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Abstract

To solve the problems of low gasification efficiency and high tar content caused by solid—solid contact between biomass
and oxygen carrier in traditional biomass chemical looping gasification process. The decoupling strategy was adopted to
decouple the biomass gasification process, and the composite oxygen carrier was prepared by embedding Fe,0; in molecular
sieve SBA-16 for the chemical looping reforming process of pyrolysis micromolecular model compound methane, which
was expected to realize the directional reforming of pyrolysis volatiles to prepare hydrogen-rich syngas. Thermodynamic
analysis of the reaction system was carried out based on the Gibbs free energy minimization method, and the reforming
performance was evaluated by a fixed bed reactor, and the kinetic parameters were solved based on the gas—solid reaction
model. Thermodynamic analysis verified the feasibility of the reaction and provided theoretical guidance for experimental
design. The experimental results showed that the reaction performance of Fe,O;@SBA-16 was compared with that of pure
Fe,0; and Fe,0;@SBA-15, and the syngas yield was increased by 55.3% and 20.7% respectively, and it had good cycle
stability. Kinetic analysis showed that the kinetic model changed from three-dimensional diffusion to first-order reaction
with the increase of temperature. The activation energy was 192.79 kJ/mol by fitting. This paper provides basic data for
the directional preparation of hydrogen-rich syngas from biomass and the design of oxygen carriers for pyrolysis of all-
component chemical looping reforming.
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1 Introduction promising technology in biomass conversion applications.

It can transform low-energy—density biomass into high-

Traditional fossil fuel is still the main energy material at pre-
sent. With the rapid development of industry, fossil energy
consumption is increasing, which accelerates the produc-
tion of greenhouse gases and the depletion of non-renewable
energy sources (Kierzkowska et al. 2013). Therefore, bio-
mass has been widely studied as a green renewable energy
application. As a new type of renewable energy, biomass
has the advantages of extensive sources and environmental
friendliness. Biomass gasification technology is the most
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energy—density biogas, reducing the conditions and costs
of transportation and storage and capturing CO, from the
system (Zheng et al. 2021). And it can also be used to pro-
duce syngas used in industry to make downstream chemicals
and as a fuel (Smolinski et al. 2022). In traditional biomass
gasification, pyrolysis and reforming are coupled in the same
reactor (Ding et al. 2022), and the reactions are numerous
and complex which leads the lower syngas quality and
higher tar content. Based on the above problems, chemical
looping reforming based on the decoupling strategy is feasi-
ble (Zhang et al. 2023a, b; Liu et al. 2023). It can realize the
high-efficiency conversion of biomass, improve the selectiv-
ity of syngas, and reduce system energy consumption, and
has very important research value (Zhigiang et al. 2019; Li
et al. 2020; Luo et al. 2018; Tang et al. 2015).

Biomass chemical looping reforming is mainly aimed at
reforming macromolecular and micromolecular volatiles.
As shown in Fig. la, it is the traditional chemical looping

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40789-024-00691-z&domain=pdf
http://orcid.org/0000-0002-3067-014X

35 Page 2 of 15

Y. Lietal.

gasification, oxygen carrier, and biomass are in the same
reactor and the solid—solid reaction rate is low. As shown in
Fig. 1b, it is the biomass chemical looping reforming based
on a decoupling strategy. The gasification reactor is decou-
pled into pyrolysis and reforming reactors. The solid—solid
reaction is also decomposed into several gas—solid reac-
tions, which enhances the biomass gasification efficiency,

(a) Tail gas Syngas

Biomass

Air

reduces the product's tar content, and targets the product
distribution. Micromolecular gases react with lattice oxy-
gen in metal oxides to undergo a partial oxidation reaction
and generate hydrogen-rich syngas (Liu et al. 2019a). Cur-
rently, CH, is used as a model compound of micromolecular
volatiles reforming process to study the chemical looping
reforming reaction of micromolecular volatiles (Chuayboon

(b) Tail gas
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Fig. 1 a Traditional chemical looping gasification b Chemical looping reforming based on decoupling strategy

Table 1 Current study on chemical looping reforming methane

Oxygen carriers Reaction conditions Main conclusion

Organization
Kunming University of Science and Technology La-Mn-Fe-O

(Yang et al. 2021; Zhu et al. 2010)

CeO,-Fe, 04

Shiraz University (Alirezaei et al. 2016) 15Cu/20Zr-Al
Qingdao Institute of Bioenergy and Bioprocess, V,04

CAS Technology (Ge et al. 2020)
Dalian Institute of Chemical Physics, CAS (Kang  Y-Fe,05/Al,0;

et al. 2019)

Guangzhou Institute of Energy Conversion, CAS
(Zhao et al. 2016, 2014)

LaFe, ,Co,0;

LaFeO;

Southeast University (Yin et al. 2020) Fe@Ce

700-800 °C
Fixed bed reactor

850 °C
Fixed bed reactor

550-750 °C
Fixed bed reactor

850 °C
Fixed bed reactor

850 °C
Fixed bed reactor
850 °C
Fixed bed reactor

850 °C
Fixed bed reactor

875 °C
Fixed bed reactor

The CH, conversion was more than 65%, the CO
selectivity was more than 95%, and the H,/CO was
between 1.86 and 2.06. The oxygen carrier showed
good stability during 10 cycles

