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Abstract: Pyrolysis of waste biomass sawdust coupled with sorption-enhanced
catalytic steam reforming of the pyrolysis gases has been investigated using a novel Ni-
Ca0-CazSi04 hybrid-functional material for enhanced hydrogen production. Using hybrid
stabilized materials with integrated sorption and catalysis functions overcomes the
thermodynamic constraint of the reforming reaction equilibrium. The Ni-CaO-CaxSi04
hybrid-functional material was prepared under different catalyst drying methods to
determine the influence on hydrogen yield. In addition, the process parameters of water
injection rates, and catalytic temperature were investiugated to optimise the process. The
results showed that the presence of Ni-CaO-Ca2Si04 significantly improved the yield and
volume fraction of syngas. The spray-dried hybrid-functional material was shown to be the
most effective in terms of Hz yield and purity in the syngas owing to its relatively high
stability and higher surface area. The Ni-CaO-Ca2SiO4 material prepared using spray
drying gave the highest Hz yield of 25.75 mmol gbiomass”' that was eight times higher than
the material-free test at a reforming temperature of 850 °C and water injection rate of 5 mL
h'!. Furthermore, the highest yield syngas (Hz2 and CO) was also achieved under these
conditions, and where the optimal calorific value of the total gaseous products was 10.63
kI m?.

Keywords: biomass waste, steam gasification, hydrogen, two-stage fixed-bed reactor,
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1. Introduction

Developing new renewable energy has attracted major recent interest [1]. Biomass
energy is an alternative to fossil fuels has a number of advantages as a renewable energy
resource. For an example, biomass is rich in organic material with high volatile content
which makes it suitable for thermochemical resource utilization to produce high-quality
energy and contains lower amounts of nitrogen and sulfur minimising pollution of the
environment [2,3]. It is also produced as waste biomass as the by-product of agriculture,
forestry, and food-processing streams [4]. In particular, the waste can be converted into a
gas product through gasification in the presence of gasifying agents [5]. Water steam is one
of the most widely used gasifiers [6]. Additional addition of steam or retention of a proper
amount of water in the feedstock can enhance catalytic activity and provide hydrogen
production [7-8]. Syngas can be used as fuel to generate electricity or as raw material to
synthesize chemicals such as ammonia and methanol [9,10]. Hydrogen is also regarded as
a pollutant-free fuel and high calorific value energy source, and can be used in fuel cells,
chemical synthesis, float glass etc. [11,12]. The development and application of hydrogen
also provides a promising solution for mitigation of global warming as a low carbon fuel.
The yield and quality of syngas or hydrogen generated from biomass determines the

conversion efficiency of biomass energy.



Two-stage thermochemical processing of biomass, by pyrolysis of the biomass to
produce a range of gases in the first stage followed by catalytic steam
reforming/gasification of the pyrolysis gases in the second stage has proven to produce
syngas or hydrogen [13]. Compared with the one-stage batch reactor system in which
pyrolysis samples and catalysts are mixed, the two-stage fixed bed reactor system 1is
favorable for catalyst recovery. In addition, pyrolysis requires a lower temperature than
catalytic steam reforming/gasification, so the two stage system allows for separate
temperature controlled reactors. Also, the two-stage reactor ensures better interaction
between pyrolysis gases and the catalyst. For the two-stage fixed-bed reactor, the catalyst
is one of the most important parameters to affect gas production

Sorption-enhanced catalytic steam reforming of biomass consists of catalytic
reforming and CO: adsorption for syngas and hydrogen production [14-17]. In our previous
work, a hybrid-functional material in the form of Ni-CaO-Ca2S104 was developed for
sorption-enhanced catalytic steam reforming of biomass and showed enhanced hydrogen
production performance and cyclic stability [18]. It has been reported that during the
preparation of multifunctional sorption/catalytic materials, the drying method of the
materials has been shown to strongly influence their structure and activity [19-21]. For
examples, Moom et al. found that the performance of a freeze dried catalyst (NiCo-CeZr)

was better than an oven dried catalyst for the conversion of methane to H2/CO in the dry



reforming of CH4 with CO2 [19]. Le et al. reported that catalyst synthesis by spray drying
was not only a fast process but also showed high reproducibility [20]. Driessche et al.
confirmed that the spray drying method was conducive to the formation of uniform
particles of Bi2xPbxSr2CaxCusOy [21].

