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ABSTRACT

In the present study the catalytic steam gasification of biomass to produce hydrogen-rich gas with calcined dolomite as
catalyst in an externally heated fixed bed reactor was investigated. The influence of the reactor temperature on yield
and product composition was studied at the temperature range of 700°C - 900°C. Over the ranges of experimental con-
ditions examined, tar was completely decomposed as temperature increases from 800°C to 900°C. Higher temperature
resulted in more H, and CO, production, and dry gas yield. The highest H, content of 51.02 V%, and the highest H,

yield of 1.66 m*/kg biomass were observed at the highest temperature level of 900 C.
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1. Introduction

With the increase of energy consumption and escalating
energy crisis, energy supply has become a particular con-
cern around the world. So it is necessary to carefully
consider that there is a need to minimize the consumption
rate of non-renewable energy. The energy policy in fu-
ture should be based on renewable energy, improving
energy efficiency, energy conservation, relieving the con-
tradiction between energy supply and demand, reducing
environmental pollution.

As a kind of chemical material, hydrogen plays an
important role in the petrochemical industry, but hydro-
gen will be a kind of efficient, clean and new renewable
energy in the 21st century. It is estimated that humankind

will enter the age of hydrogen economy in the near future.

Although the hydrogen energy can’t be in practical ap-
plication, but it has the unique characteristics, as a clean,
renewable energy, hydrogen energy will be attracted
more and more attention.

Biomass is a kind of renewable resource, it is not only
rich in natural but also has the low levels of ash content
and sulfur content, and it will also not increase the total
amount of natural carbon cycle [1-4] .

Biomass gasification is a popular technology to pro-
duce hydrogen, it uses the air or oxygen-enriched air and
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steam together as the gasifying agent to gasify the bio-
mass. The product gas mainly includes hydrogen, carbon
monoxide, and a small amount of non-condensable gas
such as carbon dioxide, and high-molecular-weight hy-
drocarbons which can coagulate in normal temperature
(pyrolysis oil). This pyrolysis oil is cracked to inflamma-
ble gas such as hydrogen. In the end it will become hy-
drogen-enriched non-condensable gas through a reform-
ing reaction.

There are three processes included in the biomass
gasification process. The catalytic conversion process,
the syngas separation and purification process, and they
will decide the production and quality of hydrogen.

Biomass thermal chemical gasification means that the
pretreatment of biomass is heated up to 700°C in the me-
dium such as air, pure oxygen, steam or the mixture of
them. Then the biomass is decomposed to syngas. The
main products of biomass gasification are H,, CO,, CO
and CH,, the components vary with gasification tem-
perature, pressure, residence time and catalyst. The
choice of gasification reactors is also an important factor
of deciding the components.

In the recent years, hydrogen production by biomass
gasification caused the attention of the world. Research-
ers of overseas have done a lot of work for it, and receive
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the conclusion that nickel-based catalysts and dolomite
can promote the quality of syngas [5]. Guangzhou Insti-
tute of Energy Conversion Chinese Academy of Sciences,
Tsinghua University, Zhejiang University and other re-
search institutes did some researches about it, and got
good effects. Guangzhou Institute of Energy Conversion
Chinese Academy of Sciences developed the new tech-
nology of biomass gasification to produce hydrogen. The
innovation is that the technology connects the biomass
gasification, tar catalytic cracking with steam reforming
transformation [6].

2. Experimental Section
2.1. Biomass Samples

The biomass samples were pine sawdust and were col-
lected from the furniture factory in Huazhong University
of Science and Technology. The biomass samples were-
shredded into particles by the crasher which was de-
signed and manufactured by our lab, the sizes of the
samples were approximately 0.15 ~ 0.6 mm and is shown
in the Figure 1. After milling and sieving, the biomass
samples were divided into four groups by particle size as
follows: below 0.125 mm, 0.125 - 0.149 mm, 0.149 - 0.177
mm, 0.177 - 0.250 mm. The crasher system is shown in the
Figure 2. The proximate and ultimate analyses of biomass

50

45
K40
235
%30
225
izo
_‘5)15
510
z5
0 [
<0.075 0.075~0.15 0.15~0.3 0.3~0.6 0.6~1.0 >1.0
diameter (mm)
Figure 1. Biomass diameter distribution.
| M
P T .
T
|
; |
- i v
\ | -
i [
|
i
i
|
lij
nnllliny
Nl
|
L/
|
]
|

Figure 2. The crasher system. 1. crasher 2. cyclone collector
3. bag collector).
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are shown in Table 1.
2.2. Catalyst

Generally, there are three main groups of catalysts im-
plemented to remove tar from the producer gas [7,8]: (1)
natural catalysts such as dolomite and olivine; (2) al-
kali-based catalysts such as Li, Na, K, Rb, Cs and Fr; (3)
metal-based catalyst such as nickel catalysts.

