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The effects of addition of various Ni-based catalysts and their combination with calcined dolomite on Ha-rich gas
production were investigated during catalysis/sorption enhanced pyrolysis-gasification of sawdust. It was found
that catalyst support greatly affected the catalytic performance of Ni-based catalysts, the highest Hy concen-
tration and yield was obtained by NiO/SiO», followed by NiO/y-Al,0O3 and NiO/ZSM-5. Additional active sites on
Ni-based catalyst would be formed by introduction of secondary metals onto NiO/y-Al;O3. Positive synergistic
effect between secondary metals and Ni was observed, especially for Mg and Co, resulting in further improved Hy
production. Calcined dolomite was further introduced into the process to enhance Hj production, simultaneous
catalysis and sorption was found to be better for Hy production than sequential catalysis and sorption. The
addition of calcined dolomite could offset the catalytic performance difference for varied Ni-based catalysts due
to its catalysis/sorption enhancing effect. Comparatively, bimetallic catalysts were more effective than mono-
metallic catalysts when combined use with calcined dolomite, the Hy concentration was significantly improved
despite of the slight changes in Hy yield. Ni-Cu/y-Al,O3 and Ni-Zn/y-Al303 with good performance on WGS
reaction showed better synergistic effect with calcined dolomite, a highest H, concentration of 87.06 vol.% was
achieved by Ni-Cu/y-AlyOj3 catalyst.

production [11-13]. The similarity in chemical structure of biomass and
coal makes it easy to copy the experiences in coal gasification when

1. Introduction

Hydrogen is an ideal clean energy resource as its combustion only
generates water [1,2]. It is expected to play a very important role in the
future energy consumption system, especially for the global carbon
neutrality [3,4]. The sufficient supply/production of green Hy from
clean renewable resources is thus urgently required [5-7]. As an alter-
native energy resource, biomass has the advantages of abundant re-
sources, accounting for 170 billion metric tons of biomass worldwide per
year, zero carbon emissions throughout its whole lifecycle, and being the
only carbon renewable in nature, etc. [8-10]. It can be easily used as a
cheap carbonaceous feedstock to produce green Hp.

Gasification of biomass has long been used as an effective way for Hy
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developing biomass gasification [10]. However, biomass has its unique
characteristics that differs from coal, including its fibrous structure, low
volumetric density and high oxygen content [14,15]. The product gas
from biomass gasification often suffers from low H, content, low carbon
conversion rate and high CO; and tar content [16-18]. Introduction of
catalyst/sorbent into the gasification process, or using catalytic gasifi-
cation of biomass, has been widely regarded as a promising way to
improve the Hy content in the product gas, increase the gasification
reaction rate and product selectivity, and catalytically remove the tar
[13,19-21]. Different catalysts have been developed in the gasification
process, among them, Ni-based catalysts are highlighted as one of the
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most used catalysts due to their effectiveness in Hy production and tar
removal with an affordable cost [22,23]. Miccio et al. [24] reported that
the introduction of Ni/Aly,O3 catalyst into air-steam gasification of
Spruce wood pellets could significantly improve the Hy content by
around 50% with a large reduction in tar yield as well. Chen et al. [25]
claimed that Ni/HZSM-5 catalyst could achieve a tar removal efficiency
of 91.52% at a very low temperature of 500 °C through catalytic
cracking.

However, the product gas from catalytic gasification of biomass
normally still contains a considerable amount of carbonaceous gases
including CO, CO5 and CHy, etc. [26], which largely dilute the Hj in the
product gas. A long conversion chain including gasification, tar removal,
WGS reaction, CO, removal/separation would thus be required for the
production of a high-purity Hp, but in the meantime makes the process
economically infeasible when using biomass as feedstock. How to inte-
grate the above processes and largely reduce the cost are the main
challenging issues needing to be solved currently. Sorption enhanced
gasification of biomass is such a process that integrates the gasification,
WGS reaction and CO, removal into one reactor and produces a high-
purity of Hy by one-step [19,27-29]. CO, absorbent such as CaO is
introduced into the gasification process, the in situ removal of CO4 by
CaO immediately after its generation during the gasification process
would on the one hand shift the equilibrium of WGS reaction as well as
the gasification process to produce more Hp, on the other hand
concentrate the Hj in the product gas [30]. Our previous studies have
demonstrated that the optimal temperature for sorption enhanced
gasification process is around 600-700 °C at atmospheric pressure [31].
A high Hj concentration could be achieved, but the Hj yield still needs to
be improved due to the lower carbon conversion rate at such tempera-
ture [32]. Sorption enhanced catalytic gasification of biomass for Hy
production is thus proposed recently, the combined use of catalyst and
absorbent is expected to directly obtain a high purity and yield of Hy
from the process [32,33]. Li et al. [34] reported that by use of a
bifunctional catalyst of Ni/CaO, a Hy concentration and yield of 63.7
vol.% and 341.30 mL/g biomass respectively could be produced. The
catalytic activity of Ni-based catalysts and the CO, removal efficiency of
CaO-based absorbent are expected to both affect the Hy production
performance during the process. To the best of our knowledge, there are
a lot of studies available where Ni-based catalysts were introduced into
the biomass gasification process for Ha-rich gas production with CaO
using as an absorbent to reduce the CO; in the end product gas. Most of
the works focus on the enhanced Hy production by evaluating the pa-
rameters such as temperature, steam to biomass ratio, biomass and
absorbent types, Ni loading amount and amount of catalyst addition [35-
40]. Unfortunately, very limited studies concentrate on the modification
of catalysts during this process, the influence of catalyst supports and the
possible interactions between active Ni metal and support as well as the
influence of other active metal doping on the catalyst activity are not
well understood. In particular, the effects of the combination of mono-/
bi-metallic catalysts with calcined dolomite on the sorption-enhanced
gasification process for Hy production are still required to be studied
in more details.

Therefore, in this study, the catalysis/sorption enhanced pyrolysis-
gasification of sawdust for Ho-rich gas production was studied in a
two-stage fixed-bed reactor. Several Ni-based catalysts with different
supports of y-AloO3, ZSM-5, and SiO, were prepared and tested for Hy
production. Furthermore, secondary transition metals of Cu, Mg, Zn, Co,
Fe, and Ce were introduced onto NiO/y-Al;O3 catalysts to form bime-
tallic catalysts, and their effectiveness in Hy production was also eval-
uated. Moreover, the combination of Ni-based catalyst and calcined
dolomite (as a CO5 absorbent) was also studied to further reduce the CO»
concentration in the product gas. Both monometallic and bimetallic
catalysts were used during the process to enhance the Hy production and
find out the possible synergistic effect between catalyst and absorbent as
well. The results reported in this study are expected to gain more in-
depth understanding on the sorption enhanced catalytic gasification
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process in terms of both catalysis and sorption enhancing effects and
their possible synergistic effect. It should be also noted that this study is
more used to screen the possible catalysts applied in the catalysis/
sorption enhanced gasification process. While the detailed character-
izations of the catalysts before and after the process will be investigated
in the future.