CH, conversion could reach 50%, CO selectivity
was close to 100%, and hydrogen carbon ratio was
close to 2.0

CH,/CO,=1 and the reaction temperature of
750 °C. The highest methane conversion was
99.8%, and the highest CO, conversion was 99.2%.
The activity did not decrease in 16 cycles

The highest CO selectivity was 99.5%, the H,/

CO ratio remained between 3.3 and 3.4, and the
carbon deposition in 8 cycles was small

With the addition of Y, the CO selectivity was up to
98%, and the conversion of CH, was up to 90%

CH, conversion was close to 85%, and H,/CO was
close to 2.0 in 20 cycles, but the selectivity of
syngas was only 60%

Within ten cycles, methane conversion fluctuated
around 50%, CO selectivity was close to 100%,
and H,/CO was close to 6.0

The maximum CH, conversion was about 50%,
which decreased to about 30% after 16 cycles. The
cycling performance was poor, and the selectivity
was always maintained at 90%
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et al. 2019; Kang et al. 2019; Liu et al. 2019b). As shown
in Table 1, methane conversion, CO selectivity, H,/CO, and
cycle stability of oxygen carriers are all important indexes to
measure the chemical looping reforming system of methane
(Mao et al. 2022). It has shown that the research on chemi-
cal looping reforming is almost concentrated on the design
of oxygen carriers such as metal oxygen carriers, compos-
ite metal oxygen carriers, core—shell structures, perovskite
structures, etc. It has important guiding significance for the
research of micromolecular chemical looping reforming.
Traditional single metal oxides were hard to have excel-
lent comprehensive reaction performance simultaneously.
For example, Ni-based oxygen carriers could achieve high
CH, conversion but had low selectivity for partial oxida-
tion (Zafar et al. 2005). Cu-based oxygen carriers had high
oxygen storage capacity, but their melting point was low,
agglomeration occurred at higher temperatures, and they
had poor mechanical strength (Rydén et al. 2014). Fe-based
oxygen carriers had good anti-aggregation ability and ther-
mal stability, but reactivity was poor (Mattisson et al. 2001).
Composite metal oxygen carriers, such as Ce-Fe, could
improve the dispersion and enhance the interaction between
metals by doping different metals (Li et al. 2011). Given
the problems of low reactivity, poor mechanical strength,
and easy sintering of traditional oxygen carriers, using the
oxygen carriers embedding strategy is a novel means. Pre-
vious studies have reported that Fe,O;@SBA-15 was used
for chemical looping reforming (Mao et al. 2022). SBA-15
has a two-dimensional pore structure in which Fe,O5 can be
embedded to realize nano-scale and dispersive and enhance
its reactivity. At the same time, under the protection of the
molecular sieve cage structure, the anti-sintering ability can
be improved to enhance recycling stability. However, from
the perspective of microstructure, CH, is affected by the
limited domain effect in two-dimensional channels (Du et al.
2021). The radial diffusion of gas molecules is blocked in
the channel, which is not conducive to the reaction. There-
fore, to mitigate the size effect by embedding Fe,O; into
the SBA-16 molecular sieve, which has a three-dimensional
cubic mesoporous structure. Prof. Zhao’s team synthesized
SBA-16, an original cubic cage mesoporous structure with
large cell parameters, using triblock copolymers (Zhao et al.
1998). There were few studies on the application of SBA-
16, which was mainly applied to catalytic dry reforming of
CH, (Mohan et al. 2013; Miaomiao et al. 2017; Zhang et al.
2013; Taherian et al. 2021), catalytic hydrogenation of CO
(Budi et al. 2016; Chen et al. 2017). This paper proposes that
Fe,O; was embedded into SBA-16 molecular sieve, which
had a three-dimensional ordered mesoporous structure.
Based on this, the axial and radial diffusion resistance of
CH, in the pore was greatly reduced. Compared with SBA-
15, this limiting effect can be reduced to a certain degree,

thus strengthening diffusion of gas molecules and lattice
oxygen and improving the reactivity of Fe,0;.

In this paper, Fe,0;@SBA-16 was successfully prepared
based on an embedding strategy. Methane was used as a
model compound to study micromolecular chemical loop-
ing reforming. Reaction thermodynamics analysis of the
chemical looping reforming system was implemented, and
the influence of different Fe,O; embedding ratios, CH, par-
tial pressure, and reaction temperature for the reaction sys-
tem was studied. The reaction performance of the Fe,0;@
SBA-16 was compared with Fe,O;@SBA-15 and Fe,0;.
The cycling stability of Fe,0;@SBA-16 was tested through
ten-cycle experiments, and the kinetic analysis of the oxy-
gen carrier was implemented. The properties variation of
Fe,0;@SBA-16 before and after the reaction was discussed.

