carrier. In a typical run, a tiny basket
loaded with 0.5 mg cellulose was dropped into the top reactor, which
was preheated to 700 °C. The cellulose was held in the reactor for 20 s
for instant pyrolysis into volatiles The He carrier gas at a constant flow
rate of 50 mL/min blew the volatiles downward immediately through
the OC-packed reactor preheated at 700–900 °C. The products were
introduced into the GC/MS for analysis with a split ratio of 50:1. H2 was
not able to be detected due to the use of He as the carrier gas in GC/MS.
We did not analyze H2 in this study as we focused on the analysis of the
partial oxidation behavior of OCs. The compounds in the volatile pro-
ducts were identified by comparing their mass spectra to those from the
National Institute of Standards and Technology (NIST) mass spectral

data library. Since it was generally accepted that chromatographic peak
areas of a compound given by GC/MS is proportional to its quantity
[19,32], the selectivity of a compound was calculated from the per-
centage of the peak areas.

2.6. Tar decomposition over the reduced OCs

The catalytic performance of the reduced oxygen carrier in tar de-
composition was evaluated in a fixed-bed reactor. A total of 0.3 g
oxygen carrier was reduced in a flow of 10%H2/90%He mixture at
800 °C for 8 h before loading into the reactor. The catalyst was acti-
vated in-situ in H2 flow at 700 °C for 2 h and the carrier gas was then
switched to N2 at a flow rate of 30 mL/min. Toluene that was used as a
model tar model compound was injected into the carrier gas at a flow
rate of 4 mL/h. The temperature of the reactor was maintained con-
stantly at 700 °C. The liquid products and unreacted toluene were
collected by a cold trap that was connected with the outlet of the re-
actor. The gas phase exited from the cold trap was introduced directly
into an online gas chromatography (7890B, Agilent) for analysis. The
product gases including CO2, CO, H2 CH4 and N2 carrier gas were
measured by a TCD. The liquid sample from the cold trap was analyzed
by a gas chromatography equipped with a mass spectrometry detector
(7890A GC, 5975C MS, Agilent).

The toluene conversion is calculated using Eq. (1):

=

−

×X
m m

m
100%toluene

toluene toluene

toluene

, injected , unreacted

, injected (1)

where mtoluene, injected is the total mass of the injected toluene and
mtoluene, unreacted is the mass of the unreacted toluene identified by GC/
MS. The selectivity of the products was calculated using the normalized
percentage.

2.7. CO2 adsorption on the reduced OCs

The reduced OCs obtained at the same condition for tar decom-
position test were used for the CO2 adsorption capacity analysis. The
CO2 adsorption isotherm was measured on the Micrometrics 3Flex. In a
typical experiment, about 0.1 g reduced OC was degassed at 300 °C in
situ under vacuum for 8 h. Then the temperature was decreased to 30 °C
at which the equilibrium capacity from 0 to 1 bar was measured. The
CO2 adsorption isotherms were fitted using the Freundlich-Langmuir
model, as given by Equation (2):

=

+

q Q KP
KP 1eq
sat

n

n (2)

where qeq is the amount of CO2 adsorbed on the reduced OC at equili-
brium, Qsat is the CO2 adsorption capacity of the adsorbent in satura-
tion, P is the equilibrium pressure of CO2, K and n are constants related
to adsorption temperature. As comparison, H2 adsorption isotherms
was also measured using the same method to evaluate the potentiality
of Fe/S-1 for the separation CO2 from syngas.

3. Results and discussion

3.1. Characterization of OCs

Fig. 2 shows the XRD patterns of the OCs. The characteristic peaks
of hematite were detected in all OCs. In comparison with the Interna-
tional Center for Diffraction Data (ICDD) reference code: 00–001-1053,
the peaks observed at 24.2°, 33.3°, 35.7°, 41.0°, 49.5°, 54.2°, 57.6°,
62.3°, and 64.2° are attributed to planes (012), (104), (110), (113),
(024), (116), (122), (214), and (300), respectively. Therefore, Fe2O3

were present in all OCs. In Fig. 2a, the broad peaks at around 22.0°
ranging from 15° to 30° are typical for amorphous silica, which are the
coherent scattering arising from the fixed Si-O bond length [33]. In
Fig. 2b, all three OCs containing siliclaite-1 with different Fe2O3
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loadings exhibited the patterns for MFI zeolite (ICDD reference code:
01–073-1138), which showed the crystalline nature of the support and
the impregnation with iron oxide retained its structure.

