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sented a clear increasing trend, and hydrogen yield increased from 33.17 to 44.26 g H2/kg
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biomass with the reactor temperature increase, The H2 concentration of production gas in
oxygen gasification (oxygen as gasifying agent) was much higher than that in air gasifi-
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cation (air as gasifying agent). The ER values at maximum gas yield were found at ER ¼ 0.22
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in air gasification and at 0.05 in oxygen gasification, respectively. The hydrogen yields in air

Hydrogen production

and oxygen gasification varied in the range of 25.05e29.58 and 25.68e51.29 g H2/kg

Gasification

biomass, respectively. Isothermal standard reduced time plots (RTPs) were employed to
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determine the best-fit kinetic model of large weight biomass air gasification isothermal
thermogravimetric, and the relevant kinetic parameters corresponding to the air gasification were evaluated by isothermal kinetic analysis.
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1.

Introduction

As a promising technology for biomass and waste thermochemical conversion, gasification has the advantages of low
environmental impact, high effective conversion and
reducing global CO2 emissions [1]. Also, among all biomass
conversion technologies, biomass gasification is promising
one for hydrogen production. The hydrogen-rich gas production from biomass can be not only directly used in gas turbine
for power generation but also catalytically converted into
methanol, dimethylether, FischereTropsch oils or other
chemical products [2].
During biomass gasification process, the products distribution and the yield of hydrogen-rich synthesis gas depend on

the fuel type, reactor configuration, gasesolid residence time,
reaction temperature, pressure, gasifying agent and catalyst.
Previous works had shown that biomass gasification was
performed in various reactors including bubbling fluidized bed
reactor [3,4], circulating fluidized bed reactor [1,5], downdraft
and updraft fixed bed reactor [6,7] and free-fall reactor [8], etc.
To obtain high-grade and clean hydrogen-rich gas, the addition of air, oxygen and/or steam was used as gasifying agent in
gasification process. However, one of the most crucial problems of biomass gasification technology is presence of tars
and particulates in the produced gas and the hot-gas clean-up,
which is the most important challenge to improve the process
viability [9]. Extensive studies had carried out on the hot-gas
clean-up and tars reforming with catalysts, e.g. calcined
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dolomites [10], calcined olivine [11,12], alkali metal [13], Nibased [9,14] and noble metal [15] catalysts. Although some
catalysts do have better effect on hydrogen-rich gas reforming
and tar removal, most of them were used as accumulation or
layer in reformer and had some problems such as catalyst life,
loss activity and carbon deposition. It is found that, under
continuous feeding manner, most catalysts often lost their
activity due to the sintering of catalyst particles and occurring
of carbon deposition, so the practicability of the catalysts
employed in gasification reforming might be improved.
Porous ceramic might be a promising reforming filling material used in reforming industry. The properties of heat storage
capacity, internal surface area and the catalyst came from
ceramic composition were utilized to improve producer gas
and tars cracking process.
Many researches had investigated the biomass gasification
process with common TGA (thermogravimetric analysis) and
DTG (derivative thermogravimetry) measurements [16e18].
And sets of formal kinetic parameters for the different
biomass types were proposed in the mode of microbalance in
which only little weight samples with fine particle materials
were investigated. However, the gasification behavior of large
weight biomass samples may be closer to the true gasification
process. Some researchers had studied the behaviors of
biomass isothermal thermo-chemical conversion. Jiao et al.
[19] analyzed pyrolysis thermogravity of municipal solid
waste used 2 g biomass, and Manyà and Arauzo [20] proposed
a kinetic approach to simulate micro-particle pyrolysis of
sugar cane bagasse in isothermal conditions. However, lack of
research on thermogravimetric analysis of biomass
isothermal air gasification with large weight mass (10 g) or
more.
Our research team had studied the behaviors of biomass
steam gasification with porous ceramic reforming [6]. The
producer gas and tars were reformed and converted into
small molecule gases after porous ceramic reforming.
Although steam gasification is one of the methods for
high hydrogen yields, the high heat loss, large energy
consuming and the potential contamination condensate
produced by excessive steam employed is inevitable. Air
and oxygen are most common gasification medium which
was widely used in biomass gasification. Unlike steam
gasification is endothermic process which demands additional energy cost, air or oxygen gasification process is
quite autothermal process. Large amount of experimental
studies reported in the literature [7,21e24] showed that the
tars produced after condensation in biomass air or oxygen
gasification are difficult to further decompose into small
molecule gas. Based on the previous study, the process of
porous ceramic reforming might be an effective option to
tars decomposition and gasification product gas reforming
for hydrogen-rich gas production. This paper is the
continued study to investigate biomass air and oxygen
gasification with porous ceramic reformer for hydrogenrich gas production. A laboratory scale gasification plant
was used to investigate the cracking behavior of large
weight biomass. The weight loss of large weight biomass
was studied on the laboratory scale thermobalance and the
relevant kinetic parameters were determined by an
isothermal gasification kinetic model.