2. Experimental
2.1. Materials

The biomass feedstock used in the pyrolysis-gasification process was
sawdust with a particle size of 90-180 pm. It was dried at 105 °C for at
least 12 hours before use. The elemental composition of sawdust has
been reported in our previous studies, with 49.97 wt.% C, 6.14 wt.% H,
0.07 wt.% N, 0.19 wt.% S, 41.02 wt.% O, and 1.73 wt.% Ash, on a dry
basis [41].

Different metal nitrates and catalyst supports were used to prepare
the Ni-based catalysts in the study. Analytically pure metal (including
Ni, Fe, Cu, Co, Zn, Mg, and Ce) nitrates (hydrates) were purchased from
Macklin Co., Ltd. and Sinopharm Chemical Reagent Co., Ltd., respec-
tively. The catalyst supports included y-Al,O3, ZSM-5, and SiO3, where
y-Aly03 and SiOy was bought from Macklin Inc., and ZSM-5 was pur-
chased from Nankai University Catalyst Co. Ltd., the porous structure of
the support would provide a better distribution of those metal active
components.

The dolomite used in the study was purchased from a local company,
it was used to prepare the CO, absorbent.

2.2. Preparation of Ni-based catalysts and COz absorbent

Impregnation method was used to prepare the Ni-based catalysts in
the study. Two types of supported catalysts were prepared, including
single active metal (Ni) catalysts and bimetallic (Ni-Fe, Ni-Co, Ni-Cu, Ni-
Zn, Ni-Mg, and Ni-Ce) catalysts. For all the catalysts, the loading amount
of Ni on the catalyst support was consistent as 15 wt.% [42]. The
detailed procedure for the single active metal (Ni) catalysts preparation
could be summarized as follows: controlled amount of analytically pure
Ni(NO3)2-6H20 was accurately weighed and dissolved in deionized (DI)
water to form a Ni nitrate solution. 10 g of various supports (y-AlyOs,
ZSM-5 and SiO;) were weighed and impregnated in the solution. The
mixture was stirred and kept for 24 hours for sufficient impregnation. It
was then dried overnight at 105 °C in an oven. The dried catalyst pre-
cursors were subsequently calcined at 650 °C under air atmosphere for
30 minutes with a heating rate of 10 °C/min in a maffle furnace. The 15
wt.% of Ni-based catalysts of NiO/y-Al203, NiO/ZSM-5, and NiO/SiO,
were finally obtained [43]. The bimetallic (Ni-Fe, Ni-Co, Ni-Cu, Ni-Zn,
Ni-Mg, and Ni-Ce) catalysts were prepared following the same proced-
ure. The Ni and second metal (Fe, Co, Cu, Zn, Mg and Ce) were co-
impregnated during the process. The Ni nitrate and second metal ni-
trate were simultaneously dissolved in DI water to form a mixed solu-
tion. The mass ratio of Ni to second metal ranged from 1:0.25 to 1:1. The
catalyst support was chosen as y-Al,O3 according to its better perfor-
mance during the preliminary experiment results [44]. The remained
impregnation, drying and calcination process were kept the same. Six
types of bimetallic catalysts of Ni-Fe/y-AlyO3, Ni-Co/y-Al,03, Ni-Cu/
y-Al;03, Ni-Zn/y-Aly,03, Ni-Mg/y-Al;03, and Ni-Ce/y-Al;03 were finally
prepared. It should be noted that the catalysts were not reduced into
metal element form before use, but directly used in their oxide forms.

The CO5 absorbent used in the study was calcined dolomite. It was
prepared by calcination of 10 g of dolomite at 850 °C for 60 minutes in a
horizontal tube furnace under a N flow rate of 500 mL/min.

2.3. Biomass pyrolysis-gasification experiments

The catalysis/sorption enhanced pyrolysis-gasification of biomass
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experiments were conducted on a two-stage fixed-bed reaction system,
as illustrated in Fig. 1. It was mainly composed of an inert carrier gas Ny
supply system, a steam generator metered by a HPLC pump, a two-stage
fixed bed reactor with an electric furnace maintaining the temperature,
a tar trapping and condensation system, and a gas bag for product gas
collection. During the experiment, biomass was located in the top stage
and pyrolyzed to generate volatiles and char, the volatiles were directly
carried by N3 gas and mixed with steam, they would then pass through
the catalyst/absorbent bed in the bottom stage and were gasified/
reformed to produce Hj-rich product gas. This process is so-called
catalysis/sorption enhanced pyrolysis-gasification of biomass for Hp-
rich gas production.

For each trial, the temperature of the reactor for both stages (py-
rolysis and gasification) was maintained constant at 650 °C, which is the
optimum temperature for Hy production as illustrated by our previously
studies [31]. Three kinds of trails were done in the study: (1) biomass
pyrolysis coupled with steam gasification of volatiles, without any
catalyst/absorbent addition; (2) biomass pyrolysis coupled with cata-
lytic steam gasification of volatiles, using different Ni-based catalysts;
(3) biomass pyrolysis coupled with catalysis/sorption enhanced gasifi-
cation of volatiles, using both Ni-based catalyst and calcined dolomite.
In fact, the reactions in the top stage were all the same as fast pyrolysis of
sawdust. While the main difference for them were the reactions taking
place in the bottom stage with/without catalyst and/or absorbent. The
detailed procedure for each trial could be described as follows:

4 g of Ni-based catalyst or 4g of Ni-based catalyst plus 4 g of calcined
dolomite were accurately weighed and loaded into the bottom stage of
the reactor in advance. 1 g of dry sawdust was also weighed and put into
a stainless-steel basket. It was then hanged on the top of the reactor to
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avoid overheating before experiment start. The reactor was then heated
to the target temperature of 650 °C with a heating rate of 10 °C/min
under a N flow rate of 50 mL/min and kept isothermal. The HPLC pump
was switched on to inject water into the reactor to generate steam once
the reactor temperature was stable. The water flow rate of the pump was
calibrated in advance and maintained constant at 0.075 mL/min. To
ensure the steam was filled in the bottom stage, the trial started after
water injection for 10 min. The basket with sawdust inside was promptly
put into the middle of the heating zone of top stage. The sawdust was
thus fast pyrolyzed to generate volatiles, they were quickly carried by Ny
to the bottom stage and firstly mixed with steam, and then passed
through the catalyst/absorbent bed. Catalysis/sorption enhanced steam
gasification of biomass volatiles would take place to produce a Hy-rich
gas. The resulted gas then went through a solvent (analytical pure
acetone) trap with ice-bath condensing to capture the tar. It was finally
collected by a gas bag for further analysis. Each trial lasted for 30 min to
ensure the completion of pyrolysis-gasification of biomass. After the trial
finished, the gas bag was firstly closed and removed from the reaction
system, then the HPLC pump was immediately switched off to stop the
steam generation, and the furnace was also turned off to naturally cool
down the reactor. Once the reactor temperature was less than 50 °C, the
reactor was taken out of the furnace and dismantled to collect the
sawdust char and reacted catalyst and absorbent.