In this work, a hybrid-functional material, Ni-CaO-Ca2SiO4, was used in a two-stage
fixed-bed reactor for the pyrolysis-catalytic steam reforming of biomass waste. To explore
the effect of drying methods on material structure and catalytic activity, the materials
prepared by spray drying, oven drying spray and freeze drying were investigated. The
influence of process parameters, water injection rate and reforming temperature were also
investigated for the optimization of the process. This work provides an important basis for
the large-scale application of steam gasification technology with the hybrid-functional

material, Ni-CaO-Ca2SiOs.

2. Materials and methods

2.1 Feedstock and catalysts

The biomass used was obtained from Liverpool Wood Pellets Ltd., Liverpool, UK in

the form of waste wood pellets which were shredded and sieved to produce sawdust



(average particle size ~0.2 mm). Table 1 shows the results of proximate and ultimate
analysis of the sawdust. The liquid precursor for manufacture of the Ni-CaO-Ca2SiO4
hybrid-functional material was synthesized from tetraethyl orthosilicate, nitric acid,
calcium acetate, and nitrate hexahydrate. Firstly, 5 mmol pure tetraethyl orthosilicate was
added to Immol L' nitric acid and stirred in a magnetic stirrer at 600 min™' for 40 minutes
until the mixed solution was completely dissolved. 45 mmol calcium oxalate and nitrate
hexahydrate were added to the mixed solution in sequence to obtain the liquid precursor.
Specific synthesis methods were described in detail in our previous work [18]. Then, the
liquid precursor was dried by three methods: freeze drying, oven drying, and spray drying.

Oven drying is a conventional method of direct heating of the liquid precursor with
simultaneous stirring with a magnetic heating agitator at 80 °C until a slurry is developed
for oven drying [22-24]. During the spray drying process, the solution precursor was
atomized to small particles into the drying chamber, where the moisture rapidly evaporated
when contacting the hot air ~300 °C. In the freeze drying process, the liquid precursor was
frozen and sealed at -80 °C under vacuum. The liquid precursor is dried by sublimation of
ice to water vapor [12].

The material samples dried by the different methods were calcined at 750 °C
thermostatically for 2 h after the drying process with a heating rate of 20 °C min™' in air

followed by sieving to produce particles in a range between 50 um to 212 pm. In order to



achieve high catalytic efficiency, all catalysts were reduced under a mixture of 5 vol % Ha

and 95 vol.% N2 for 2 h at 800 °C.

2.2 Material characterization

The crystal structures of the fresh hybrid-functional materials were identified by X-
ray diffraction (XRD) using a Rigaku Dmax/2500 XRD with a scanning angle of 10-90°
(8° min) and a Cu, Ka X-ray radiation at wavelength 0.1542 nm. The morphology of the
produced materials was obtained by scanning electron microscopy (SEM) using a JSM-
5610LV, JEOL, instrument coupled with elemental content analysis using an energy
dispersive X-ray spectrometer (EDXS). The specific surface area, total pore volume and
pore size distribution of the materials prepared using the three drying methods were
obtained by N2 adsorption—desorption isotherms using a Quanta chrome auto sorb-i Q-C
instrument. The specific surface area was calculated by the Brunauer, Emmett and Teller
(BET) method, and BJH was used to calculate the total pore volume and pore size

distribution.



2.3 Pyrolysis-catalytic steam reforming reactor system

The two-stage fixed-bed pyrolysis-catalytic steam reforming reactor system used for
producing syngas and hydrogen from biomass is shown as a schematic diagram in Figure
1. The reactors were constructed of stainless steel each was 160 mm in length with an
internal diameter of 22 mm, with each stage independently electrically heated and
temperature controlled. In order to minimize the mutual influence of temperature on the
two stages, the biomass sample crucible was hung at the center of the pyrolysis reactor.
The condensation system is composed of air-cooling to perform initial condensation at
ambient temperature followed by a dry ice condenser maintained at -78 °C which ensures
condensation of the condensable hydrocarbons. N2 was used as purge carrier gas with a
flow rate of 100 mL min~!. Before starting experiments, the catalytic reactor stage was first
preheated to the set temperature before the start of pyrolysis. The waste biomass sawdust
was placed in the sample crucible in the pyrolysis reactor and heated at a heating rate of
40 °C min to the final temperature of 600 °C. Water was added to the second stage
catalytic reactor by a syringe pump that immediately evaporated the water into steam at
high temperature. The volatiles produced by pyrolysis of the biomass pass through the
catalytic reactor where the Ni-CaO-Ca2Si04 was placed, where reforming/gasification

reactions occur. The product gases passing through the condensation system were collected



by a gas sample bag and analyzed oft-line by gas chromatography (GC).