2.

Experimental

2.1.

Biomass sample
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The biomass used in this study was pine sawdust which was
obtained from a local timber mill (Liaoning province, China).
The particle size of this pine feedstock was between 0.2 and
0.4 mm. The low heating value (LHV) and moisture content of
the pine sawdust sample were 16.61 MJ/kg and 3.93% on a wet
basis, respectively. The ultimate analysis showed that the
composition of pine sawdust sample was 44.75% dry and ashfree basis (daf) carbon, 6.31% daf hydrogen, 46.87% (calculated
by difference to 100%) daf oxygen, 1.68% daf nitrogen, 0.05%
daf sulfur and 0.34% dry basis (db) ash.

2.2.

Gasifying process and apparatus

The experiments were performed in a circular in cross-section
gasifier, with an inside diameter of 87.5 mm and 1500 mm of
total height, a same structure stainless steel cylindrical tube
was used as reformer. The detailed presentation of experimental setup was already described in former report [6]. Two
identical externally electrical furnaces which provided the
heat for gasification and reforming reaction were placed
inside gasifier and reformer. A porous ceramic layer was
located in the middle of the reformer. Two K-type thermocouples were used to measure the reaction temperature.
Feedstock was fed under gravity from the top of the gasifier by
a continuous feeding system, which composed of a screw
feeder and a variable speed motor. The air and oxygen
employed in this study were supplied with an air pump and
oxygen cylinder, respectively.
Experimental work was carried out at atmospheric pressure. Hydrogen-rich gas left the gasifier and entered into
secondary reformer for tar reforming. After left the reformer,
the volume of dry gas, through condensation and drying
system, was measured by means of a volumetric gas-meter.
Produced gases were collected after 30 min of gasification at
steady state. The collected gas-bag was used to collect periodically through a gas syringe and analyzed off-line by gas
chromatograph (GC). The gas fraction composition, mainly H2,
CO, CH4, CO2 and C2eC3 was identified with GC.

2.3.

Characterization

The carbon conversion efficiency quantifies the effectiveness
of gasification, which is defined in terms of the moles of
carbon in the solid biomass that are converted to carboncontaining gases.
Carbon conversion efficiency of biomass; hc


12 CO2 þ CO þ CH4 þ 2Cx Hy
Gy  100%;
¼
22:4  ð298=273Þ  Cð1  A  MÞ
where CO2, CO, CH4, CxHy (including C2H4, C2H6, C3H6, etc) are
gas concentration in vol.%. Gy is producer gas yield. C, A, M are
carbon, ash and moisture contents in the ultimate and proximate analysis, respectively.
Low heating value of dry product gas, LHV (kJ/Nm3)
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LHV ¼ 4:18 30:0CO þ 25:7H2 þ 85:4CH4 þ 151:3Cx Hy :
The cold gas efficiency; hg ¼