The product gas collected in the gas bag was evaluated with a gas
chromatography (GC) equipped with a Thermal Conductivity Detector
(TCD) and a Flame Ionization Detector (FID) to get its volumetric
composition. The model of the GC was GC-9790Il, which was manu-
factured by Zhejiang Fuli Analytical Instrument Co. Ltd. Before
analyzing the product gas, the GC was calibrated with a standard gas via

— | | HFLC ——— Water
MFC _ 1 | [Pump
Biomass
%{ Valve 1
§ 1% furnace
Regulator
Catalyst /
absorbent
Silica wool
2" furnace
N,

Gas bag

1——Acetone

Ice bath

Fig. 1. Schematic diagram of a two-stage fixed-bed pyrolysis-gasification system
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the external calibration method. The main gas components detected by
the GC included Hy, N3, CO, CO3, CHy, and Cy. (C2Ha, CoHg, C3Hg and
C3Hg) gases. The yield of the product gas could be directly calculated
according to the gas composition through Ny balance, the detailed
procedure could be found elsewhere [19,27,45]. Briefly, the total vol-
ume of Ny in the product gas could be calculated as 50 mL/min x 30 min
= 1500 mL. The Ny concentration in the product gas was known (ob-
tained from GC analysis). The total gas volume excluding Ny would be
thus calculated as the N3 volume divided by its concentration minus the
Ny volume. It should be noted that the product gas yield was defined as
the volume of the gas produced per gram of biomass (mL/g biomass).

3. Results and discussion

3.1. Effect of catalyst support on the Ho-rich gas production during
pyrolysis-gasification of biomass

The ideal catalyst support would largely promote the Ni distribution
on its surface, form strong bonds to Ni component, prevent Ni leaching
and agglomeration, provide possible acidic and/or basic sites, filling
oxygen vacancies, and all in all improve catalytic performance [46]. In
this study, three Ni-based catalysts with different supports were tested to
figure out the suitable support for Ni-based catalyst using during the
gasification process. A blank experiment without any catalyst addition
was also done for comparison. The results are shown in Table 1.

From the table, it can be clearly seen that the addition of catalyst
significantly affected the composition and yield of the product gas
during pyrolysis-gasification of biomass. With no catalyst addition, the
sawdust pyrolysis and subsequent volatiles steam gasification only
produced a relatively lower H; content of 21.93 vol.% with a Hy yield of
127.32 mL/g biomass in the product gas, the total gas yield was 580.43
mL/g biomass. The lower gasification temperature of 650 °C was the
main reason. As demonstrated in our previous studies [31,33], this
temperature was more favorable for the sorption enhanced gasification
process (in situ COy removal) for the production of Hj-rich syngas.
However, a lower carbon conversion rate would be obtained at such
temperature as illustrated by the results. The introduction of Ni-based
catalysts significantly promoted the volatiles gasification to generate
more Hy with a high total gas yield as expected. The Hy concentration in
the product gas largely increased to 41.95-54.35 vol.%, the concentra-
tions of CO, CH4 and Cg; decreased remarkably, and the CO, concen-
tration increased obviously from 12.16 to 24.14 vol.%. It implied that
Ni-based catalysts could enhance the steam reforming of CO and light
hydrocarbon gases to produce more Hy and COq, the volatiles achieved a
more sufficient conversion as well [47]. With Ni-based catalysts addi-
tion, the Hj yields were several times bigger than that without catalyst
addition, and the total gas yields were close to or more than doubled.

Comparatively, different catalyst supports surely affected the cata-
lytic performance of Ni-based catalysts during the sawdust pyrolysis-
volatiles gasification process. NiO/SiO catalyst generated the highest
Hpy concentration and yield of 54.35 vol.% and 693.19 mL/g biomass
and the highest total gas yield of 1275.46 mL/g biomass, followed by
NiO/y-Aly0j3 catalyst with the Hy concentration and yield of 51.13 vol.%
and 598.71 mL/g biomass and a total gas yield of 1170.96 mL/g

Table 1
Effects of Ni-based based catalyst addition and catalyst support on the Ho-rich
gas production from pyrolysis-gasification of sawdust.

Catalyst Product gas composition (vol.%) Gas yield (mL/g
biomass)
H, co CO, CH4 Co. H, Total
No catalyst*  21.93  46.11 1216 13.06 6.75 127.32  580.43
NiO/SiOy 54.35 23.74 18.27 3.22 0.41 693.19 1275.46
NiO/y-Al;,03  51.13 2213  21.37  4.99 0.46 598.71  1170.96
NiO/ZSM-5 4195 2517 2414 731 1.43  428.46  1021.30

* Only 1 g of sawdust was used in the top stage without catalyst.
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biomass, NiO/ZSM-5 catalyst showed the lowest catalytic performance
with the Hy concentration and yield of 41.95 vol.% and 428.46 mL/g
biomass and a total gas yield of 1021.30 mL/g biomass. As mentioned
above, Ni-based catalysts significantly enhanced the volatiles steam
gasification to produce more Hj and product gas, the hydrocarbon gases
also notably decreased due to the catalytic effect of the catalysts, espe-
cially for NiO/SiO, and NiO/y-Al;03. However, the product gas still
contained a large amount of CO and CO», which diluted the H; in the
product gas. Further removal of carbonaceous gases would be required
to obtain a high purity Hs gas.

3.2. Effect of secondary active metal addition onto Ni-based catalyst on
the Hy-rich gas production during pyrolysis-gasification of biomass

Compared to monometallic catalyst, bimetallic catalyst often offers
higher catalytic activity, good coking resistance and anti-sintering sta-
bility due to new active sites introduction and formation of physical
barriers between active components [48,49]. In this study, several
transition metals, such as Cu, Mg, Zn, Co, Fe and Ce, were introduced
onto NiO/y-Al;O3 catalyst through co-impregnation method, different
doping ratios expressed as the mass ratio of Ni to secondary metal (M, g/
g) were tested and the results are presented in Fig. 2 and Table 2.