2.4 Analytical methods

The permanent gases (Hz, CO, Oz, and N2) and CO:z collected in the gas sample bag
were analyzed by a Varian 3380 gas chromatograph with the same thermal conductivity
detector but different molecular sieve columns, a 60-80 mm mesh packing for permanent
gases, and 80-100 mm mesh packing for COz. Hydrocarbons including Ci-Cs were detected
by a separate Varian CP-3380 GC with flame ionization detection and 80-100 mm mesh
HayeSep column. The total mass of gaseous products was calculated by the data from the
GC. The mass of char was obtained by the mass difference of the pyrolysis stage sample
crucible before and after the experiments. The mass difference of the condenser before and
after gasification was recorded as the product liquid. The quantity of tar/bio-oil was
calculated by difference based on the char and gas data in relation to the mass of biomass
feedstock.

The lower heating value (LHV) of the product gas represented the heat released by
the fuel gas during combustion and was calculated by [25]:

LHV = (25.7Xy, + 30X¢o + 85.4Xcp, + 1513 X X¢ 4, ) X 4.2 (Eq.1D

Xu,XcoXcu,Xc, i, : molar fraction of H,, CO, CH,and CoHm.
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3. Results and discussion

3.1 Materials characterization

The crystal structure of the hybrid-functional materials prepared by the three different
drying methods were determined using XRD and the diffraction spectra results are shown
in Figure 2. All of the diffraction peaks of Ni, CaO, and Ca2SiO4 are clearly observed,
which demonstrates the presence of these three crystallographic particles in all three
materials. The sizes of the crystallographic particles were calculated according to the
Scherrer equation and the results are shown in Table 2. As can be seen from the data, the
crystal spacing of CaO and Ca2Si04 crystallographic particles by freeze drying and spray
drying were much smaller than those of oven drying. This is due to the influence of liquid
surface tension, molecular agglomeration occurs when solutes precipitating by oven drying.
Spray drying and freeze drying have less significant liquid surface tension and molecular
agglomeration. Water would be evaporated in-situ during the freeze drying process, and
the precursor solution was dispersed into tiny droplets before evaporation during the spray
drying process. So, oven drying had the largest crystal spacing [26].

The SEM and EDXS elemental mapping images of the hybrid-functional materials by

the oven, spray and freeze drying methods are shown in Figure 3, showing the distribution



of the Ni, Ca and Si elements from EDXS mapping images. The three elements were visible
and mixed, which confirmed the presence of Ni, Ca, and Si as a mixing. However, different
drying methods correspond to different mixing uniformity. The oven-dried material showes
obvious color block aggregation, which represents relatively poor dispersion. The spray
drying and freeze drying processes may lead to a more porous structure as indicated by the
surface area data shown in Table 3. The oven-dried particles also appeared to be
agglomerated from the SEM image (Figure 3b). This could be explained as the liquid
surface tension occurred at the gas-liquid interface, resulting in a downward force to the
nearby particles followed by the coalescence of all particles [27]. However, freeze drying
and spray drying avoid the pore structure collapse caused by surface tension. As mentioned
above, water would be evaporated in-situ during the freeze drying process, so the gaps
between the particles were well preserved. The precursor solution was dispersed into tiny
droplets before evaporation during the spray drying process, therefore the pore structure
was well preserved [28,29].

The adsorption-desorption isotherms of oven-dried material in Figure 4b showed a
kind of concave adsorption curve (Type V), in which the adsorption gas volume increases
with the increase of component pressure. It was the typical physical adsorption process of
mesoporous or macroporous adsorbents combined with Figure 4d. Figure 4a 4b and 4c

show that the materials by three drying methods had adsorption hysteresis loops which was
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a typical feature of mesoporous capillary aggregation [30]. The details of the void system
of samples prepared by three drying methods were shown in and Table 3. It indicated that
the specific surface area of the spray dried material was slightly higher than that of freeze
dried material and nearly 5 times higher than that of the oven-dried material. So, the freeze
drying and spray drying methods used for Ni-CaO-Ca2S104 material preparation were
more beneficial than oven drying. More importantly, the pore size distribution in Figure 4d
showed that there were abundant pores between 30 to 40 nm existing in all the three
materials, but, the freeze dried and spray dried materials possessed many pores below 5
nm, while the oven-dried material did not show the presence of these smaller pores. The
classification of porosity defines micropores (pore size <2 nm), mesopores (2-50 nm), and
mesopores (>50 nm). The results suggested that freeze drying and spray drying methods

could increase the specific surface area by generating more pores below 5 nm.