Dolomite is the most commonly used catalyst which
effectively removes heavy hydrocarbons from the gas
stream [8], and reduces the tar content of the effluent
stream and enhancing the gas yield[9,10], because it is
inexpensive and abundant. But it is significantly active
only above 800°C [11].

Natural dolomite powder was granulated, the particle
with a size of 5 - 10 mm, and they were calcined in muf-
fle oven at 900°C for 4 h. Calcined dolomite was used as
a catalyst in this study.

2.3. Apparatus and Procedures

A process flow diagram of catalytic gasification in ex-
ternally heated gasifier process is shown schematically in
Figure 3. In this process, the biomass gasification was
conducted on a bench-scale fixed bed reactor, and used
calcined dolomite as the catalyst. During the experiments,
the biomass sample was continuously fed into the pyro-
lysis room by means of a sealing cylinder system. The
catalytic gasification system consists essentially of a
0Cr25Ni20 stainless tube (i.d. 90 mm, height 720 mm), a
gas cleaning section containing a cyclone solid collector
and a fiber wool filter, a cooling system for the separa-
tion of water and condensable organic vapors (tar), and
various gas measurement devices. The catalytic reform-
ing room and pyrolysis room were heated by the biomass
combustion in the combustion room.

In this study, the reaction temperature was controlled
from 700°C to 900°C in 50°C increments for every group
of particle size, and the operating pressure in the reactor
was close to the atmospheric pressure. Prior to each test,
catalyst was held in the catalytic reforming room.

The procedure for steam catalytic gasification in ex-
ternally heated gasifier experiment is described below.

Table 1. Ultimate and proximate analysis of biomass char
sample®.

Ultimate analysis Proximate analysis

C 70.68 wt.% Volatile matter 23.95 wt.%
H 3.60 wt.% Fixed carbon 63.72 wt.%
o’ 23.11 wt.% Ash 12.33 wt.%
N 2.40 wt.% Low heating value 25172 kJ/kg
S 0.21 wt.% Apparent density 130.5 kg/m3
 Dry basis; ° By difference
SGRE
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Figure 3. Flowchart of experimental apparatus. 1. churn-up system; 2. fan; 3. cylinder system; 4. pyrolysis room; 5. steam
generator; 6. steam flow meter; 7. combustion room; 8. catalytic reforming room; 9. condenser; 10. filter; 11. gas meter; 12.

silica gel; 13. air pump; 14. gas sample bag.

Prior to each experiment, calcined dolomite was filled in
the catalytic reforming room. The biomass micro fuel
(BMF) was blew into the pipe by fan, then it was com-
busted in the combustion room. When the desired tem-
perature was reached, the biomass powder was loaded in
sealing cylinder system, the biomass feedstock and steam
were continuously fed into the gasifier simultaneously
with the rates of steam flow rate = 0.165 g/min/g of bio-
mass, respectively. The solid char residue was mostly
collected on the bottom of the pyrolysis room, the pro-
duced gas and fine particles passed through the fiber
wool filter, thereby the fine particles were removed. The
condensable matter was quenched as the gas passed
through the water condenser. Subsequently, the product
gas was dried after entering into a gas meter and a gas
dryer. At last the fan was closed and the heating was
stopped, the steam generator was turned off, and the re-
actor was cooled to the ambient temperature.

After every experiment, the char residues collected on
the on the bottom of the pyrolysis room were weighed to
determine the amount unconverted solid char. The
weight of liquid produced in the condenser was weighed
and recorded. The gas produced was combusted after
sampling and analysis. The data reported in this paper are
average values of two times.

2.4. Method of Sampling and Analysis

The low heating value of the biomass samples was esti-
mated using a bomb calorimeter (6300, Parr Inc.) with
accuracy of < 0.15 %. Ultimate analysis of the biomass
samples was obtained with a CHNS/O analyzer (Vario
Micro cube, Elementar). Such analysis gives the weight
percent of carbon, hydrogen, oxygen, nitrogen, and sul-
phur in the samples simultaneously. A TA Instruments
system (TGA 2000, Las Navas) was used to obtain
proximate analysis of the biomass samples (that is,
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moisture, volatile matter, fixed carbon, and ash content
of the material).