2 Material and methods
2.1 Material preparation and characterization
2.1.1 Preparation of oxygen carriers

The molecular sieve was prepared by hydrothermal method
in Fig. 2a. Polyethylene oxide—polypropylene oxide—polyeth-
ylene oxide (PEO-PO-PEO) block copolymers (0.50g P123,
2.51g F127) were mixed into 120 ml dilute hydrochloric
acid solution according to appropriate proportion. After the
solution was stirred at 35 °C for 6 h, a certain amount of
tetraethyl orthosilicate (TEOS) was added for 15 min and
then transferred to the hydrothermal reactor, where it was
heated at 35 °C for 24 h and then at 100 °C for 24 h. Solid
precursors were collected and dried in an oven at 100 °C for
12 h, then transferred to a Muffle furnace for 10 h calcina-
tion at 550 °C to obtain SBA-16 with a three-dimensional
ordered mesoporous structure (Zhao et al. 1998).

As shown in Fig. 2b, Fe,0;@SBA-16 and Fe,0;@SBA-
15 oxygen carrier was obtained by centrifugal immersion
method. Weigh 50 ml ethanol solution and pour it into the
beaker, add a certain amount of Fe (NO;);-9H,0, stir for 15
min, then weigh a certain proportion of SBA-16 molecular
sieve and put it into the beaker. Stir the mixture at room tem-
perature for 12 h. Transfer the stirred solution to the centri-
fuge for centrifugal operation, pour out the supernatant, and
dry in the oven for 2 h. Finally, the oxygen carrier xFe,0;@
SBA-16 (x=10%, 20%, 30%, 40%) was prepared by calci-
nation in a muffle furnace at 600 °C for 5 h. The prepared
oxygen carrier xFe,O;@SBA-16 was abbreviated as xFe @
S16, and granulated to 40-60 meshes for subsequent use.
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Fig.2 a Preparation process of SBA-16 b Preparation process of Fe,0;@SBA-16

2.1.2 Characterization of oxygen carriers

Fe,0;@SBA-16 was characterized by an X-ray diffractom-
eter (SHIMADZU XRD-6100) to analyze its XRD pattern
and scanning 20 angle range of 10°-80°. Microstructure
of the Fe,0,;@SBA-16 was characterized by Field Emis-
sion Scanning Electron Microscope (FE-SEM, TESCAN
MAIA3LMH) and Transmission Electron Microscope
(TEM, JEM-2100Plus), and surface distribution of parti-
cles was characterized by Energy Dispersive Spectrometer
(EDS). The specific surface area of SBA-16 and Fe,0,@
SBA-16 and pore structure were characterized by automated
surface area and porosity analyzer (BELSORP-Max).

2.2 Experimental setup

The performance of methane chemical looping reforming
was tested in a fixed bed reactor using x%Fe,0;@SBA-
15/16. The experimental setup is shown in Fig. 3. The
experimental device was mainly composed of a gas con-
trol system and a fixed bed reactor. The laboratory reac-
tor was a quartz tube reactor with an inner diameter of 6
mm and a total length of 640 mm. The Fe,0;@SBA-16/
Fe,0;@SBA-15 particles used in each experiment were
200 mg (40-60 mesh). At the beginning of the reaction,
the Ar (100 mL/min) was first used to purge the pipe-
line for 30 min to eliminate the effect of air. The reactor

Fig.3 Diagram of fixed bed
experimental equipment

e UOQI ﬂﬁﬂl
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temperature was then increased to 800-950 °C at a heat-
ing rate of 10 °C /min. In the reaction stage, reaction gas
(10%CH,+90%Ar) was injected into the reactor for 5
min with a flow rate of 100 mL/min, in which Ar was the
carrier gas. The reaction outlet gas was detected by gas
chromatography (FULI 9790 II). In the regeneration stage,
Ar (100 mL/min) purged the reactor for 30 min, and the
oxygen carrier was regenerated by air (100 mL/min) for
15 min. After the regeneration reaction, Ar (100 mL/min)
was injected repeat the above purging steps for the next
cycle experiment.

2.3 Analytical method

CH, conversion, CO selectivity, H,/CO ratio, lattice oxy-
gen conversion of oxygen carriers, and gas concentration
are calculated by the following formulas (Ding et al. 2019;
Du et al. 2016):

tl+l —_
Z[,’ (nCH4.1n nCH4,oul )

CH, conversion = — x 100 ey
Zzi+ CHy;,
Ztiﬂ o
t.
CO selectivity = ——— % 100 )
2 (neo + 1o, )
H,/CO " 3
2 =< 3
X neo
. £
Gas concentration = —— X 100 4)
1%

L

lit1 liv1
2 oo + X neo, X2

"oy,

[O] Conversion = x 100 5)

where #,,;, | is the initial reaction time, s; new,, is the amount
of feed methane substance, mol; new,,, is the amount of
outlet methane substance, mol; n¢q, n¢, are the content of
carbon monoxide and carbon dioxide in outlet gas, mol; ny,
is the amount of hydrogen substance in outlet gas, mol; V; is
the volume of substance i in outlet gas, ml; oy, is the con-
tent of the total lattice oxygen substance in the feed oxygen

carrier, mol.

2.3.1 Thermodynamic analysis method

In this experiment, thermodynamics analysis of the chemical
looping reforming methane by minimum Gibbs free energy

Table2 Fe,O; may occur oxidation—reduction reaction in reforming
reactor

Oxygen carrier Reaction No.