From Fig. 2, it can be observed that the introduction of secondary
metal onto NiO/y-Al,O3 catalyst significantly altered the product gas
composition. It is clear that the Hy concentration in the product gas did
not always increase but decrease in some cases. For instance, Ni-Cu, Ni-
Zn, Ni-Fe and Ni-Ce bimetallic catalysts all obtained a lower Hy con-
centration of less than 50 vol.% in the product gas, while only Ni-Mg and
Ni-Co bimetallic catalysts got a H, concentration higher than that of just
NiO/y-Al,03 catalyst (as presented in Table 1). More importantly, with
the addition amount of secondary metal increasing, the Hy concentra-
tions in the product gas decreased as well for Ni-Cu, Ni-Zn, Ni-Fe and Ni-
Ce catalysts, while the Hy concentration increased slightly for Ni-Mg,
and the Ni-Co got a highest Hy concentration at the mass ratio of Ni/
Co of 1:0.5. As the Ni content on the catalyst surface kept constant at 15
wt.%, the additional secondary active metal with the increasing loading
amount was expected to gain more new active sites on the catalyst
surface, which thus further enhanced the volatiles gasification. But the
reality is that the increased amount of Cu, Zn, Fe and Ce active metals
did not show further enhancing effect on the steam gasification of vol-
atiles. It might be attributed that part of the Ni active sites were covered
by the other metals, a lower amount of secondary metal might exhibit
better synergistic effect between Ni and secondary metal during the
gasification process [50]. Overall, the introduction of Mg and Co onto
the NiO/y-Al,O3 catalyst was proven as a good way to further enhance
the volatiles gasification to produce more Hp.

In Table 2, the product gas yield from pyrolysis-gasification of
sawdust with the addition of the above bimetallic catalysts is presented.
It should be noted that only the results for the mass ratio of Ni to sec-
ondary metal of 1:0.25 were shown here as a representative. From
Table 2, it can be found that all the Hy yields were improved with
bimetallic catalysts compared to that with just NiO/y-Al,O3 catalyst
(Table 1), although the Hy concentration in the product gas decreased
with some of the bimetallic catalysts (Fig. 2). The introduction of sec-
ondary active metals onto NiO/y-Al,O3 catalyst indeed enhanced the
volatiles gasification, as more H; and carbonaceous gases were produced
with a higher total gas yield obtained. The yields of CO and CO,
increased greatly as well. However, the product gas still had a consid-
erable amount of hydrocarbon gases such as CH4, which did not actually
decrease but increase mostly. It would infer that the volatiles/tar would
be more sufficiently gasified/converted to form the small molecular
permanent gases due to the additional metal active sites and/or the
synergistic effect of the two kinds of metal active sites, while the steam
reforming of hydrocarbon gases was not significantly enhanced as ex-
pected, properly because of more hydrocarbon gases forming from the
tar cracking. Overall, from the perspective of Hy production, the
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Fig. 2. Effect of mass ratio of Ni to secondary active metal (Cu, Mg, Zn, Co, Ce, and Fe) for Ni-M/y-Al,O3 catalysts on the Hy-rich gas production from pyrolysis-
gasification of sawdust: (a) Ni-Cu, (b) Ni-Mg, (¢) Ni-Zn, (d) Ni-Co, (e) Ni-Fe, and (f) Ni-Ce.

catalytic performance of different bimetallic catalysts showed a
following sequence: Ni-Co/y-Al,03 > Ni-Mg/y-Al;03 > Ni-Fe/y-Al,03 >
Ni-Ce/y-Alo03 > Ni-Zn/y-Al,O3 > Ni-Cu/y-Al303. The addition of Zn
and Cu onto Ni/y-Al;O3 catalyst did not show comparable enhancing
effect on Hp production compared with other active metals during

volatiles gasification.
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Table 2
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Product gas yield (mL/g biomass) from pyrolysis-gasification of sawdust with addition of bimetallic catalysts under a mass ratio of Ni to secondary metal of 1:0.25.

Bimetallic Catalysts Ni-Fe/y-Al,03 Ni-Cu/y-Al,03

Ni-Ce/y-Al,03

Ni-Mg/y-Al,03 Ni-Zn/y-Al,03 Ni-Co/y-Al,O5

Hy 720.00 600.13 713.67 765.25 660.52 783.97
Cco 369.02 326.74 304.32 307.67 331.56 285.24
CO, 278.00 274.93 328.65 342.76 284.63 352.79
CHy4 68.95 65.63 71.27 59.18 70.33 53.69
Cop 0.04 3.78 0.16 0.93 0.30 0.95
Total gas yield 1437.01 1271.19 1418.08 1475.79 1347.35 1476.64

3.3. Determination of the sequence of catalysis and sorption during
sorption enhanced catalytic gasification process

Besides catalyst addition, calcined dolomite, as a CO5 absorbent, was
also introduced into the process to produce a higher purity of Hy
[16,36]. The position of catalyst and absorbent placing inside the
reactor was tested to determine the appropriate sequence of catalysis
and sorption during the process to achieve better Hy production per-
formance, the typical results are shown in Fig. 3.

Three kinds of catalyst and absorbent positions of (1) with catalyst on
top of absorbent, (2) with catalyst at bottom of absorbent, and (3) with
unique mixture of catalyst and absorbent were set during the experi-
ment, corresponding to three reaction modes of (1) catalysis followed
with sorption, (2) sorption followed with catalysis, and (3) simultaneous
catalysis and sorption. From Fig. 3, it can be observed that the position
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Fig. 3. Effect of the position of catalyst (NiO/y-Al,0O3) and absorbent (calcined
dolomite) on the Ha-rich gas production from pyrolysis-gasification of sawdust:
(a) product gas composition, and (b) product gas yield.