LHV
Gy
Low heat value of biomass
 100%

In order to investigate the kinetic characteristics of large
weight biomass isothermal gasification, a laboratory scale
thermobalance was designed, as can be seen from Fig. 1. In
this system, the biomass samples were loaded and hung down
in the reactor. The heating apparatus worked under certain
heating rate, and the electronic balance recorded the sample
weight loss simultaneously. To verify the validity of data, all
experiments were performed twice. The kinetic parameters
were obtained by the isothermal thermogravimetric analysis
data, which were acquired using a laboratory scale thermobalance (see Fig. 1). Air as gasifying agent was employed in the
case of gasification tests. The continuous measurement of
sample weights was performed with an electronic balance to
give the instantaneous value of sample residue. The reactor
temperatures were controlled in a constant preset level. As
the furnace temperature reached the presetting values,
certain weight samples (5 g and 10 g) were placed into the
hopper and hung down in the reactor. At the same time, the
continuous change in the mass of the sample was measured
by the electronic balance.

wet feed rate (kg/h): 0.59, air flowrate: 0.45 l/min, reforming
temperature: 1123 K.
The gas composition from different reaction temperatures
is shown in Fig. 2(a). It can be clearly seen that H2 content
shows an increasing trend with the rise of the reaction
temperature which increases from 21.13 to 27.48% at the
reaction temperature range of 1073e1223 K. CO concentration
shows an increasing rate as the temperature increased, while
CO2 presents the opposite trend. CH4 concentration showed
a little decrease. These trends can be explained to the
following two facts: (1) higher temperatures favored the
reactants in endothermic reactions and hinder them in
exothermic reactions. (2) The reforming reactions occurred in
the porous ceramic zone might enhance hydrocarbon
cracking. A simplified gasification mechanism could be
explained by using the following reactions [21,25]:
Biomass þ O2 /H2 þ CO þ CH4 þ CO2 þ Cx Hy
þ Tars þ /; DH < 0

(1)

CH4 þ H2 O ¼ CO þ 3H2 þ 206 kJ=mol;

(2)

C þ H2 O ¼ CO þ H2 þ 131 kJ=mol;

(3)

C þ CO2 ¼ 2CO þ 172 kJ=mol;

(4)

C þ 1= O2 ¼ CO  111 kJ=mol;
2

(5)

CO þ H2 O ¼ CO2 þ H2  41 kJ=mol;

(6)

The effects of reactor temperature and equivalence ratio with
air and oxygen as gasifying agents on the syngas production
were studied.

CH4 þ 2H2 O ¼ CO þ 4H2 þ 165 kJ=mol;

(7)

C þ O2 ¼ CO2  394 kJ=mol

(8)

3.1.

Without additional water steam fed into the gasifier and
reformer, the water content consumed in the above reactions
was introduced from the drying zone of the gasifier. According
to endothermic reactions (2), (3) and (7), the concentration of
H2 increased with increasing temperature. The endothermic
reactions (2)e(4), (7) and exothermic reaction (5) strengthen
the concentration of CO. The wateregas shift reaction (6) is
reversible and mildly exothermic. At low temperatures the
reaction is kinetically limited while at high temperatures it is
equilibrium limited. High temperatures favor the reaction
moves to the left for CO concentration increase. Guo et al. [24]
and Zhou et al. [25] had also found the same trend in biomass
air or oxygen gasification. The content of CO was mainly
determined by reaction (1) which is an exothermic reaction.
Higher temperature was not favorable for CO production,
which lead to a CO decrease with temperature increase.
Since porous ceramic was employed for the filler of the
reformer, the tars (main include heavy oil vapors, C1eC5
hydrocarbons, naphthalin, gas oils and aromatic compounds)
produced from biomass gasification process might be trapped
by the straight pore embedded in porous ceramic, and in the
reforming reaction zone the tars might be decomposed into
small molecular gas. The tars might be cracked into a mixture
of small mole gases (e.g. H2, CO, CO2) under the temperature of
1123 K, and this might contribute to the yields of producer gas.
The concentration of C2eC3 decreased with the increase of

3.