Fe,0, 12Fe,0;+CH, =8Fe;0,+CO,+2H,0 Rl
3Fe,0, +CH, =2Fe,0,+CO +2H, R2
3Fe,0,+H,=2Fe;0, +H,0 R3
3Fe,0,+CO=2Fe,0, +CO, R4

Fe,0, 4Fe;0,+ CH, = 12Fe0 + CO, +2H,0 RS
Fe,0,+CH,=3Fe0+CO+2H, R6

FeO 4Fe0 +CH, =4Fe+CO, +2H,0 R7
FeO+CH,=Fe+CO+2H, RS

method. After the AG of a reaction was solved, Ink could
be solved according to AG=—RTInk. Through thermody-
namic analysis, it could prejudge the feasibility of the reac-
tion. Table 2 lists 8 oxidation-reduction reactions that might
occur during chemical looping reforming methane of Fe,O5.
Thermodynamic behaviors of complete and partial oxidation
of Fe,0; were predicted.

2.3.2 Kinetic analysis method

The experiment results of Fe,O5 in methane chemical loop-
ing reforming were analyzed and discussed by the gas—solid
reaction model, and the reaction mechanism was obtained.
The kinetic parameters were determined by the following
equations:

dx

T =M ©)
where X is lattice oxygen conversion, which is determined by
the calculation of [O] conversion in Eq. (5), k is the reaction
rate constant, ¢ is the reaction time, and f(X) is the reaction
mechanism function.

Ey
k = kel ) )
E, 1
Ink = —E? + lnko (8)

where k, is the pre-exponential factor, £, is the reaction acti-
vation energy, R is the gas constant, and 7'is the temperature.

Hancock and Sharp (Hancock 1972) proposed a method
based on curve analysis to obtain the reaction mechanism
by comparing the kinetic data of the experiment with the
assumed kinetic data, as shown in Table 3, the experimental
data can be used for correlation mapping in Eq. (9):

In[=In(1 = X)] = mIn(?) + In(n) ©)
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Table 3 The correspondence
between the reaction mechanism
model and m (Piotrowski et al.

2007; Provis 2016; Dollimore
et al. 1996)

Reaction mechanism model Differential formula Integral formula m
fo=1% g = ki

One-dimensional diffusion 1/(2x) x2 0.62
Two-dimensional diffusion —1/In(1 = x) X+ (1 = x)In(l — x) 0.57
Three-dimensional diffusion [3(1 _x)g]/[w —a —x)1/3)] [1 —a —x)1/3]2 0.54
First order reaction 1—x —In(1 — x) 1.00
Phase interface control 3(1 —x)*? 1-(1-x'73 1.07
Two-dimensional nuclear growth 2(1 — x)[-In(1 — x)]'/? [-In(1 — x)]'/? 2.00
Three-dimensional nuclear growth 3(1 = x)[~In(1 — x)]*? [=In(1 — x)]'/3 3.00

where m is a constant related to the mechanism, and n is a
constant related to the rate and frequency of grain growth.

3 Results and discussion
3.1 Thermodynamics analysis

For 8 reactions that might occur in the reaction system
mentioned in Table 2, Fe,0; may occur oxidation-reduc-
tion reaction in the reforming reactor the relationship
between AG and log K of each reaction and the reac-
tion temperature 7 was shown in Fig. 4, It was shown
that when the reaction temperature was between 400 and
700 °C, the AG of the reaction R2 was less than 0, and
the AG of the reaction R6 and R8 was greater than 0.

(a) 400
-o-R1
= R2
200
0 L

AG/kJ-mol!
o
=
T

-400 |

-600 -~

0 200 400 600 800 1000

Temperature/°C

When the temperature was greater than 700 °C, the AG
of the reaction R2, reaction R6, and reaction R8 was less
than 0. From the perspective of thermodynamics analy-
sis, at 400-700 °C, Fe,O5 could only be reduced to Fe;0,
stage, unable to release lattice oxygen fully. When the
temperature exceeded 700 °C, the partial oxidation reac-
tion (R2, R6, R8) between Fe,0; and methane was ther-
modynamically feasible, and log K was greater than 0.
The log K increased with increasing temperature, so it
could be inferred that oxygen carriers in high-temperature
regions are more likely to release lattice oxygen. The par-
tial oxidation reaction Gibbs free energy of Fe,O; with
CH, (R2) was lower than that of FeO and the partial oxida-
tion reaction of Fe;O, with CH, (R6, R8). Fe,0; was more
easily reduced to FeO and Fe;0,. Consistent results were
obtained when H, was used as a reduction gas.