of NiO/y-Al,03 catalyst and calcined dolomite significantly affected the
formation of Hy-rich gas production, resulting in very different product
gas composition and yield. For instance, in the case of catalysis followed
with sorption, the concentration and yield of Hy in the product gas were
71.81 vol.% and 694.70 mL/g biomass, with lower contents of CO and
CO; of 14.38 and 7.67 vol.%, respectively. While in the case of sorption
followed with catalysis, the H content decreased to 63.16 vol.%, with a
slightly higher Hj yield of 732.59 mL/g biomass, the CO, content in the
product gas increased greatly to 16.95 vol.%. Comparatively, in the case
of simultaneous catalysis and sorption, the Hy concentration and yield
obtained their maximum values of 76.20 vol.% and 871.27 mL/g
biomass with the lowest contents of carbonaceous gases. NiO/y-AloO3
catalyst mainly catalyzed the volatiles gasification to produce more
small molecule permanent gases, while the calcined dolomite would
concentrate the product gas by in situ absorbing the COy from the
product gas and promote the water-gas shift (WGS) reaction to produce
more Hy [32,34]. First catalysis to achieve a high carbon conversion rate
and subsequent sorption to further enhance its Hy production were
proven to be an effective way to produce a Hy-rich gas as illustrated from
the results presented in Fig. 3. While oppositely, namely first sorption
followed with catalysis, although the calcined dolomite showed certain
catalytic effect during gasification process, part of unreacted volatiles
was subsequently catalyzed to produce more CO2 which would again
dilute the Hj in the product gas. By contrast, simultaneous catalysis and
sorption with better matching achieved the best Hy production perfor-
mance. Also, the addition of calcined dolomite indeed significantly
enhanced the production of Hy in terms of both concentration and yield.
Thus, physical mixing of catalyst and calcined dolomite would be con-
ducted for all the rest experiments for combining catalysis and sorption
during the process.

3.4. Effect of catalyst support on the Hy-rich gas production during
sorption enhanced catalytic gasification process

As stated previously, the catalyst support greatly affected the cata-
lytic performance of the Ni-based catalysts during volatiles gasification,
it is expected that it would exhibit different Hy production characteris-
tics when combined use with calcined dolomite during sorption
enhanced catalytic gasification process. Three above-mentioned Ni-
based supported catalysts were thus firstly tested here to find out the
possible effect of catalyst support on the Hy-rich gas production during
sorption enhanced catalytic gasification process, the results are shown in
Fig. 4.

From Fig. 4, it can be found that the Hy concentrations and yields
were significantly higher with the combination of Ni-based catalyst and
calcined dolomite compared with those with only Ni-based catalysts
(Table 1). The values were all over 75 vol.% and 845 mL/g biomass,
respectively. The addition of calcined dolomite along with Ni-based
catalyst further greatly enhanced the Hy production, while the concen-
trations and yields of CO and CO;, for all cases decreased significantly,
which are very similar with the results shown in Fig. 3. It might be
because of the in-situ removal of CO, from product gas and simulta-
neously shifting the reaction equilibrium of WGS reaction to produce
more Hy through the addition of calcined dolomite. However, other than
with only Ni-based catalysts, the product gas composition and yields
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Fig. 4. Effect of catalyst support on the Ha-rich gas production from pyrolysis-
sorption enhanced catalytic gasification of sawdust: (a) product gas composi-
tion, and (b) product gas yield.

with different catalysts and calcined dolomite showed relatively less
variations, the addition of calcined dolomite reduced the catalytic per-
formance difference for different supported catalysts as presented in
Table 1. The sorption enhancing effect of calcined dolomite during the
gasification process as well as its catalytic effect on the Hp-rich gas
production might be the main reason. Similar H, content and yield were
obtained for the catalysts with different supports together with calcined
dolomite, despite of other carbonaceous gases varied somehow. The
combination of catalysis and sorption indeed significantly improved the
H, production from biomass gasification with a Hy content and yield of
around 77 vol.% and 870 mL/g biomass.

Table 3
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3.5. Addition of bimetallic catalyst with calcined dolomite during sorption
enhanced catalytic gasification process

To further enhance the H; production, bimetallic catalysts were also
introduced into the sorption enhanced catalytic gasification process
together with calcined dolomite. The above 6 bimetallic catalysts were
evenly mixed with calcined dolomite in advance and tested for Hj
production, the results are presented in Table 3.

From Table 3, it can be observed that the addition of bimetallic
catalyst and calcined dolomite obtained significantly higher Hy con-
centrations and lower concentrations of CO and CO; in the product gas
compared with the cases with only bimetallic catalysts addition (Fig. 2
and Table 2). A highest H, concentration of 87.06 vol.% was achieved by
Ni-Cu/y-Aly03 catalyst and calcined dolomite, followed by Ni-Zn/
y-Al;03 catalyst and calcined dolomite (81.80 vol.%). While the cata-
lytic effect of Ni-Cu/y-Aly03 and Ni-Zn/y-Al,O3 for the volatiles gasifi-
cation was found to be relatively lower than the other bimetallic
catalysts (Fig. 2 and Table 2). The sequence for the Hy production per-
formance with the bimetallic catalysts and calcined dolomite was very
different with only bimetallic catalyst. Again, the catalysis and absorp-
tion of calcined dolomite could enhance the volatiles/tar reforming, CO;
absorption and WGS reaction to generate more Hy and concentrate the
H, in the product gas, a high Hy concentration was thus obtained [32].
In addition, the catalytic effect of calcined dolomite as well as its sorp-
tion enhancing effect could supplement the difference in catalytic effect
of various bimetallic catalysts [51], resulted in a high Hy content for a
lower activity catalyst, such as Ni-Cu/y-AlyOs. It also indicated that
better synergistic effect existed between calcined dolomite and Ni-Cu/
v-Al;03 and Ni-Zn/y-Al;O3 catalysts. At the reaction temperature of 650
°C, despite of the catalytic effect of calcined dolomite, the sorption
enhancing effect of calcined dolomite was dominated during the gasi-
fication, which could in situ absorb the CO; generated during the pro-
cess and shifted the WGS reaction to produce more Hy [52]. While ZnO
and CuO are regarded as effective catalysts for WGS reaction by forming
surface -OH to promote the WGS reaction [53]. Although the catalytic
effect of Ni-Cu/y-Al,O3 and Ni-Zn/y-Al;03 on the volatiles/tar reform-
ing somehow was sacrificed compared with other bimetallic catalysts,
their enhancing effect on WGS reaction might be the main reason for the
better synergistic effect with calcined dolomite. A very low concentra-
tions of CO and CO-, of 3.36 vol.% and 1.05 vol.% were achieved with Ni-
Cu/y-Al;03 and calcined dolomite. The total gas yield for the combi-
nation of bimetallic catalyst and calcined dolomite was significantly
lower as well due to the enhanced WGS reaction (consuming CO) and in
situ CO5 removal (CO; fixation into solid phase).

From the perspective of product gas yield, different bimetallic cata-
lysts with calcined dolomite did not show very remarkable differences in
the Hy yield, as stated previously, the addition of calcined dolomite did
offset the catalytic performance difference for different catalysts during
volatiles gasification. Compared with NiO/y-Al,O3 and calcined dolo-
mite (Fig. 3 or Fig. 4), bimetallic catalysts did not show unique

Product gas composition and yield from sorption enhanced catalytic gasification of sawdust with addition of calcined dolomite and bimetallic catalysts under a mass

ratio of Ni to secondary metal of 1:0.25.