Results and discussion

Effect of reactor temperature

The reactor temperature is one of the most important operating variables for biomass gasification. In this work, the
reactor temperatures varied from 1073 to 1223 K in 50 K
increments. The equivalence ratio was kept constant at 0.22.
Others operating conditions studied in the following range:

Electronic balance
Tie strap

Data collector

Exhauster

Gasification
sample
Reactor

Thermal
couple
Heating
apparatus

Air
Fig. 1 e A laboratory scale thermobalance scheme.
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Fig. 2 e Effect of reactor temperature on gas composition (a) and H2/CO and CO/CO2 molar ratio (b).

temperature. This reason might be the C2eC3 was converted
into small molecular gases in the porous ceramic reforming
process.
Fig. 2(b) shows the molar ratios of H2/CO and CO/CO2 for
the product gas at different operation temperatures. In
present work, the mole ratio of H2/CO exhibits a slight fluctuation in the range of 0.58e0.66 mol/mol under the four
reaction temperatures. The CO/CO2 ratio strongly influences
the heating value of producer gas. As the ratio increases, the
heating value of producer gas grows. With the reactor
temperature increasing, the ratio of CO/CO2 was observed
from 1.12 up to 2.12, which presents a clear increase trend.
This could be explained that the char reaction with CO2 and
particularly with steam is prevailing [26].
The experimental results were shown in Table 1. Gas yields
increased from 1.73 to 2.00 m3/kg daf biomass in the range of
reaction temperature from 1073 to 1223 K, and hydrogen
yields rose from 33.17 to 44.26 g H2/kg biomass. This is due to
the fact that the reduced chars and polyatomic hydrocarbons
(such as tars) were converted into greater molar quantities of
diatomic species such as CO and H2 [27]. The low heating value
(LHV) varied between 6.22 and 7.71 MJ/Nm3. The changing
residence time are not caused by the different air flowrates
but exclusively to the different density of the producer gas
(lower gas density). Carbon conversion efficiency was found to
increase steadily with temperature due to accelerated chemical reaction. Three effect factors could be considered for
carbon conversion efficiency in whole temperature range.

First, higher temperature strengthened the gasification reactions, and the volatile matters released in gasifier. Second, the
cracking and reforming of tars and heavy hydrocarbons
trapped on the surface of porous ceramic could occur in the
reformer, and finally the adverse effect for carbon conversion
is the lower residence time of the gas. These opposite effects
exist in gasification and reforming system could be considered
for optimizing the operating conditions of a commercial
gasification system, as suggested in other works [26]. Cold gas
efficiency varied in the range of 60.74e72.63% under different
reaction temperatures.

3.2.

Effect of equivalence ratio

The equivalence ratio (ER) is a crucial factor that affects the
performance of the gasification process. ER is defined as the
actual oxygen to fuel ratio divided by the stoichiometric
oxygen to fuel ratio required for complete combustion. The ER
effect on the composition of hydrogen-rich gas produced in air
and oxygen gasification was investigated. We had varied ER in
the range of 0.18e0.28 and 0.05e0.30 with air and oxygen
gasification, respectively. The reactor temperature was kept in
1123 K, wet feed rate was still kept at 0.59 kg/h, air flowrates
were varied in the range of 0.36e0.56 for two gasifying agents
and the reforming temperature was 1123 K.
The effect of the ER ratio on gas composition in air gasification was shown in Fig. 3(a). It can be seen that H2 concentration decreased slowly (from 21.69 to 17.26%) and CO

Table 1 e Experimental result of different reactor temperature.
Reactor
temperature (K)
1073
1123
1173
1223

Gas yield
(m3/kg daf biomass)

Hydrogen yield
(g H2/kg biomass,
dry basis)

Low heating
value (MJ/Nm3)

Residence
time (s)

Carbon
conversion (%)

Cold gas
efficiency (%)

1.73
1.77
1.9
2

33.17
33.42
40.07
44.26

6.22
6.29
7.13
7.71

0.34
0.36
0.34
0.32

72.09
74.24
77.51
75.29

60.74
63.15
71.26
72.63
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Fig. 3 e Effect of equivalent ratio on gas composition with air (a) oxygen (b) as gasifying agent.