(b) 40
20 - /./0’9”‘°——.—_.
././o
— —a—n
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N et
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o ==
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Fig.4 The Gibbs free energy (AG) for 8 reactions and thermodynamic equilibrium constant (log K) at the different reaction temperatures
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3.2 Analysis of chemical looping reforming
methane of performance

3.2.1 Fe,0;@SBA-15/16 performance comparison

Fe,0;, Fe,0,@SBA-15 (Fe@S15), and Fe,0;@SBA-16
(Fe@S16) were compared under the same experimental
conditions, and the differences in the performance of oxy-
gen carriers embedded in different molecular sieves were
discussed. As shown in Fig. 5, Pure Fe,0; showed a higher
CH, conversion rate of 35.6%, which was 100% and 80%
higher than Fe@S15(CH, conversion rate of 15.3%) and

(a) 100
i) CH, Conversion

B CO Selectivity
80

(=)
=]

CH, Conversion/%
s

20

10%

20%

30%
Different embedding amount of Fe,0,

40%

CO Selectivity/%
H,/CO
in
T

Fe@S16(CH, conversion rate of 19.8%), respectively.
Regarding CO selectivity, pure Fe203 was only 18.6%, Fe@
S16 (CO selectivity 79.1%) and Fe@S15 (CO selectivity
81.3%) increased nearly 400% compared with pure Fe,O5.
It was attributed to the chemical looping reforming methane
of pure Fe,0;, complete oxidation of methane dominated,
resulting in a high CH, conversion rate and the reduction
of CO in the product. The results showed that, compared
with the embedding strategy of pure Fe,O; and SBA-15,
the partial oxidation activity of Fe@S16 was much higher
than pure Fe,05, and CH, conversion of Fe@S16 was nearly
30% higher than that of Fe@S15. In comparison, the CO
selectivity of Fe@S16 was not decreased significantly (3%).
It was shown that SBA-16 could enhance the reactivity of
metal oxides compared with pure Fe,O; and the SBA-15
embedding strategy. Oxygen carriers were embedded in
SBA-15 of a two-dimensional ordered mesoporous structure
(Zhang et al. 2022). The reaction performance was improved
by realizing the nanocrystallization and dispersion of oxy-
gen carrier particles. The size effect influenced methane,
the micromolecule gas in SBA-15 pipeline could only dif-
fuse in the axial direction of the channel, and the inner wall
of the surrounding pipeline blocked the radial diffusion of
the micromolecule. SBA-16 had a three-dimensional cubic
ordered mesoporous structure (Kim et al. 2004), and its inner
walls were all mesoporous pipelines. To some extent, it was
beneficial to alleviate the influence of this size effect, thus
promoting the diffusion of gas molecules and showing a bet-
ter CO yield.

(b) 30 %% Fe@S16 —o— 20% Fe@s16

—A—30% Fe@S16 —v— 40% Fe@S16
25 F

A

1.0 ]
./ \.
0.5 L]
0'0 1 1 1 1 1
1 2 3 4 5

t/min

Fig.6 Reactivity of different embedding quantities xFe@S16 a CH, conversion and CO selectivity b Ratio of H,/CO (900 °C, 0.8392 h™!)
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3.2.2 Effect of Fe,0; embedding amount

Through the previous performance comparison, it could be
concluded that Fe,0;@SBA-16 had more excellent perfor-
mance in the chemical looping reforming of methane. Con-
sequently, the influence of metal oxide embedding amount
in Fe@S16 oxygen carrier was studied, and 10%Fe@S16,
20%Fe@S16, 30%Fe@S16, and 40%Fe@S16 were pre-
pared, respectively. It could be seen in Fig. 6 that either too
high or too low Fe embedding was not conducive to chemi-
cal looping reforming methane. With the Fe,O; embedding
amount increasing, the methane conversion rate showed
an obvious decreasing trend. When the Fe,O; embedding
amount was 10%, the methane conversion rate was the high-
est and close to 40%, but the CO selectivity was poor at this

100 - B2 CH, Conversion R CO Selectivity i

CH, Conversion/%
1
-
H,/CO

1
[SY

N

5%

AN . 0 0

10% 15% 20%

CH, Feed partial pressure/%

Fig.7 Effect of different CH, feed partial pressure on reaction prod-
ucts (900 °C 0.8661 h™! (5%), 0.8392 h~! (10%), 0.8125 h™! (15%),
0.7857 h™" (20%))

time, only 58.4%. It was attributed to the fact that when
Fe,0; embedding was too low (10%), oxygen carriers on
the molecular sieve surface and in the bulk phase were dis-
persed, resulting in sufficient gas—solid contact and leading
to high methane conversion and low selectivity. The CO
selectivity was raised first and then reduced with the growth
of Fe,0; embedding. When the Fe,0; embedding amount
was 20%, the CO selectivity reached the highest value of
90.5%. When Fe embedding was too high, oxygen carrier
particles of the molecular sieve surface were unevenly dis-
tributed, which might aggravate the island effect of the solid
product layer during the reaction process. The solid phase
products continued to grow and cover the surface layer and
the pores between the products. Once the continuous product
layer was produced on the surface of Fe@S16 particles, the
gas—solid contact would be seriously affected, thus affect-
ing the diffusion of gas phase molecules and lattice oxygen.
Therefore, CO selectivity was lower at higher oxygen carrier
embedding. The result was a maximum selectivity of 90%
at 20%Fe@S16 and an optimal H,/CO ratio of 2.3, so the
optimal Fe loading was 20%.