X-ray diffraction (XRD) (X’Pert PRO, PANalytical
B.V.) measurements of catalysts were carried out to de-
termine main components and investigate the catalytic
performance before and after the experiment. Further-
more, the surface characteristics of catalysts were deter-
mined using an accelerated surface area porosimetry
(ASAP 2010, Micrometrics) instrument, which used lig-
uid nitrogen at 77 K, was applied to measure the BET
surface area of catalyst.

The product gas volume was measured using a gas
meter (J1.6-11, Wuhan Apollo), and sampled discontinu-
ously using gas bags at regular time intervals. Gas com-
positions analysis was conducted with a dual channel
micro-gas chromatography (Micro-GC 3000A, Agilent)
that was able to provide precise analysis of the principal
gas components (H,, CO, CO,, CHy4, C,Hg4, and C,Hg).
The instrument was equipped with TCD and FID detec-
tors, and the carrier gas was helium in all analyses.

2.5. Methods of Data Processing

The lower heating value (LHV) of hydrogen-rich gas is
calculated by,

LHV (MJ/Nm®) = L(cox126.36+ H, x107.98
1000 ?

+CH, x358.18+ C,H, x56.002
+C,H, x59.036+C,H, x63.772)

where, CO, H,, CH,, C,H,4, and C,Hg are the molar per-
centages of components of hydrogen-rich gas. The car-
bon conversion efficiency (%) is calculated by,

X (%)=
12Y (CO%+CO0,%+CH,%+2xC,H, %+ 2xC,H,)
22.4%xC%

x100%
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where, Y is the dry gas yield (Nm*/kg), C% is the mass
percentage of carbon in ultimate analysis of biomass
feedstock, and the other symbols are the molar percent-
age of components of hydrogen-rich gas.

The molecular formula of biomass can be expressed as
CHo61100.245 based on the ultimate analysis (Table 1).
The stoichiometric yield of H, from biomass char is
124.67 mol H%kg biomass char calculated by the follow
equations:

CHo 6110 a5 +0.755H,0 =1.061H, + CO @)
H,0 +CO = H, + CO, —41.2MJ/kmol @)

H, potential yield is defined as the sum of measured
hydrogen in product gas and the theoretical hydrogen
that could be formed by completely shifting carbon mo-
noxide as in reaction Equation (2) and completely re-
forming hydrocarbon species in product gas according to
reaction Equation (3), given below [12]:

C,H,+2nH,0 = (2n+(m/2)) H, +NCO, (AH 5 >0)
(3)
3. Results and Discussion

3.1. Mechanism of Catalytic Steam Gasification
of Biomass

In general, steam gasification reactions include two steps.
The first step is a thermo-chemical decomposition of
biomass with production of tar, char and volatiles, this
step termed primary pyrolysis, could perform at a lower
temperature ~300°C, and last until a temperature of
700°C or even higher. The second step includes reactions
of CO, CO,, H, and H,O with the hydrocarbon gases and
carbon in biomass, thereby producing gaseous products.
The catalytic steam gasification mechanism of biomass
might be described by the following reactions as shown
in Equations (2) - (10) [12,13] :

C+CO, «> 2CO-172.6MJ/kmol 4
C+H,0—>CO+H,-131.4MJ/kmol (5)
CH, +H,0 - CO+3H, +206.3MJ/kmol  (6)

C.H, (tar)+nH,0 <> (n+m/2)H, + nCO(AH 5, >0)

()
C,H,, (tar)+nCO, <> (m/2)H, + 2nCO(AH ,55, > 0)
®)
C,H, (t
o (20 ©

+(n/2+m/4)0, <> (M/2)H, + nCO(AH 555, >0)
C,H, (tar) & (m/2)H, +nC(AH g, >0)  (10)

Calcined dolomite can accelerate the reaction rate of
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the steam with tar and char, also participate in the sec-
ondary reactions [14]. Furthermore, as shown in Figures
4 and 5, calcined dolomite consists of CaO, and MgO,
which convert to Ca(OH), and Mg(OH), quickly at the
presence of moisture, some Ca(OH), and Mg(OH), can
convert to CaCO3 and MgCO; using CO, as a sorbent by
reacting with CO, produced during gasification reaction
[15,16], CO, absorbing contributes to water gas shift
reaction (Equation (2)) and carbon gasification reaction
(Equation (4)), which lead to production of hydrogen-
rich gas and high content of combustible gas.