2CO þ O2 ¼ 2CO2  172:6 kJ=mol

(9)

2H2 þ O2 ¼ 2H2 O  483:6 kJ=mol

(10)

The molar ratios of H2/CO and CO/CO2 in air and oxygen
gasification with varying equivalent ratio were shown in Fig. 4.
The molar ratios of H2/CO of producer gas which value
varied between 1 and 2 (1 < H2/CO < 2) could be useful for
chemical syntheses, e.g. methanol, pure naphtha production,

FischereTropsch (FeT) syntheses (ratio about 2.0) and oxosynthesis (ratio about 1.0) processes [7,28], etc. The changes
of H2/CO in air gasification increased in the range of ER value
from 0.18 to 0.22, and then had a slight decrease trend from
0.22 to 0.28. However, the H2/CO value of oxygen gasification
had a monotonic decrease from 1.13 to 1.5 in the range of ER
value from 0.05 to 0.30. Additionally, it is found that the H2/CO
ratio values of these two gasification modes had a large gap
(the maximum difference reaches 57% in the same ER value).
The results indicated that higher ER values resulted in higher
H2 content consuming in oxygen gasification, while the ratio
values showed a low level in the air gasification process.
Moreover, compared to air gasification, free nitrogen was
introduced into reactor in oxygen gasification, the large
amount of heat released and the temperature of reactor rose.
As a result, the gasification reaction was improved. The
enhanced gasification reactions led to the whole H2 concentration was far more than that in air gasification. Accordingly,
the CO/CO2 of the two gasification modes shows a quite
different trend. An obvious decrease of CO/CO2 with ER value

H2/CO

1.6

H2/CO and CO/CO2 ratio (mol/mol)

presented a larger decrease (from 40.11 to 30.09%) in the range
of ER ratio. CO2 increased sharply (from 24.40 to 40.57%) with
more air was introduced into the reactor. The concentration of
CH4 varied in the range of 8.80e11.03%, C2eC3 decreased at
low concentration as more air was introduced into gasifier.
Fig. 3(b) is the profile of ER ratios effect on gas concentration in
oxygen gasification process. The similar trends were observed
from Fig. 3(a), the concentrations of H2 and CO presents
a decrease trend from 39.58 to 23.56% and 25.75 to 20.69%,
respectively. CO2 concentration had an apparent increase
from 23.13 to 48.74% over the range of increasing ER. CH4 and
C2eC3 decreased slowly from 9.36 to 5.83% and 2.20 to 1.18%,
respectively. As a comparison of Fig. 3(a) and (b), the similar ER
values (0.18 using air and 0.20 using oxygen as gasifying agent,
0.28 using air and 0.3 using oxygen) showed different gas
concentration. The reasons of this result might be explained
as follows: for air gasification, larger ER values led to more air
was introduced into reactor, as a result, large amount of N2
existed in air was entered into the gasifier. Although N2 do not
take part in the gasification reaction, more heat of reaction
zone was carried away with N2 flow. This leads to the reactor
temperature decreasing and the gasification efficiency
descending. As ER value increases, more H2 and CO were
oxidized into H2O and CO2 (reactions (8) and (10)), and this
cause H2 and CO concentrations decrease and CO2 concentration increase in the two different gasification modes. On
one side, higher ER caused the components of combustible gas
loss because oxidize reactions occurred, such as reactions (1),
(8) and (9). On the other side, these oxidize reactions could
increase the reaction zone temperature, and it strengthens
gasification reaction.