3.2.3 Effect of partial pressure on CH,

In previous studies, we explored the influence of oxygen car-
rier embedding amount and obtained the optimal embedding
amount of 20%. The content of methane in micromolecular
volatile products of biomass pyrolysis usually ranges from
8% to 18% (Chang et al. 2016). Therefore, based on previ-
ous studies, the CH, feed partial pressure was changed (5%,
10%, 15%, 20%) in chemical looping reforming methane,
and the effect of CH, feed partial pressure on the product
was explored.
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Fig.8 a Influence of temperature on chemical looping
0.8392h7h
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As shown in Fig. 7, when the partial pressure of methane
increased from 5% to 10%, the CH, conversion increased
to some extent. The highest CO selectivity of 96.81% and
suitable H,/CO (2.3) were obtained at 10% CH, partial pres-
sure. The low feed partial pressure of methane led to poor
CO selectivity, which was attributed to the preference of
CH, to react with surface lattice oxygen and adsorbed oxy-
gen (Cheng et al. 2016). Surface lattice oxygen and adsorp-
tion oxygen reaction activity were high so that the methane
would be preferentially complete oxidation. It led to the
increase of CO, content in the product and the decrease of
CO selectivity. When CH, was higher than 10%, the CH,
conversion and CO selectivity did not increase significantly
and remained almost unchanged, but H,/CO was unbal-
anced. It was attributed to the factor that in the high CH,
feed partial pressure, and oxygen carriers could not provide
sufficient lattice oxygen to react with methane. Methane
cracking dominated and hydrogen production in the product
increased, leading to the rise of H,/CO. As a result, the high
partial pressure of methane feed was not conducive to the
partial oxidation of methane. Therefore, 10% was selected
as the optimal partial pressure of CH, feed.

3.2.4 Effect of the reaction temperature

The effect of temperature on the chemical looping reforming
of methane was studied based on the previously obtained
20% optimum embedding amount and 10% partial pressure
of methane feed, as shown in Fig. 8a. With the reaction tem-
perature rising, the selectivity of CO improved significantly
in the range of 800-900 °C. The experiment result and the
previous thermodynamic analysis were accordant. The

(a) 40
CH, Conversion
35
30

25

CH, Conversion/%

4 5 6

Cycles

10

(b)100

CO Selectivity/%

reaction temperature rise was beneficial to releasing lattice
oxygen and partial methane oxidation. When the temperature
exceeded 900 °C, the growth of CO selectivity was no longer
obvious. At the same time, methane cracking increased sig-
nificantly. The H,/CO ratio was seriously unbalanced, and
a large amount of carbon deposition was produced, which
was not beneficial to the reaction. Hence the optimum reac-
tion temperature was 900 °C. The methane conversion and
CO selectivity during the reaction process at 900 °C were
shown in Fig. 8b. In the first minute, the conversion of meth-
ane arrived at 40%. The lattice oxygen content in Fe,0,@
SBA-16 was adequate, and CH, reacted preferentially with
the adsorbed oxygen on the oxygen carrier surface. Oxida-
tion activities of adsorbed oxygen on the surface of oxygen
carrier and surface lattice oxygen were greater than those of
bulk lattice oxygen, resulting in high CH, conversion at the
initial reaction stage. It could be seen that H,/CO was only
about 1.8 because part of H, was involved in complete oxi-
dation, leading to H,/CO being slightly lower than 2.0. After
the first minute, most of the adsorbed oxygen and part of
the surface lattice oxygen had been consumed, and oxygen
vacancy was produced on the surface of the active compo-
nent. The formation of surface oxygen vacancy was benefi-
cial to partial methane oxidation (Cheng et al. 2016). It was
shown that CH, conversion, CO selectivity, and the ratio of
hydrogen to carbon monoxide remained basically stable in
2—-4 min of reaction. At this moment, the lattice oxygen con-
centration gradient occurred between the interior of the bulk
phase and the surface oxygen carrier (Zeng et al. 2018). As
the bulk phase's lattice oxygen migrated to the surface, more
oxygen vacancies were created inside the bulk phase. And
the deeper lattice oxygen diffused to the outer layer reached

4.0
mm CO Selectivity/%

—41.0

20 -
= 0.5
0 0.0

1 2 3 4 5 6 7 8 9 10 -
Cycles

Fig.9 20%Fe@S16 Ten-cycle performance a The CH, conversion b The CO selectivity and the ratio of Hy/CO (900 °C, 0.8392 h™!, reaction

time was 5 min, regeneration time was 15 min)

@ Springer



35 Page 10 of 15

Y.Lietal

equilibrium over some time. When the reaction time reached
the fifth minute, the lattice oxygen concentration of the bulk
phase was too low, and the moving process of deeper lattice
oxygen to the surface needed to overcome greater diffusion
resistance. Meanwhile, CH, cracking was aggravated, and
ratio of hydrogen to carbon monoxide was near to 2.5.