3.2 Effect of sorption-catalyst drying methods on catalyst activity

The materials prepared by the three different drying methods were applied as sorption
enhanced catalyst hybrid functional materials for the biomass sawdust pyrolysis-catalytic
reforming process with the two-stage fixed-bed reactor. For the experiments, the final
pyrolysis stage temperature, 600 °C, the catalyst/sorption stage temperature was 850 °C

and the water injection rate was 5 mL h™!. The results are shown in Figure 5. The spray
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dried material produced the highest hydrogen purity and hydrogen yield at 53.93 vol.% and
25.75 mmol gbiomass ', respectively. The oven-dried material showed a similar hydrogen
purity and yield (53.8 vol.%, 24.93 mmol gbiomass '), whereas the freeze dried material
showed the lowest purity and yield (50.84 vol.%, 19.03 mmol gbiomass ). The results suggest
that the different drying methods affected the sorption-catalytic effective performance of
the material by the development of different pore structures [31].

During the experiments, pyrolysis volatiles produced from the pyrolysis of biomass
reacted with steam in the presence of the active Ni and CaO of the hybrid functional
material that was attached to the surface of the CaxSiO4. The larger the pore surface area
of the catalyst-sorption material suggests that there will be more reaction sites available for
reaction, which represents improved catalytic and CO: capture performance [32,33]. The
spray-dried material had a larger surface area than the oven-dried material, which suggests
the reason for higher catalytic performance in relation to hydrogen purity and yield [34].
However, the freeze-dried material had a similar surface area (35.5 m? g'!) to the spray
dried material and significantly higher than the oven-dried material, but exhibited the
lowest hydrogen purity and yield (Figure 5). The reason may be that the freeze-dried
material had poor stability under the thermal conditions of the experiments, and some
structural changes may have occurred during the mass transfer and reaction processes.

Manovic and Anthony proposed a “skeletal theory” which could further provide a
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theoretical explanation for the experiment results [35]. They suggested that CaO had a
"hard skeleton" supporting the material structure and a "soft skeleton" that reacted rapidly
with gases during the process of CO: capture. The hard skeleton supported and maintained
the basic structure of material particles and the reactive soft skeleton was the main area of
bulk diffusion. In this work, this theory has been summarized as a stereogram, as shown in
Figure 6. Song et al. further applied this theoretical model to explain the structure of
different drying methods of CaO [27]. Freeze drying had a pre-freezing process of the
liquid precursor for a sufficient period of time to form dendritic ice crystals, and the
moisture was evaporated directly into vapor in-situ under vacuum in a dry state, and a fine
porous structure was easily formed. Oven drying formed compacted materials due to the
effect of surface tension, and spray drying, after dispersing the liquid as tiny droplets, was
dried quickly, so the porous structure which had uniform shape was easily formed. Song et
al. suggested that the structure formed by freeze drying lacked the support of the hard
skeleton, and was mostly formed by a soft skeleton, so it was not stable enough during
reaction [27]. This theory also applies well in this work, although the fresh freeze-dried
material had a larger surface area than that of the oven-dried material, its poor stability
determined that its catalytic-adsorption performance in the experiments was poor. Spray
drying particles were relatively uniform, with fine pore structure and good soft skeletons,

at the same time, the particles had sufficient hard skeletons to support the material structure,
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so the spray dried material showed the best catalytic-adsorption properties in relation to
hydrogen gas purity and hydrogen yield.

With the same temperature and water injection rate (850 °C, 5ml h''), the total gas
production was maintained within 74~78 wt.% for the different drying methods. The results
have demonstrated that the method of drying of the materials was not the main factor
affecting the total gas production, but had a significant impact on the product gas
composition, mainly in terms of hydrogen yield and purity. The spray-dried material was
the most effective in terms of the promotion of hydrogen gas purity and hydrogen yield,

and was selected for subsequent experiments to optimize the process conditions.