3.2. Influence of Particle size

3.1.1. Influence of Particle Size on Dry Gas Yield

The results shown in Figure 6 that along with the in-
creased of biomass particle size, gas production was in-
creased. It means that with the increased of biomass par-
ticle size, the feeding rate was slower, and increased
gases residence time, so the gasification progress will be
more completely. But the change of gas production was
not remarkable.

3.1.2 Influence of Particle Size on Gas Composition
During the steam gasification of biomass, reactions Equ-
ations (1)-(6) may take place simultaneously. The extent
to which each reaction is involved depends on the oper-
ating conditions. So the final gas composition is the re-
sult of the combination of a series of complex and com-
peting reactions.

The main composition of produced gases was demon-
strated in Figure 7. The gases were mainly composed of
H,, CH,4, CO and CO, at the temperature of 900°C. When
particle size varied from below 0.125 to 0.250 mm, the
contents of carbon monoxide and hydrogen obviously
were decreased, while the contents of carbon dioxide and
methane were increased. It means that when the particle
size is decreased, the reactions are mainly controlled by
pyrolysis and gasification process, and when the particle
size is increased, the reactions are mainly controlled by
gas diffusion process, and the size of the particle influ-
ences the gas diffusion speed. The result shows that the
smaller particle size is more advantageous to production
high quality gas.

3.2. Influence of Temperature

The gas component distribution profile from catalytic
steam gasification of biomass at different reactor tem-
peratures with calcined dolomite was shown in Table 2.
It indicated that the main components are H,, CO, CO,,
CH, and small quantities of low molecular hydrocarbons,
such as C,H, and C,Hg.

Water gas shift reaction (Equation (2)) is exothermic and
thus less important at higher temperature. The main reac-
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Figure 7. Influence of particle size on gas composition at temperature of °C.

tions (Equations (2), (4) - (7)) are endothermic strength-
ened by increasing temperature. Therefore, the reactor
temperature had a significant influence on the syngas
compositions. As shown in Table 1, with temperature
rising from 700°C to 900°C, H, content increased sig-
nificantly from 23.35% (V) to 51.02% (V), CO, content
increased from 20.96 % (V) to 27.35% (V), CO content
decreased from 35.6 2% (V) to 20.13% (V), hydrogen
yield increased from 0.19 to 0.83 m®/kg, and LHV de-
creased from 20895 to 10662 kJ/kg, and the dry gas yield
increased from 0.58 to 1.66 Nm*/kg.

It can be concluded that Boudouard reactions (Equa-
tion (4)), carbon gasification reaction (Equation (5)), to-
gether with the secondary cracking reactions of tar (Equa-
tion (7)), were the main factors responsible for the in-
crease in H, and CO, contents. H, content more than
doubled from 23.35% (V) to 51.02% (V), CO, content
decreased by 6.39%, while CO content decreased by
15.49%, because of some CO reacting with H,O. Meth-
ane decomposition (Equation (4)) was favored at higher
temperature, which accounted for a significant decrease
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of 15.26% in CH, content as temperature increases. C;H,4
and C,Hs content were relatively small, and slightly de-
creased. This shown that temperature had strong influ-
ence on the decomposition of CH,, that agreed with Turn
et al., higher temperature provided more favorable con-
ditions for thermal cracking and steam reforming, so
steam decomposition and dry gas yield increased. Fur-
thermore, temperature had remarkable influence on H,
yield, H, yield significantly increased from 0.19 to 0.83
m3/kg.

Furthermore, the lower heating value (LHV) of syngas
decreased from 20 895 kJ/Nm? to 10 662 kJ/Nm?®, when
the reactor temperature increased from 700°C to 900°C.
Methane had the highest heating value in syngas, the
sharp decrease of methane content led to decrease the
LHV of syngas.

4. Conclusions

In the present work, the steam gasification of biomass
using calcined dolomite as a catalyst, was performed at
atmospheric pressure in externally heated gasifier over
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the temperature range of 700°C - 900°C.

The effect of particle size played a great role on the
product composition and was less important for the dry
gas yield. The H, content is up to 51.02% (V) when the
particle is below 0.125 mm.

Temperature also played a great role on the yield and
product composition. A higher temperature resulted in a
higher conversion of biomass into hydrogen-rich gas with
a significant increase of H, content from 23.35% (V) to
51.02% (V). With temperature increasing from 700°C -
900°C, the yield of char and tar decreased while dry gas
yield increased and LHV of syngas decreased.

Moreover, this paper aims to convert biomass which is
essentially waste material to useful and valuable product
gas such as hydrogen-rich gas.
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