Fig. 3 showed the SEM morphology of the OCs. Fig. 3a–c shows all
OCs supported on SiO2 with Fe loadings from 15 to 25% had severe
particle agglomerations owing to the impregnation with iron and cal-
cination in the air. The agglomerations were worse in higher Fe-loaded
samples because Fe2O3 was impregnated on the external surface of the
SiO2 particles, and calcination tended to aggregate the Fe2O3 in bulk
and thus combine the OC particles. On the other hand, Fe/S-1 samples
as shown in Fig. 3d–f exhibited isolated tablet-like particles with uni-
form size of c.a. 350 nm. Some particles were observed with rough
surfaces, as marked in red. These were the Fe2O3 formed after calci-
nation from the Fe(NO)3 solution which failed to enter the pores of the
siliclaite-1 and remained at the external surfaces. This is the major
limitation of IWI method driven by capillary action [34], as can be
proven by the observation that higher Fe loading led to more rough
surface ratio.

A closer scrutiny of the Fe2O3 supported on silicalite-1, by EDX and
element mapping analysis was given in Fig. 4. The EDX spectra shown
on the left-hand side in Fig. 4 reveal that the OCs contained Si, O and Fe
in accordance with XRD results. The actual Fe loadings calculated from

the area captured by the scattered electron mode (SE) were 13.99,
18.94, and 22.68 wt% for 15Fe/S-1, 20Fe/S-1, and 25Fe/S-1, respec-
tively. Since the intentional loadings were on Fe-basis but the samples
contained Fe2O3, it is reasonable that the actual loading was slightly
smaller. It is worth mentioning that peaks for carbon, gold, and pla-
tinum (out of the displayed range) were also detected. They were at-
tributed to the adhesive material (C) and coating material (Au and Pt)
required for the EDX sample preparation, and were neglected in the
calculation of the weight percentages of OC elements. The element
mappings of Fe (red), O (yellow), and Si (blue) on the right-hand side of
Fig. 4 confirmed the uniformity of the siliclaite-1 particles and de-
monstrated the good dispersion of Fe on the support.

Fig. 5 shows the N2 adsorption–desorption isotherms. As shown in
Fig. 5a, SiO2-supporting OCs displayed Type II isotherms which is
generally assigned with the physisorption of N2 on nonporous mate-
rials, according to the classification of International Union of Pure and
Applied Chemistry (IUPAC) [35]. The shape of constantly increasing
curves were the result of unrestricted monolayer-multilayer adsorption
up to high p/p°. Due to the nano-size of the fumed silica particles, de-
monstrated in Fig. 3a-c, a considerable amount of piled pores was
formed [36], leading to a high N2 uptake at high p/po and the Type H3
hysteresis loop. The fact that the surface areas of Fe/SiO2 samples were

Fig. 2. XRD patterns of the (a) SiO2- and (b) silicalite-1-supporting oxygen carriers.

Fig. 3. SEM images of the (a) 15Fe/SiO2, (b) 20Fe/SiO2, (c) 25Fe/SiO2, (d) 15Fe/S-1, (e) 20Fe/S-1, and (f) 25Fe/S-1.
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mainly contributed from external surface areas, as listed in Table 1, also
verified their textural properties. The mesopore volume of 0.92 cm3/g,
mainly given by piled pores, decreased after impregnation with Fe2O3

and because Fe2O3 filled these piled pores. Differently, the isotherms of
the OCs with silicalite-1 support, shown in Fig. 5b, displayed a com-
bination of Type I and IV isotherms [37], indicative of microporous
nature of siliclaite-1 and the capillary condensation of N2 in the me-
sopores, possibly derived from the crystal grain boundaries [38].
Table 1 also showed that the siliclaite-1 support had significant
amounts of micropores and mesopores, which contributed surface areas
of 228 m2/g and 87 m2/g, respectively. The micropore volume de-
creased with increasing Fe loading, indicating Fe2O3 entered the mi-
cropores upon impregnation.