3.3 Effect of water injection rate on gas production.

The effect of water injection rate into the second stage catalytic reactor was
investigated using the spray dried preparation process for the Ni-CaO-Caz2SiO4 in the
pyrolysis-catalytic reforming/sorption process using the two-stage fixed-bed reactor. The
pyrolysis stage final temperature was 600 °C and the second stage catalyst/sorption reactor
temperature was 850 °C.

The results in relation to product yield, gas yield and gas composition for the
pyrolysis-catalytic steam reforming/sorption of the waste biomass with different water

injection rates from 0 to 5 mL h™' are shown in Figure 7. The purity and yield of hydrogen
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gas improved with the increase of water injection rate and reached a peak at the water
injection rate of 5 mL h'!, producing a hydrogen volumetric gas composition of 53.93 vol.%
and a hydrogen yield of 25.75 mmol gviomass”. In addition, as the water injection rate was
increased, the CO2 yield also increased, and CO yield declined, since the CO reacted with
steam to produce CO2 and H: (water gas shift reaction) (Eq. 2), in which the steam was
used as a gasifying agent to supply elemental hydrogen.

CO+ H20 — CO2+ Hz (Eq.2)

COz generated by the pyrolysis of biomass and produced during the catalytic steam
reforming and water gas shift reactions has also been reported as a reforming agent for
biomass as 'dry reforming' [36].

CoHm+nCO2 — 2nCO + %HZ (Eq. 3)

But with the increase of CO and H: and the decrease of COz2, suggests that dry
reforming may also be occurring. It is also worth noting that there were other chemical
reactions that might occur (Eq. 4 and Eq. 5) [37].

C+CO2 — 2CO (Eq. 4)

CO+CO2+7H2 — 2CHa+3H20 (Eq. 5)

Comparing the lower heating values (LHVs) of the gaseous product, it was shown that
when the water injection rate was 0 mL h!, the LHV was the highest, at 11.05 MJ/Nm™.

As the water injection rate was increased, the LHV of the product gas decreased. Because
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the main chemical reaction in this experiment was the water gas shift (WGS) reaction,
which was an exothermic reaction. Therefore, the LHV of the product gases dropped when
the water injection rate was increased from 0 mL h™' to 2 mL h'!, but when the water
injection was further increased from 2 mL to 5 mL the rate of decline in the LHV was

reduced.

3.4 Effect of temperature on gas production.

The effect of temperature of the second stage reactor containing the Ni-CaO-Ca2SiO4
catalyst/sorption hybrid material prepared using the spray dried preparation process was
investigated using the two-stage fixed-bed reactor. Temperature is a critical influencing
factor for all three major types of reactions, reforming reaction, carbonation, and water gas
shift reactions in the steam gasification process. The effect of catalyst/sorption temperature
on gas production was systematically investigated by varying the catalyst/sorption stage
temperature from 550 °C to 850 °C. Table 4 shows the related results of product yield, gas
yield and composition. As the temperature was increased, the total gas production also
increased. Increased temperature also facilitated the removal of tar/bio-oil. As the
catalyst/sorption temperature was increased from 550°C to 850°C, the total gas production

was increased from 0.32 wt.% to 0.78 wt.%. The H2 and CO yield reached a peak at 850 °C
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at 25.75 mmol g biomass ' and 13.25 mmol gviomass”' respectively. At the same time, the yields
of CaHm and CH4 were declining, and the yield of CO and Hz rose because the elevated
temperature promoted the catalytic activity of Ni facilitating reforming reactions, resulting
in more CO and H2 produced. This conclusion was consistent with the study by Courson
et al. who reported that increasing the catalyst temperature from 400 °C to ~800°C, the
activity of the Ni-based catalyst was improved for hydrogen production from biomass [38].