3.2.5 Cycle performance test

As shown in Fig. 9, ten cycle performance tests were con-
ducted on 20%Fe@S16 oxygen carrier, and 20%Fe@S16
showed excellent cycle stability in the chemical looping
reforming methane cycle test. In the first cycle, the selec-
tivity of CO was only 80%, and the conversion of CH, was
close to 25%. Because during the initial reaction, the sur-
face lattice oxygen of 20%Fe@S16 was sufficient. It was
beneficial to the complete oxidation of methane, resulting
in a slightly lower selectivity of CO. From the second cycle,
the CO selectivity could be stabilized at around 90%. In
the tenth cycle experiment, the CO selectivity fluctuated
by only 1% compared with the average selectivity of ten
cycles (88.4%), and the CH, conversion fluctuated by only
1.3% compared with the average conversion of ten cycles
(20.3%). H,/CO could be maintained at around 2.0 during
the ten cycles. In summary, 20%Fe@S16 oxygen carrier
cycle stability was good. This might be because the Fe,0;
in the oxygen carrier improved its particles’ specific surface
area while realizing the nanocrystallization and could con-
tact with oxygen more fully in the regeneration process. At
the same time, the porous structure of the molecular sieve
was also beneficial to the diffusion of gas and carbon depo-
sition removal. Moreover, the SBA-16 porous molecular

Table 4 Comparison of oxygen carrier cycle reactivity

Table 5 Physical parameters of oxygen carrier and molecular sieve

Samples Pore size (nm) Specific surface
area (BET)/
(m/g)
SBA-16(This work) 3.3-35 720.9
SBA-16(Commercially available) 2.5-4.0 700
Fe,0;@SBA-16 2.34 757.25
Fe,0;@SBA-16(Used) 4.04 190.66
Fe,0;@SBA-16(Regeneration) 3.73 608.45

sieve framework had good structural stability at high tem-
peratures, and the pore structure was not easy to collapse,
which was conducive to improving the anti-sintering ability
of Fe,0;@SBA-16.

As shown in Table 4, Both CeO,-LaFeO; and Ce-Fe oxy-
gen carriers could achieve high methane conversion, but the
CO selectivity was only 40% and 79.7%, respectively. In the
CeO,-LaFeO; cycle experiment, the H,/CO in the product
ranged from 2 to 2.6, and the syngas quality was low. The
selectivity of Ce-Fe was low, and the preparation of the oxy-
gen carrier was relatively complicated. Fe,0;@CeO, main-
tained a high CO selectivity (95%) over 16 cycles, but the
H,/CO in the product was around 3.1, and the syngas qual-
ity was poor. The CO selectivity of LaFeO; only hovered
between 55 and 75% in 10 cycles, and H,/CO reached 2.5
to 3.1, which seriously affected the quality of syngas in the
product. In this study, 20%Fe,0;@SBA-16 not only main-
tained high CO selectivity (90%) during ten-cycle experi-
ments but also maintained H,/CO in the product near 2.0,
and the syngas quality in the product was very high.

Oxygen carrier  Reaction conditions CH, Conversion CO Selectivity H,/CO Number Organization
of cycles
CeO,/LaFeO4 850 °C 65% 40% 2-26 10 Nanjing University of Science and Technology
Fixed-bed (Fang et al. 2021)
40% CH,
Ce- Fe 850 °C 90.9% 79.7% 2.06 10 Institute of Coal Chemistry, CAS (Zhang et al.
Fixed-bed 2014)
10% CH,
Fe,0;@Ce0O, 875°C ~17% ~95% ~3.1 16 Southeast University (Yin et al. 2020)
Fixed-bed
7% CH,
LaFeO; 850 °C °C 35-50% 55-75% 2.5-3.1 10 Guangzhou Institute of Energy Conversion, CAS
Fixed-bed (Zhao et al. 2014)
40% CH,
Fe,0;@SBA-16 900 °C ~20.3% 90.0% 2.0 10 This work
Fixed-bed
10% CH,
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Fig. 10 XRD pattern of different oxygen carriers

3.3 Characterization of oxygen carriers

As shown in Table 5, the specific surface area (720.9 m%/g)
and pore size parameters (3.3-3.5 nm) of SBA-16 prepared
in this experiment were the same as that of commercial
SBA-16 molecular sieve (700 m?/g) and pore size param-
eters (2.5-4.0 nm). The specific surface area of Fe,0;@
SBA-16 was slightly increased compared to SBA-16. How-
ever, the pore size remained almost unchanged, and the pore
structure of the molecular sieve was maintained well. There-
fore, Fe,0; embedding was realized without changing the
framework structure of the molecular sieve. After 10 cycles
of the oxygen carrier, the specific surface area was seriously
attenuated. The sintering of the oxygen carrier may be part
of the reason for the attenuation of the specific surface area,
but the carbon deposition on the specific surface of the oxy-
gen carrier after the reaction seriously also affected the spe-
cific surface area. The specific surface area was 608.45 m*/g
after cyclic regeneration, which basically recovered.
Wide-angle XRD characterization tests were conducted
on the fresh 20%Fe@S16, used 20%Fe@S16, and regen-
erated after 10 cycles of 20%Fe@S16, respectively. As
shown in Fig. 10, the characteristic peaks of Fe,0; were
observed in fresh oxygen carriers. The XRD pattern of the
used oxygen carrier showed an obvious FeO characteristic
diffraction peak, which accorded with the previous thermo-
dynamic analysis results. CH, was more likely to reduce
Fe,0; to FeO, so there would be a large amount of FeO.
After ten cycles of regeneration, the XRD spectra showed
obvious characteristic diffraction peaks of Fe;O, and Fe,0;.
The characteristic peaks of Fe;O, in the XRD pattern

showed that the oxygen carrier was not fully oxidized after
ten cycles. This was due to the short regeneration time of
Fe,0;@SBA-16 and the slight sintering that occurred on the
surface of Fe,0;@SBA-16 after ten cycles, which affected
sufficient contact between gas and solid, resulting in an inad-
equate reaction.