CO/CO2
1.4

1.2

Oxygen
1.0

Air
0.8

0.6

0.4
0.05

0.10

0.15

0.20

0.25

0.30

ER

Fig. 4 e H2/CO and CO/CO2 molar ratio of air and oxygen as
gasification with varying equivalent ratio.
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Table 2 e Experimental result of different equivalence ratio with air and oxygen as gasifying agent.
Gasifying
agent

ER

Gas yield
(m3/kg daf biomass)

Hydrogen yield
(g H2/kg biomass,
dry basis)

Low heating value
(MJ/Nm3)

Residence
time (s)

Carbon
conversion (%)

Cold gas
efficiency (%)

Air

0.18
0.22
0.24
0.28
0.05
0.1
0.2
0.3

1.53
1.77
1.79
1.84
1.45
1.34
1.24
1.22

29.58
33.42
31.5
29.03
51.29
38.31
31.51
25.68

8.18
6.29
6.78
4.48
12.39
11.22
10.65
8.06

0.44
0.36
0.32
0.28
6.04
6.28
7.02
6.55

64.41
74.24
71.04
86.86
53.01
58.73
44.17
66.06

61.43
63.15
59.88
59.56
60.25
53.96
39.51
38.77

Oxygen

increase was observed in air gasification process, while a low
level and mild decrease ratio value were presented in oxygen
gasification. In Fig. 4, it also can be seen that high CO and low
CO2 concentration were shown in producer gas in the range of
ER from 0.18 to 0.28. This might be more CO conversion into
CO2 and more carbon was oxidized into CO2 in oxygen gasification, which leads to CO2 concentration higher than CO in
the range of ER value from 0.1 to 0.3. While large content N2
exists in the process of air gasification, higher air flowrate
through the reaction zone cause the oxidize reaction incompletely as well as the N2 taken away plenty of heat in the
process of reaction. So, the reaction efficiency of gasification
declined.
Table 2 shows the experimental results of different
equivalence ratios in air and oxygen gasification. Gas yields
increased from 1.53 to 1.84 m3/kg daf biomass with ER
increases from 0.18 to 0.28 in air gasification while the gas
yields decreased from 1.45 to 1.22 m3/kg daf biomass from ER
value 0.05e0.3 in oxygen gasification. Under higher ER, more
N2 was introduced into gasifier in air gasification, and the gas
yields showed an increasing trend. In oxygen gasification,
however, more H2 was oxidized into H2O at higher ER values
resulted in lower H2 production. Since the phase transition of
steam occurred from gas to liquid in the condensation
process, the producer gas yield reduced. As can be seen from
Table 2, hydrogen yield reached a maximum value at ER of
0.22 in air gasification, while the maximum H2 yield was
observed at the ER value of 0.05 in oxygen gasification. It can
be inferred that the hydrogen yield in the case of pyrolysis
(ER ¼ 0) might be higher than that of ER value at 0.05 due to no
further oxidized reaction with H2, CO, CH4 and other hydrocarbons occurred. The similar trend was observed in other
work [25]. However, when the value of ER is equal to zero, the
gasification process is entirely endothermic reaction, and it is
adverse for the utilization of heat released from biomass itself.
Thus, it was not considered in this study. The LHV of producer
gas in the two gasification modes showed similar trends
which decreased as the equivalence ratio increased. Under
different ER values, the residue times of the oxygen gasification were far greater than that of air gasification, which
caused the hydrogen-rich gas quality in oxygen gasification is
better than that in air gasification. Although the high quality
of hydrogen-rich gas was obtained in oxygen gasification, the
high price of oxygen comparing with air is an adverse factor

for the commercial application. The carbon conversion
increased from 64.41 to 86.86% in the range of ER from 0.18 to
0.28 with air gasification, and the similar change was observed
in oxygen gasification from 53.01 to 66.06%. Both cold gas
efficiency decreased from 61.43 to 59.56% and from 60.25 to
38.77% in the two increase equivalent ratios, respectively.