In these experiments, the effects of temperature on the various reactions that occur
between the multi-functional material components and the biomass pyrolysis gases will be
different because of the differences in thermodynamic equilibrium of the different reactions.
Baker et al. studied the adsorption of carbon dioxide by calcium oxide at different pressures
of 1 to 300 atm [39]. The ability of CaO to adsorb CO2 was related to the partial pressure
of CO2and reaction temperature [39]. Song et al. found that CaO exhibited the highest CO2
capture ability at a reaction temperature of 700 °C in a 15% CO:2 atmosphere [40]. From
Table 4, the results show that as the catalyst/sorption temperature was increased, the CO2
yield and volumetric concentration increased, and the H2 vol.% concentration decreased.
The produced CaCOs started to release COz2 at a high temperature of more than 800 °C,
resulting in an increase in the volumetric concentration of CO2 and a decrease in Hz [41].
Furthermore, at higher reaction temperatures of 750 °C and 850 °C, continuous

accumulation of CO:2 possibly adversely affected the water gas shift reaction. Li et al.
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investigated the effects of temperature on the water gas shift reaction with Ni-based catalyst
and found that the percentage CO conversion reached ~1 at 400 °C [42].

Through evaluation of the data from Table 4, even if the purity of H2 decreased with
increasing temperature, the syngas yield and volume fraction, Hz yield, total yield and heat
of gas all reached their highest at 850 °C and with a water injection rate of SmL h..
Compared with the catalyst-free experiment with the same temperature and water injection
rate, the presence of Ni-CaO-Ca2Si04 material improved the yield of H2 by more than eight
times, increasing from 3.16 mmol gpiomass” to 25.75 mmol ghiomass . In addition, the
syngas yield increased from 8.6 mmol gbiomass’ to 39 mmol gbiomass”', and the volumetric
gas concentration of the syngas increased from 60.77 vol.% to 81.69 vol.%. Also, the gas

yield and total calorific value of gas have also been greatly improved.

4. Conclusions

In this work, the application of a hybrid-functional material, Ni-CaO-CazSiO4, in a
two-stage fixed-bed biomass pyrolysis-catalytic/sorption reactor system markedly
increased the production of hydrogen, compared to a non-catalytic reaction. The effects of
three drying methods (oven drying, spray drying and freeze drying) employed in the
manufacture of the hybrid material on the catalytic/sorption performance of the material

have been studied. Spray drying was beneficial for the formation of mesopores and material
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stability in the produced hybrid Ni-CaO-Ca2Si04 material which was linked to the high
yield of hydrogen and syngas from this material.

Further optimization of the pyrolysis-catalytic/sorption process for the production of
hydrogen and syngas from biomass using the spray dried Ni-CaO-Ca2Si04, was carried out,
investigating the influence of water injection rate and catalytic/sorption temperature. The
higher the water steam input, the higher the yield and volumetric gas concentration of Hz
that was produced. The increase of catalytic/sorption temperature promoted the total yield
and the optimal calorific value of the gaseous products, the yield and volume fraction of
syngas, and the Ha yield. In this study, the optimal parameters of SmL min™! water injection
rate and catalytic/sorption temperature of 850 °C were found to produce the optimal
gaseous products (highest Hz yield of 25.75 mmolgpiomass ', as well as highest syngas yield
of 39 mmol ghiomass' and volumetric gas concentration of 81.69 vol.%) using the spray-

dried hybrid-functional material.
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Table 1. Proximate and ultimate analysis of the waste biomass sawdust.

Proximate analysis(wt.% dry basis)
Moisture

Volatile matter

Ash

Fixed carbon

Ultimate analysis(wt.% dry basis)
C

H
O
N

4.16
76.24
1.48
18.12

48.12
7.24
44.20
0.44
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Table 2. Lattice dimensions of Ni, CaO, Ca(OH)2, and Ca2Si04 from the oven dried,

spray dried and freeze dried methods.

Drying methods ~ Ni (nm) CaO (nm) Ca(OH)2(nm)  CazSiO4 (nm)
Freeze drying 24.7 32.1 14.0 32.1
Oven drying 24.5 56.7 - 68.4
Spray drying 22.1 21.8 14.3 22.6

Ni:20=44.51°; Ca0:26=32.12°,37.17°,53.86°; Ca(OH)2: 26=34.02°; CazSiO4: 26=32.12°, 41.08°,
32.12°.
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Table 3. BET specific surface area of the oven, spray and freeze dried sorption

materials
external surface area Pore volume Pore size
Drying method
(m* g™ (mLg™) (nm)
Freeze drying 33.513 0.406 3.191
Oven drying 7.021 0.099 3.171
Spray drying 35.502 0.412 3.192
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Table 4. Product yield and gas yield and composition from the two-stage pyrolysis-
sorption catalysis of biomass at different sorption-catalyst material temperatures.