3.2. Redox behavior of the OCs

Fig. 6 shows the H2-TPR and subsequent O2-TPO profiles of the
oxygen carriers on different supports with various Fe loadings. Com-
paring the TPR profiles of 15 wt% Fe-supported on silicalite-1 with
15 wt% Fe on SiO2, the 15Fe/S-1 profile included three prominent
peaks at 333, 472, and 550 °C, which were associated with the reduc-
tion of I: hematite (Fe2O3) to magnetite (Fe3O4); II: magnetite to wüstite
(FeO), and III: wüstite to iron (Fe), respectively [39]. Similarly, the
15Fe/SiO2 had three peaks at 329, 447, and 562 °C assigned to the same
stages. However, a significantly high amount of hydrogen consumption
after 650 °C was detected for the 15Fe/SiO2, generating a series of
peaks at high temperature, as shown by the shaded area in Fig. 6a, in
accordance with the findings by Mogorosi et al. [40]. This was mainly
caused by the formation of strong Fe–O–Si bonds and various silicate
groups during the calcination. The absence of these peaks for 15Fe/S-1

Fig. 4. EDX spectrum (left) and element mapping (right) of (a) 15Fe/S-1, (b) 20Fe/S-1, and (c) 25Fe/S-1.
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suggested that siliclaite-1 was more stable during calcination and re-
sistant to form strong metal-support interactions, possibly because the
Si–O bonds exists in the crystalline framework and mutual restraint
gave rise to chemical stability. The same distinctions were also ob-
served in 20 wt% and 25 wt% Fe-loaded OCs on two different supports.

The lower section of Fig. 6a shows the O2-TPO profiles of the

reduced 15Fe/SiO2 and 15Fe/S-1 obtained from H2-TPR processes.
15Fe/SiO2 exhibited three peaks at 270, 452, and 940 °C. The two peaks
at 270 and 452 °C were associated with (i) surface oxidation and (ii)
lattice oxidation, respectively [41]. Oxidation process consists of O2

dissociation to produce O and the transport of O into the lattice. At
lower temperature, O2 dissociation is the rate-determining step and the
consumption of O2 could be detected on the surface of OCs. As for
15Fe/S-1, only one peak was observed at around 417 °C, which was
lower than the bulk oxidation temperature of 452 °C for 15Fe/SiO2.
This could be caused by the good dispersion of Fe on the siliclaite-1
support requiring less energy to be oxidized, and the high stability of
the siliclaite-1 support and thus high resistance to agglomerations and
sintering during the reduction stage. The peak at a higher temperature
confirmed the formation of strong metal-support interaction and irre-
versible compounds. Similar profiles were also found in Fig. 6b and c,
indicating the redox behavior were independent on Fe loading.

Fig. 7 showed the TPR and TPO profiles of 15Fe/SiO2 and 15Fe/S-1
for another two redox cycles. As shown in Fig. 7a, the major reduction
temperatures of 15Fe/SiO2 in the 2nd and 3rd cycles were dramatically
increased to nearly 700 °C, compared to 562 °C for the 1st cycle. The
shapes of the TPR profiles varied from the 1st cycle. The TPO profile of
15Fe/SiO2 also exhibited a fluctuating reduction temperature and de-
creased O2 consumption in Cycle 3. This further confirmed the forma-
tion of strong metal-support interaction and unexpected compounds, as
explained before. On the other hand, both TPR and TPO profiles of
15Fe/S-1 in the 2nd and 3rd cycles as shown in Fig. 7b remained
comparable to those obtained in the 1st cycle. The reduction

Fig. 5. N2 adsorption–desorption isotherms of (a) SiO2- and (b) silicalite-1-supporting oxygen carriers measured at −196 °C.

Table 1
Surface area and pore volume of the oxygen carriers and corresponding sup-
ports.

Sample SBETa

(m2/g)
Smicro

b

(m2/g)
Sextb

(m2/g)
Vtotal

c

(cm3/g)
Vmicro

d

(cm3/g)
Vmeso

e

(cm3/g)

SiO2 156 27 129 0.93 0.01 0.92
15Fe/SiO2 119 12 107 0.75 – 0.75
20Fe/SiO2 112 9 103 0.63 – 0.63
25Fe/SiO2 98 12 86 0.63 – 0.63
S-1 315 228 87 0.21 0.11 0.10
15Fe/S-1 263 181 82 0.23 0.09 0.14
20Fe/S-1 246 169 77 0.22 0.09 0.13
25Fe/S-1 232 127 105 0.25 0.06 0.19

a Surface areas were calculated using BET method in the p/po range of
0.05–0.3.

b Micropore and external surface areas were estimated by t-plot method.
c Total pore volumes were measured from the adsorbed amount at p/

p° = 0.99.
d Micropore volumes were estimated by t-plot method.
e Vmeso = Vtotal-Vmicro.

Fig. 6. H2-TPR (upper) and O2-TPO (lower) profiles of oxygen carriers on different supports with various Fe loadings.
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temperature to form metallic iron retained at around 550 °C in TPR
while the oxidation temperature to form iron oxide retained at around
430 °C. This showed the thermal and chemical stability of the OCs
supported on siliclaite-1.