As shown in Fig. 11, the fresh 20%Fe,0,;@SBA-16,
used 20%Fe,0;@SBA-16 and regenerated after 10 cycles
20%Fe,0;@SBA-16 were scanned by SEM and TEM in
high-resolution mode. It could be seen from the compari-
son of Fig. 11a, c. After ten cycles, the surface of the used
Fe,0;@SBA-16 was partially sintering compared with the
fresh Fe,0;@SBA-16, forming a massive irregular structure
of 2-3pm. It made the gas—solid contact on the surface of the
oxygen carrier more difficult and required a longer reaction
time to replenish lattice oxygen completely. The morphology
of the used oxygen carrier changed obviously, as shown in
Fig. 11b, but the spherical particle morphology could still
be recovered after regeneration. The TEM images of the
20%Fe@S16 in Fig. 11d, e showed that Fe,0; nanoparti-
cles were spherical and dispersed in highly ordered SBA-16
three-dimensional interconnecting channels. As shown in
Fig. 11f, the response signal of an iron element in the EDS
spectrum was evenly distributed, which further indicated
that Fe,O5 was evenly dispersed. The TEM images of the
used oxygen carrier Fig. 11g, h showed that the structure of
the molecular sieve was still maintained, which verified the
stability of the structure.

3.4 Kinetic analysis

In terms of the kinetic calculation model listed in Sect. 2.3.2
and real-time conversion data of lattice oxygen obtained
from the experiment, the 20%Fe @S16 reaction kinetic data
was obtained. As shown in Fig. 12a, in terms of lattice oxy-
gen conversion X, the m value was obtained by fitting. The
corresponding reaction mechanism equation was decided by
fitting the experiment data, and reaction rate constant k was
obtained, as shown in Fig. 12b. The activation energy was
obtained by fitting In (k) and 7, as shown in Fig. 12c. The
final results are shown in Table 6.

Different reaction mechanism models were selected
by referring to m values at different temperatures. At
750-850 °C, the three-dimensional diffusion model was
more suitable for fitting. At higher temperatures, the reac-
tion was first order controlled at 850-950 °C. At lower
temperatures, the reaction of chemical looping reforming
was mainly controlled by the diffusion step, which meant
that diffusion of lattice oxygen was the main rate-limiting
step. With increasing temperature, the reaction in a high-
temperature region transferred to the first-order reaction,
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Fig. 11 20%Fe@SBA-16 a SEM image of the fresh 20%Fe@S16 b SEM image of the used 20%Fe@S16 ¢ SEM image of 20%Fe@S16 after ten
cycles of regeneration d, e TEM images of the fresh 20%Fe@S16 f EDS of 20%Fe@S16 g, h TEM images of the used 20%Fe@S16

and molecular diffusion was no longer the main rate-lim-
iting step. Chemical looping reforming methane activa-
tion energy was 192.79 kJ/mol by fitting experiment data,
consistent with the activation energy reported in current
studies (Go et al. 2008; Hosseini et al. 2020).

4 Conclusions

In this paper, the characteristics of chemical looping
reforming of micromolecular methane from biomass
pyrolysis based on a decoupling strategy were studied.
The composite oxygen carrier Fe,0;@SBA-16 prepared
by molecular sieve embedding strategy improved the

@ Springer

reaction performance. Compared with Fe,O5 and Fe,0,@
SBA-15, the yield of CO increased by 77.63% and 26.03%
respectively when using Fe,0;@SBA-16, in which the
conversion of CH, reached 30.9% and the selectivity of
CO reached 96.2%. In the ten-cycle experiments under
the optimal reaction conditions, the CH, conversion and
CO selectivity fluctuated within 2%. It was proved that
Fe,0,@SBA-16 had good cycle stability and sintering
resistance. The kinetic model of the reaction was a three-
dimensional diffusion control model and first-order reac-
tion control model through kinetic data fitting, and the
activation energy of the reaction was 192.79 kJ/mol. This
work provides a certain experimental and research basis
for the study of the chemical looping reforming process of
biomass and the design of oxygen carrier.
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Table 6 Reaction kinetics calculation and fitting results

Tem- m R? Ink R? Reaction mechanism

perature

(O]

750 0.391 0.999 9.721 0.950 Three-dimensional diffusion
800 0.504 0.997 8.517 0.995 Three-dimensional diffusion
850 0.738 0.997 4.374 0.948 First order reaction

900 1.141 0.997 4.343 0.994 First order reaction

950 1.051 0.998 3.907 0.996 First order reaction
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