Catalyst-
550°C 650°C 750°C 850°C
free
Co 15.08 18.82 22.2 27.76 38.24
H, 61.59 58.51 54.76 53.93 22.53
Volume fraction CO; 17.7 18.44 21.11 16.44 18.37
(%) CH4 4.64 3.37 1.92 1.71 14.23
CnHm 0.99 0.86 0.01 0.17 6.63
CO+H; 76.67 77.33 76.96 81.69 60.77
Co 3.37 5.73 9.06 13.25 6.44
H> 13.77 17.82 22.36 25.75 3.16
Yield CO; 3.96 5.62 8.62 7.85 2.98
(mmol Qviomass*)  CHa 1.04 1.03 0.78 0.81 2.39
CnHm 0.16 0.24 0 0.08 0.89
CO+H; 17.14 23.55 3142 39 8.6
Gas (9) 0.32 0.47 0.69 0.78 0.4
Tar (g) 0.48 0.31 0.1 0.02 0.41
Char(g) 0.2 0.22 0.21 0.2 0.19
MB (%) 101.58 98.48 97.69 96.7 95.27
LHV(MJ/Nm®) 10.83 10.43 9.41 9.94 7.56
Total Calorific value
5.41 7.11 8.6 10.63 3.19
(gas. kamd)

Material drying method: Spray drying; the pyrolysis stage temperature: 600 °C; water injection rate: 5
mL h'. Catalyst-free: no catalyst; pyrolysis stage temperature, 600 °C; catalyst stage temperature,
850 °C.

Total Heat (gas. k]) = LHV X ng,g X 22.4 X 10‘3ngas: The total molar mass of the gas.

FIGURE CAPTIONS
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Figure 1. Schematic diagram of the two-stage fixed-bed pyrolysis-catalytic/sorption
steam reforming reactor system

Figure 2. XRD spectra of spray-dried, oven-dried, and freeze-dried materials

Figure 3. SEM and EDXS elemental mapping images of the hybrid-functional materials,
a) Freeze dried, b) oven dried, c) spray dried.

Figure 4. N2 adsorption—desorption isotherms of the materials: a) freeze dried, b) oven
dried, c) spray dried. d) pore-size distribution curves of the three materials.

Figure 5. Product yield, gas yield and composition for the pyrolysis-catalytic steam
reforming/sorption of waste biomass with different drying methods materials. Pyrolysis
stage temperature, 600 °C; catalyst stage temperature, 850 °C, water injection rate:5 mL h
!, a) the volume fraction of gas composition; b) the mass balance of the experiments and
LHV of total gas production; c¢) the yield of gas composition; d) the mass balance.

Figure 6. Soft and hard skeleton simulation diagram.

Figure 7. Product yield, gas yield and composition for the pyrolysis-catalytic steam
reforming/sorption of waste biomass for the spray dried hybrid functional material.
Pyrolysis stage temperature, 600 °C; catalyst stage temperature, 850 °C. a. the volume
fraction of gas composition; b. the mass balance of the experiment and LHV of total gas
production; c. the yield of gas composition; d. the product mass balance.
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Figure 1. Schematic diagram of the two-stage fixed-bed pyrolysis-catalytic/sorption steam reforming

reactor system
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Figure 3. SEM and EDXS elemental mapping images of the hybrid-functional materials, a) Freeze
dried, b) oven dried, c) spray dried.
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dried. d) pore-size distribution curves of the three materials.
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Figure 5. Product yield, gas yield and composition for the pyrolysis-catalytic steam reforming/sorption
of waste biomass with different drying methods materials. Pyrolysis stage temperature, 600 °C; catalyst
stage temperature, 850 °C, water injection rate:5 mL h™'. a) the volume fraction of gas composition; b)

the mass balance of the experiments and LHV of total gas production; c) the yield of gas composition;

d) the mass balance.
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Figure 6. Soft and hard skeleton simulation diagram.
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Figure 7. Product yield, gas yield and composition for the pyrolysis-catalytic steam reforming/sorption

of waste biomass for the spray dried hybrid functional material. Pyrolysis stage temperature, 600 °C;

catalyst stage temperature, 850 °C. a. the volume fraction of gas composition; b. the mass balance of

the experiment and LHV of total gas production; ¢. the yield of gas composition; d. the product mass

balance.
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