3.3.
Procedure to determine parameters of reaction
kinetics
3.3.1. Air gasification reaction isothermal thermogravimetric
analysis
In air gasification, the large weight sample (10 g and 5 g)
isothermal TGA curves at four final reaction temperatures
(1023, 1073, 1123 and 1173 K) were shown in Fig. 5. According
to the experimental results, the great majority of isothermal
gasification process was analyzed. The figure shows that the
gasification reaction of large weight biomass was characterized by rapid weight losses during the reaction time. At high
temperature levels, the gasification reaction presented
gradual activity. These curves indicated that adequate
temperature is required for high conversion of biomass in
a short reaction time condition.

3.3.2.

Parameters of reaction kinetics

A thermal decomposition and gasification of biomass using air
can be given a global reaction as
K

Biomass þ air/H2 þ CO þ CH4 þ CO2 þ C2  C3 þ N2 þ Tars
þChar

(11)

Kinetic analysis of the isothermal decomposition of
biomass is usually based on the following single step kinetic
equation:
da
¼ kðTÞf ðaÞ
dt

(12)

where, t is time (s), T is temperature (K), k is rate constant, f(a)
is differential form of the kinetic model and is conversion
defined as a ¼ (m0  mt)/(m0  mf), mt is the weight at any time
t, and m0 is the initial weight at the start of that stage, and mf is
the final weight at the end of that stage.
Arrhenius equation expresses the explicit temperature
dependency of the rate constant
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Fig. 5 e Large weight sample of 10 g (a) and 5 g (b) TGA curves of biomass gasification under different final temperatures.

da
¼ AeE=RT f ðaÞ
dt

(13)

where, A is a pre-exponential factor (min1), E is the activation
energy (J mol1), R is the universal gas constant
(¼8.314 J mol1 K). The kinetic model f(a) can be expressed in
various forms, as presented in Table 3.
In order to determine the reaction kinetic model,
isothermal standard reduced time plots (RTPs) were employed
[29]. The experimental and the theoretical RTPs have been
constructed by plotting a as a function of a reduced time, t/ta,
where ta is the time required to obtain a specific conversion. In
our study, a ¼ 0.9, and t0.9, was chosen because in all case final
value of a had crossed 0.9. The steps of RTPs obtained are
shown as follows [30].
To integrated equation (12), we get
Za

1

½f ðaÞ da ¼ kðTÞt

gðaÞ ¼

(14)

0

If t0.9 is the time required to obtain 0.9 fraction reacted, i.e.
a ¼ 0.9 then

Table 3 e Reaction models employed to describe the
biomass gasification reaction [31].
No. Reaction model
1
2
3
4
5
6
7
8
9
10
11
12
13

Power law
Power law
Power law
Power law
One-dimensional
diffusion
Mample (first-order)
AvramieErofeev
AvramieErofeev
AvramieErofeev
Three-dimensional
diffusion
Contracting sphere
Contracting
cylinder
Second-order

f(a)

g(a)

4a3/4
3a2/3
2a1/2
2/3a1/2
1/2a1

a1/4
a1/3
a1/2
a3/2
a2

1a
4(1  a)[ln(1  a)]3/4
3(1  a)[ln(1  a)]2/3
2(1  a)[ln(1  a)]1/2
2(1  a)2/3[1  (1  a)1/3]1

ln(1  a)
[ln(1  a)]1/4
[ln(1  a)]1/3
[ln(1  a)]1/2
[1  (1  a)1/3]2

3(1  a)2/3
2(1  a)1/2

1  (1  a)1/3
1  (1  a)1/2

(1  a)2

(1  a)1  1

gðaÞa¼0:9 ¼ kðTÞt0:9

(15)

Dividing Eq. (14) by Eq. (15), we obtain the kinetic relationship given as


gðaÞ ¼ gðaÞa¼0:9 t=t0:9

(16)