Catalyst and
absorbent used

Ni-Cu/y-Al;03.;.
calcined dolomite

Ni-Mg/y-Al,03,
calcined dolomite

Ni-Zn/y-Al,03,
calcined dolomite

Ni-Co/y-Aly03.
calcined dolomite

Ni-Fe/y-Al,03.
calcined dolomite

Ni-Ce/y-Al,03
calcined dolomite

Product gas composition (vol. %)

H, 87.06 78.55 81.80
co 3.36 8.81 6.84
CO, 1.05 6.13 5.83
CHy4 8.09 6.51 5.52
Product gas yield (mL/g biomass)

H, 861.44 880.80 907.19
Cco 33.27 98.74 75.88
CO, 14.71 68.79 64.64
CH,4 80.04 73.00 61.20

Total gas yield 989.52 1121.35 1109.05

75.81 80.81 76.69
11.69 8.78 9.61
4.66 6.36 6.64
7.84 4.04 7.06
803.09 878.71 866.66
123.79 95.49 108.62
49.37 69.21 74.99
83.04 43.94 79.77
1059.31 1087.35 1130.05
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advantage in term of Hj yield, while the concentrations of CO and CO,
decreased with bimetallic catalysts, especially for Ni-Cu/y-Al,O3 and Ni-
Zn/y-Aly03, as well as Ni-Fe/y-Al;0s, resulting in a higher H, concen-
tration in the product gas. It indicated that the synergistic effects of two
metal actives and metal actives with calcined dolomite would more
affect the WGS reaction to produce Hj at the expense of consuming of CO
and CO,. Overall, bimetallic catalysts showed better performance for
generating high purity and yield of Hy when used with calcined dolomite
during the sorption enhanced catalytic gasification process [52].

4. Conclusions

Catalysis/sorption enhanced pyrolysis-gasification of sawdust for
Ha-rich gas production was conducted in a two-stage fixed-bed reactor,
the effects of addition of various Ni-based catalysts including mono-
metallic and bimetallic catalysts and their combination with calcined
dolomite were tested in this study. The results showed that catalyst
support surely affected the catalytic performance of Ni-based catalysts
during the sawdust pyrolysis-volatiles gasification process, NiO/SiO;
obtained the highest Hy concentration and yield, followed by NiO/
v-Aly03 and NiO/ZSM-5. The addition of secondary active metals (Cu,
Mg, Zn, Co, Fe and Ce) onto NiO/y-Al;03 introduced additional active
sites on the catalyst surface and exhibited synergistic effect with Ni sites,
which further improved the Hy production. The introduction of Mg and
Co was demonstrated to be better than other metals, while the addition
of Zn and Cu did not show comparable enhancing effect on Hy produc-
tion compared with other active metals. Calcined dolomite was also
introduced into the process to further enhance the Hy production, it was
proven that simultaneous catalysis and sorption was better for Hy pro-
duction than both catalysis followed by sorption and sorption followed
by catalysis. The self-catalytic performance and sorption enhancing ef-
fect of calcined dolomite on volatiles gasification were found to be able
to offset the catalytic performance difference for different Ni-based
catalysts, the Hy concentrations and yields with different catalysts and
calcined dolomite showed relatively less variations of around 77 vol.%
and 870 mL/g biomass. Compared to monometallic catalysts with
calcined dolomite, the bimetallic catalysts together with calcined dolo-
mite did not significantly improve the Hj yield, but further increased the
H, concentration in the product gas. The Ni-Cu/y-Al;O3 and Ni-Zn/
v-Al,O3 catalysts with good performance on WGS reaction showed
better synergistic effect with calcined dolomite, a highest Hy concen-
tration of 87.06 vol. % was achieved by Ni-Cu/y-Al,O3 catalyst. The
absorption capacity of calcined dolomite was further demonstrated by
the results obtained with the Ni-Cu/y-Al,O3 catalyst with and without
calcined dolomite. A sharp drop in CO, yield was observed from 274.93
mL/g (Ni-Cu/y-Al;03) to 14.71 mL/g (Ni-Cu/y-Al,O3 + calcined
dolomite).

CRediT authorship contribution statement

Christian Fabrice Magoua Mbeugang: Writing — original draft,
Investigation, Formal analysis, Data curation. Bin Li: Writing — review &
editing, Writing — original draft, Supervision, Methodology, Funding
acquisition, Formal analysis, Conceptualization. Xing Xie: Writing —
review & editing. Juntao Wei: Writing — review & editing, Supervision,
Methodology. Yusuf Makarfi Isa: Writing — review & editing. Alex-
ander Kozlov: Writing — review & editing. Maxim Penzik: Writing —
review & editing.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Fuel 372 (2024) 132195
Data availability
Data will be made available on request.
Acknowledgements

The authors would like to express their sincere thanks for the
financial support from the National Natural Science Foundation of China
(52276196) and the High-level Talent Foundation of Anhui Agricultural
University (rc412307).

References

[1] LiB, Wei L, Yang H, Wang X, Chen H. The enhancing mechanism of calcium oxide
on water gas shift reaction for hydrogen production. Energy 2014;68:248-54.

[2] Jara-Cobos L, Abril-Gonzalez M, Pinos-Velez V. Production of Hydrogen from
Lignocellulosic Biomass: A Review of Technologies. Catalysts 2023;13:766.

[3] Wijitkosum S. Influence of Pyrolysis Temperature and Time on Biochar Properties
and Its Potential for Climate Change Mitigation. Journal of Human, Earth, and
Future 2023;4:472-85.

[4] Sun T, Shrestha E, Hamburg SP, Kupers R, Ocko IB. Climate Impacts of Hydrogen
and Methane Emissions Can Considerably Reduce the Climate Benefits across Key
Hydrogen Use Cases and Time Scales. Environmental Science & Technology 2024;
58:5299-309.

[5] Busch P, Kendall A, Lipman T. A systematic review of life cycle greenhouse gas

intensity values for hydrogen production pathways. Renewable & Sustainable

Energy Reviews 2023;184:113588.

Ueckerdt F, Bauer C, Dirnaichner A, Everall J, Sacchi R, Luderer G. Potential and

risks of hydrogen-based e-fuels in climate change mitigation. Nature Climate

Change 2021;11:384-93.

Yanarates C, Okur S, Altan A. Performance analysis of digitally controlled

nonlinear systems considering time delay issues. Heliyon 2023;9:e20994.

[8] Huang Y, Li B, Liu D, Xie X, Zhang H, Sun H, et al. Fundamental Advances in
Biomass Autothermal/Oxidative Pyrolysis: A Review. ACS Sustainable Chemistry &
Engineering 2020;8:11888-905.