3.3. Partial oxidation of cellulose

Fig. 8a illustrates the effect of support type on the product dis-
tribution during gasification of cellulose at 900 °C. More CO2 and H2O
were identified in the product gases obtained by gasification of cellu-
lose over 15Fe/S-1 than 15Fe/SiO2 suggested that Fe2O3 transferred
oxygen more readily when it was loaded on silicalite-1. The good dis-
persion of Fe2O3 and high surface area of silicalite-1 for improved mass
transfer facilitated the better oxidation of cellulose over 15Fe/S-1,
which matches the O2-TPO results. Since the oxidation temperature at
900 °C was high enough to convert most hydrocarbons to CO and CO2

[42], no light hydrocarbons at significant amounts were detected. It is
noteworthy that the product gas obtained from the gasification of cel-
lulose over 15Fe/S-1 contained 2.9% benzene, which was lower than
3.5% for the use of 15Fe/SiO2. Therefore, the 15Fe/S-1 had a potential
to produce less tar as benzene has been identified as one of the main

precursors of tar [43]. Fig. 8b shows the product distributions with
increasing Fe loading on the silicalite-1 support. The CO2/CO ratio
obtained by the gasification of cellulose at 900 °C over 15Fe/S-1, 20Fe/
S-1 and 25Fe/S-1 were 2.92, 3.32, and 3.74, respectively. The increase
of CO2/CO ratio with the increase of Fe loading on the silicalite-1
support was because more Fe2O3 present in the OC produced more CO2

and water under the same operating condition. Since it is desirable to
have less CO2 in the syngas, the 15Fe/S-1 was more suitable to be used
as an oxygen carrier for the BCLG. Fig. 8c shows the product distribu-
tion varied with increasing temperature. At 700 °C, certain C1–C4 hy-
drocarbons/oxygenates, such as propane, formaldehyde, 2-propenal
and furan, were identified. These were the pyrolysis products from the
first stage of pyrolyzer [44], which were not oxidized by the lattice
oxygen in the second stage. By increasing the temperature from 700 to
900 °C, the amount of these C1-C4 hydrocarbons/oxygenates in the
syngas declined from 15.7% at 700 °C to 3.7% at 800 °C and further to
0.6% at 900 °C, while the overall percentages of CO2 and CO increased
from 52.1% at 700 °C, to 69.9% at 800 °C and further to 77.0% at
900 °C. As CO2/CO ratio change is subtle, namely 2.81, 2.94 and 2.93
under the increasing temperatures, The production of CO was max-
imized with a selectivity of 19.6% at 900 °C.

Fig. 7. Cyclic H2-TPR (upper) and O2-TPO (lower) of (a) 15Fe/SiO2 and (b) 15Fe/S-1.

Fig. 8. (a) Product distribution of cellulose gasification over iron oxide on different supports at 900 °C; (b) Product distribution of cellulose gasification over oxygen
carriers with various Fe loadings supported on silicalite-1 900 °C; (c) Product distribution of cellulose gasification over 15Fe/S-1 at various temperatures.
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3.4. Catalytic tar decomposition test

The tar decomposition tests were performed at 700 °C in a N2 flow
using toluene as a model compound and the reduced oxygen carriers
from the gasifier as the catalyst. Unlike catalytic cracking of tar over an
iron oxide-containing catalyst [45], or with co-feeds like steam and CO2

[46], the reactions for toluene cracking over metallic iron were much
simpler and the main reaction is:

→ + +C H coke H  CH7 8
catalyst

2 4

Without an oxygen agent, only H2 and CH4 were identified in the
gas products. The conversion of toluene over 15Fe/SiO2 and 15Fe/S-1
at 700 °C were 23.6% and 34.8%, respectively, as shown in Table 2.
This showed that silicalite-1 was a promising support not only for an Fe-
based oxygen carrier as discussed in the above section but also for an
Fe-based catalyst for tar decomposition. The higher conversion of tar
over 15Fe/S-1 was due to the well-dispersed active iron clusters on the
support. Tar decomposition over 15Fe/S-1 produced less H2. The pos-
sible reason could be that the silicalite-1 supported iron was more re-
sistant to the formation of coke from tar, which meanwhile reduced the
release of hydrogen [47]. The conversion of tars in the syngas can avoid
its contamination of catalysts in downstream processes. Although the
formation of coke could deactivate a catalyst used for tar decomposi-
tion, the coke on the reduced OCs as a catalyst could be easily removed
by the further regeneration of the OCs via oxidation in air. It is worthy
to note that the chromatographic profiles of the collected liquid after
tar decomposition showed traceable amounts of intermediates such as
benzene, n-hexane, and methylcyclopentane.