Eq. (16) is dimensionless and is independent of the kinetic rate
constant. Thus for a particular reaction mechanism has the
unique RTP curve irrespective of the nature of the system,
temperature and other factors which affect the reaction rate
[30]. Selecting a g(a) which fits the best of the experimental
results can be considered as true kinetic model of the studied
process. Fig. 6 shows the comparison of experimental RTPs
with sample loading of 10 g (a) and 5 g (b) obtained at the
temperature of 1023, 1073, 1123 and 1173 K with the RTPs of
theoretical kinetic models from Table 3. As can be seen that
the reaction kinetic model of contracting sphere (model 11:
f(a) ¼ 3(1  a)2/3 and g(a) ¼ 1  (1  a)1/3) match best with the
experimental RTPs.
After identifying the reaction model, g(a) ¼ 1  (1  a)1/3
was substituted into Eq. (14), we obtained
gðaÞ ¼ 1  ð1  aÞ1=3 ¼ kðTÞt

(17)

And then, we can determine rate constant at a temperature
from the slope of a plot of g(a) versus t.
From Eq. (17), the rate constants can be determined at
various temperatures, and the E and A that responds to the
kinetic model were calculated from Eq. (18).
lnkðTÞ ¼ lnA  E=RT

(18)

So the plot of lnk(T ) against 1/T is a straight line with a slope of
E/R, and A can be calculated from the Y intercept on the
ordinate axis.
According to the experiment data, the Arrhenius plot was
shown as Fig. 7(a). The value of activation energy and preexponential factor for the gasification reaction stage corresponding to the straight line is obtained from Fig. 7(a). The set
of data determined is: E ¼ 23.797 kJ mol1 and A ¼ 0.0496 s1.
Plots of ‘ln k(T )’ against ‘1000/RT’ show good fit (r2 > 0.95) for
all samples used in this study.
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1123, and 1173 K with the theoretic RTPs of the theoretical kinetic models described in Table 3.
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Fig. 7 e Arrhenius plot of biomass gasification with sampling loading of 10 g (a) and 5 g (b) under different final
temperatures.

To compare the different weight level for the effect on
isothermal weight loss, 5 g weight sample biomass was
investigated at four reaction temperatures mentioned above
for isothermal TGA (see Fig. 5(b)). Similar with the 10 g weight
sample isothermal TGA, higher temperature increase weight
loss in the 5 g weight level. And the value of activation energy
and pre-exponential factor for the 5 g weight was calculated.
The activation energy is 34.295 kJ mol1, and pre-exponential
factor is 0.2148 s1. It can be seen that two different weight
load of samples have different activation energy. It can be
concluded that the load of sample has certain effect on activation energy value. In this study, the reason of the difference
of activation energy exists might be caused by the reaction
heat. Because the reactor has certain heating loss, more heat
produced with larger weight sample, and little heat produced
with little weight sample. Under the condition of larger reaction heat release, the gasification will be improved, and the
activation energy might be lower. However, the less heat was
released from the little weight sample loaded cause the

relative high heat loss, so the activation energy this might be
lower. About the behavior of large weight biomass thermogravity will be investigated in the further study.

4.

Conclusions

The hydrogen yields increased from 33.17 to 44.26 g H2/kg daf
biomass in the range of reaction temperature from 1073 to
1223 K. The low heating value (LHV) varied between 6.29 and
7.71 MJ/Nm3. In air gasification, CO showed a larger decrease
in the range of ER ratio while CO2 increased sharp with the
increasing ER value. Hydrogen yields present a maximum
value at ER of 0.22 in air gasification, while the maximum H2
yield is at ER of 0.05 in oxygen gasification. Different weight
level sample has different isothermal reaction kinetics. The
values of activation energy and pre-exponential factor for the
gasification reaction are: E ¼ 23.797 kJ mol1 (10 g) and
34.295 kJ mol1 (5 g).
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