[9] Zhang S, Zou K, Li B, Shim H, Huang Y. Key Considerations on The Industrial
Application of Lignocellulosic Biomass Pyrolysis toward Carbon Neutrality.
Engineering 2023;29:35-8.

[10] Raj T, Chandrasekhar K, Naresh Kumar A, Rajesh Banu J, Yoon J-J, Kant Bhatia S,
et al. Recent advances in commercial biorefineries for lignocellulosic ethanol
production: Current status, challenges and future perspectives. Bioresource
Technology 2022;344:126292.

[11] Parthasarathy P, Narayanan KS. Hydrogen production from steam gasification of
biomass: Influence of process parameters on hydrogen yield - A review. Renewable
Energy 2014;66:570-9.

[12] Alptekin FM, Celiktas MS. Review on Catalytic Biomass Gasification for Hydrogen
Production as a Sustainable Energy Form and Social, Technological, Economic,
Environmental, and Political Analysis of Catalysts. ACS Omega 2022;7:24918-41.

[13] Ghodke PK, Sharma AK, Jayaseelan A, Gopinath KP. Hydrogen-rich syngas
production from the lignocellulosic biomass by catalytic gasification: A state of art
review on advance technologies, economic challenges, and future prospectus. Fuel
2023;342:127800.

[14] Vallejos-Burgos F, Diaz-Pérez N, Silva-Villalobos A, Jiménez R, Garcia X,
Radovic LR. On the structural and reactivity differences between biomass- and
coal-derived chars. Carbon 2016;109:253-63.

[15] Liu L, Memon MZ, Xie Y, Gao S, Guo Y, Dong J, et al. Recent advances of research
in coal and biomass co-firing for electricity and heat generation. Circular Economy
2023;2:100063.

[16] Li B, Magoua Mbeugang CF, Huang Y, Liu D, Wang Q, Zhang S. A review of CaO
based catalysts for tar removal during biomass gasification. Energy 2022;244:
123172.

[17]1 Chen H, Li B, Yang H, Yang G, Zhang S. Experimental investigation of biomass
gasification in a fluidized bed reactor. Energy & Fuels 2008;22:3493-8.

[18] Sikarwar VS, Zhao M, Clough P, Yao J, Zhong X, Memon MZ, et al. An overview of
advances in biomass gasification. Energy & Environmental Science 2016;9:
2939-77.

[19] Magoua Mbeugang CF, Li B, Lin D, Xie X, Wang S, Wang S, et al. Hydrogen rich
syngas production from sorption enhanced gasification of cellulose in the presence
of calcium oxide. Energy 2021;228:120659.

[20] Soomro A, Chen S, Ma S, Xiang W. Catalytic activities of nickel, dolomite, and
olivine for tar removal and Ha-enriched gas production in biomass gasification
process. Energy & Environment 2018;29:839-67.

[21] Tan RS, Abdullah TAT, Johari A, Isa KM. Catalytic steam reforming of tar for
enhancing hydrogen production from biomass gasification: a review. Frontiers in
Energy 2020;14:545-69.

[22] Sutton D, Kelleher B, Ross JRH. Review of literature on catalysts for biomass
gasification. Fuel Processing Technology 2001;73:155-73.

[23] Wu C, Wang Z, Huang J, Williams PT. Pyrolysis/gasification of cellulose,
hemicellulose and lignin for hydrogen production in the presence of various nickel-
based catalysts. Fuel 2013;106:697-706.

[6

i

[7

—


http://refhub.elsevier.com/S0016-2361(24)01343-7/h0005
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0005
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0010
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0010
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0015
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0015
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0015
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0020
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0020
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0020
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0020
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0025
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0025
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0025
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0030
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0030
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0030
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0035
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0035
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0040
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0040
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0040
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0045
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0045
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0045
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0050
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0050
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0050
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0050
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0055
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0055
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0055
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0060
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0060
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0060
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0065
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0065
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0065
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0065
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0070
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0070
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0070
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0075
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0075
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0075
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0080
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0080
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0080
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0085
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0085
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0090
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0090
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0090
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0095
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0095
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0095
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0100
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0100
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0100
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0105
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0105
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0105
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0110
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0110
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0115
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0115
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0115

C. Fabrice Magoua Mbeugang et al.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Miccio F, Piriou B, Ruoppolo G, Chirone R. Biomass gasification in a catalytic
fluidized reactor with beds of different materials. Chemical Engineering Journal
2009;154:369-74.

Chen G, Li J, Liu C, Yan B, Cheng Z, Ma W, et al. Low-Temperature Catalytic
Cracking of Biomass Gasification Tar Over Ni/HZSM-5. Waste and Biomass
Valorization 2019;10:1013-20.

Gao Y, Wang M, Raheem A, Wang F, Wei J, Xu D, et al. Syngas Production from
Biomass Gasification: Influences of Feedstock Properties, Reactor Type, and
Reaction Parameters. ACS Omega 2023;8:31620-31.

Wei L, Yang H, Li B, Wei X, Chen L, Shao J, et al. Absorption-enhanced steam
gasification of biomass for hydrogen production: Effect of calcium oxide addition
on steam gasification of pyrolytic volatiles. International Journal of Hydrogen
Energy 2014;39:15416-23.

Liu R, Li C, Zheng J, Xue F, Yang M, Zhang Y. Hydrogen-rich syngas production via
sorption-enhanced steam gasification of biomass using FexNiyCaO bi-functional
materials. Energy 2023;281:128269.

Li C, Gong X, Zhang H, Zhang Y. A modified two-stage sorption-enhanced steam
gasification of biomass process for Hy production. Fuel 2023;352:129018.

Li B, Chen H, Yang H, Wang X, Zhang S, Dai Z. Modeling and Simulation of Calcium
Oxide Enhanced H, Production from Steam Gasification of Biomass. Journal of
Biobased Materials and Bioenergy 2011;5:378-84.

Li B, Yang H, Wei L, Shao J, Wang X, Chen H. Hydrogen production from
agricultural biomass wastes gasification in a fluidized bed with calcium oxide
enhancing. International Journal of Hydrogen Energy 2017;42:4832-9.

Li B, Magoua Mbeugang CF, Xie X, Wei J, Zhang S, Zhang L, et al. Catalysis/CO,
sorption enhanced pyrolysis-gasification of biomass for Hy-rich gas production:
Effects of activated carbon, NiO active component and calcined dolomite. Fuel
2023;334:126842.