3.5. CO2 adsorption over reduced OCs

As the proposed BCLG shown in Fig. 1, the reduced OC was used as
an adsorbent for CO2 capture at a low temperature. Therefore, the CO2

adsorption isotherms of reduced Fe/S-1 samples at 30 °C were mea-
sured and plotted in Fig. 9. As the R2 values of all the fitting curves
generated by the Freundlich-Langmuir model were greater than 0.99,
the model was effective to describe the adsorption performance of this

material [48]. At 1 bar, the reduced 15Fe/S-1, 20Fe/S-1 and 25Fe/S-1
had CO2 adsorption capacity of 1.01, 0.91 and 0.84 mmol/g, respec-
tively. The values of Qsat , which represents the adsorption capacity at
saturation, were 2.29, 2.18, and 2.03 mmol/g for 15Fe/S-1, 20Fe/S-1
and 25Fe/S-1, respectively. The comparison between the CO2 adsorp-
tion capacity at 1 bar and the adsorption capacity at saturation suggests
that CO2 adsorption was not saturated over all three samples at a
pressure below 1 bar, which was in accordance with the shapes of the
isotherms. The adsorption capacities of these reduced oxygen carriers
were comparable to those of many adsorbents used for CO2 adoption
reported in literature, for example 1.0 mmol/g of MIL-101 metal–or-
ganic framework [49] and 1.10 mmol/g of Na-BEA zeolite [50]. The
CO2 capture capacity was reduced with increasing Fe loading because
the impregnation of Fe decreased the surface area and total pore vo-
lume of the silicalite-1 support. In consideration of the above-men-
tioned enhancement of syngas production and the reduction of tar, as
well as the higher CO2 uptake over the sample with 15% Fe, it is evident
that less Fe loading favors upgrading the syngas. As all samples ex-
hibited a much lower adsorption capacity of H2 than CO2, the Fe/S-1 is
a promising material for selective separation of CO2 from H2-containing
syngas.

4. Conclusions

The inexpensive and accessible iron oxide supported on silicalie-1
had lower reduction and oxidation temperatures than iron oxide sup-
ported on conventional silica. Unlike the conventional amorphous si-
lica, the Si-O bonds of silicalite-1 refrained by the crystalline framework
led to a high thermal/chemical stability, giving rise to the resistance to
the formation of strong metal-support interaction and irreversible sili-
cates. As a high surface area and microporous channels could well
immobilize and disperse the oxide clusters, Fe2O3 supported on silica-
lite-1 transferred oxygen atoms readily in the partial oxidation of cel-
lulose. Lower Fe loading of 15 wt% at 900 °C favored the production of
syngas with high contents of valuable gaseous compounds of H2 and
CO. The metallic iron on siliclaite-1 outperformed it on conventional
silica in toluene catalytic cracking , with a 34.8% conversion and 89.4%
hydrogen selectivity, which demonstrated its ability to remove tar from
the syngas and generate more hydrogen to enhance the value of the
syngas. The outstanding CO2 adsorption capacity of 1.01 mmol/g CO2

at 30 °C under 1 bar, originated from the high surface area of silicalite-1
support, was comparable to many CO2 adsorbents. The feasibility of the
multifunctional material as the oxygen carrier for biomass chemical
looping gasification is verified. Future work will be focused on the
applications of the novel OC in the gasification of real biomass, catalytic
cracking of biotar in syngas, and the performance of reduced OC mixed
with biochar, which is an inevitable byproduct in gasification. The

Table 2
Catalytic toluene cracking performance of the reduce oxygen carriers with 15%
Fe.

Reduced OC Xtoluene (%) Gas product selectivity (%)

H2 CH4

15Fe/SiO2 23.6 95.3 4.7
15Fe/S-1 34.8 89.4 10.6

Fig. 9. CO2 (solid) and H2 (hollow) adsorption isotherms for the reduced form of (a) 15Fe/S-1, (b) 20Fe/S-1, and (c) 15Fe/S-1 with corresponding equation of the
fitting curve using the Freundlich-Langmuir model.
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cyclic tests of the novel OC with more cycles will also be included in the
future work to examine the performance of the thermal/chemical sta-
bility.
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