Li B, Fabrice Magoua Mbeugang C, Liu D, Zhang S, Wang S, Wang Q, et al.
Simulation of sorption enhanced staged gasification of biomass for hydrogen
production in the presence of calcium oxide. International Journal of Hydrogen
Energy 2020;45:26855-64.

Li B, Yang H, Wei L, Shao J, Wang X, Chen H. Absorption-enhanced steam
gasification of biomass for hydrogen production: Effects of calcium-based
absorbents and NiO-based catalysts on corn stalk pyrolysis-gasification.
International Journal of Hydrogen Energy 2017;42:5840-8.

Corujo A, Yermdn L, Arizaga B, Brusoni M, Castiglioni J. Improved yield
parameters in catalytic steam gasification of forestry residue; optimizing biomass
feed rate and catalyst type. Biomass and Bioenergy 2010;34:1695-702.

Zhang B, Zhang L, Yang Z, He Z. An experiment study of biomass steam gasification
over NiO/Dolomite for hydrogen-rich gas production. International Journal of
Hydrogen Energy 2017;42:76-85.

Taufig-Yap YH, Sivasangar S, Salmiaton A. Enhancement of hydrogen production
by secondary metal oxide dopants on NiO/CaO material for catalytic gasification of
empty palm fruit bunches. Energy 2012;47:158-65.

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Fuel 372 (2024) 132195

Gavrilovi¢ L, Kazi SS, Nelson A, Oliveira AGP, Meyer J. Ni alumina-based catalyst
for sorption enhanced reforming - Effect of calcination temperature. Catalysis
Communications 2023;185:106800.

Mladenova E, Slavova M, Abrashev B, Terziev V, Burdin B, Raikova G.
Investigation of Ni- and Co-Based Bifunctional Electrocatalysts for Carbon-Free Air
Electrodes Designed for Zinc-Air Batteries. Emerging Science Journal 2023;7:
991-1003.

Mufrodi Z, Shitophyta LM, Sulistyo H, Rochmadi AM. Reaction of Carbon Dioxide
Gas Absorption with Suspension of Calcium Hydroxide in Slurry Reactor. Emerging
Science Journal 2023;7:328-38.

Li B, Song M, Xie X, Wei J, Xu D, Ding K, et al. Oxidative fast pyrolysis of biomass
in a quartz tube fluidized bed reactor: Effect of oxygen equivalence ratio. Energy
2023;270:126987.

Gupta S, Deo G. Effect of metal amount on the catalytic performance of Ni-Al,O3
catalyst for the Tri-reforming of methane. International Journal of Hydrogen
Energy 2023;48:5478-92.

Wang J, Kang D, Shen B, Sun H, Wu C. Enhanced hydrogen production from
catalytic biomass gasification with in-situ CO, capture. Environmental Pollution
2020;267:115487.

Kong M, Fei J, Wang S, Lu W, Zheng X. Influence of supports on catalytic behavior
of nickel catalysts in carbon dioxide reforming of toluene as a model compound of
tar from biomass gasification. Bioresource Technology 2011;102:2004-8.

Li B, Zhao L, Xie X, Lin D, Xu H, Wang S, et al. Volatile-char interactions during
biomass pyrolysis: Effect of char preparation temperature. Energy 2021;215:
119189.

Ashok J, Dewangan N, Das S, Hongmanorom P, Wai MH, Tomishige K, et al. Recent
progress in the development of catalysts for steam reforming of biomass tar model
reaction. Fuel Processing Technology 2020;199:106252.

Chan FL, Tanksale A. Review of recent developments in Ni-based catalysts for
biomass gasification. Renewable & Sustainable Energy Reviews 2014;38:428-38.
J. Ashok Y, Kathiraser ML, Ang SK. Ni and/or Ni-Cu alloys supported over SiO2
catalysts synthesized via phyllosilicate structures for steam reforming of biomass
tar reaction Catalysis Science & Technology 5 2015 4398 4409.

J. Ashok S. k. Nickel-iron alloy supported over iron-alumina catalysts for steam
reforming of biomass tar model compound ACS Catalysis 4 2014 289 301.

Sun H, Wang Y, Xu S, Osman Al, Stenning G, Han J, et al. Understanding the
interaction between active sites and sorbents during the integrated carbon capture
and utilization process. Fuel 2021;286:119308.

Wang N, Guo X, Ma S, Feng Y. Understanding the synergistic effect of Ni/Al,O3 on
CO adsorption and sintering properties of CaO in sorption-enhanced steam
reforming process. Fuel 2023;341:127766.

Wang Y, Li Y. Sorption-enhanced steam gasification of biomass for Hp-rich gas
production and in-situ CO2 capture by CaO-based sorbents: a critical review.
Applications in Energy and Combustion Science 2023;14:100124.

Zhang Z, Chen X, Kang J, Yu Z, Tian J, Gong Z, et al. The active sites of Cu-ZnO
catalysts for water gas shift and CO hydrogenation reactions. Nature
Communications 2021;12:4331.


http://refhub.elsevier.com/S0016-2361(24)01343-7/h0120
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0120
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0120
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0125
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0125
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0125
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0130
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0130
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0130
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0135
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0135
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0135
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0135
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0140
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0140
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0140
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0145
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0145
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0150
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0150
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0150
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0155
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0155
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0155
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0160
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0160
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0160
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0160
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0165
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0165
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0165
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0165
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0170
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0170
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0170
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0170
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0175
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0175
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0175
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0180
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0180
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0180
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0185
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0185
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0185
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0190
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0190
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0190
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0195
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0195
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0195
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0195
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0200
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0200
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0200
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0205
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0205
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0205
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0210
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0210
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0210
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0215
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0215
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0215
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0220
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0220
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0220
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0225
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0225
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0225
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0230
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0230
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0230
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0235
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0235
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0250
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0250
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0250
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0255
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0255
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0255
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0260
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0260
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0260
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0265
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0265
http://refhub.elsevier.com/S0016-2361(24)01343-7/h0265

	Catalysis/sorption enhanced pyrolysis-gasification of biomass for H2-rich gas production: Effects of various nickel-based c ...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation of Ni-based catalysts and CO2 absorbent
	2.3 Biomass pyrolysis-gasification experiments

	3 Results and discussion
	3.1 Effect of catalyst support on the H2-rich gas production during pyrolysis-gasification of biomass
	3.2 Effect of secondary active metal addition onto Ni-based catalyst on the H2-rich gas production during pyrolysis-gasific ...
	3.3 Determination of the sequence of catalysis and sorption during sorption enhanced catalytic gasification process
	3.4 Effect of catalyst support on the H2-rich gas production during sorption enhanced catalytic gasification process
	3.5 Addition of bimetallic catalyst with calcined dolomite during sorption enhanced catalytic gasification process

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


