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Abstract

Fast pyrolysis of rice husk, rice straw and corncob were investigated in a newly constructed drop-tube/fixed-bed
reactor, which enables pyrolysis experiments under conditions closely simulating those occurring in commercial gasifiers
such as fluidised-bed gasifiers. Biomass samples were pyrolysed with a fast heating rate (i.e. > 1,000oC s-1), up to 850oC and
holding times ranging from 1 to 10,800 seconds. Within 1 second after the biomass was injected into the reactor, consider-
able weight loss occurred instantaneously, leaving only a small amount of char, i.e. ~10-30 %. For all three samples, the
weight loss continued throughout the range of holding times used but at an extremely slow rate, i.e. 1.3 % hr-1. The weight
loss rates observed for the three biomass samples were affected by the proportion of the biomass chemical components
as well as the metal species contents. Corncob, which had the lowest lignin content but highest cellulose content, had the
highest pyrolysis weight loss rate. On the other hand, rice husk containing a relatively high lignin content, had the lowest
pyrolysis rate. The metal species (Na, K, Ca and Mg) were found to increase devolatilisation yield depending on their
contents in biomass. The influence of the metal species was the most pronounced for rice straw, having the highest total
metal species content. As the pyrolysis progressed, each biomass exhibited different char characteristics. Scanning electron
microscopy (SEM) pictures clearly showed the individual changes in geometry for all biomass-derived chars as well as
their decrease in combustion reactivities. The gas formation profiles for all three biomass samples showed almost the same
trend, with CO contributed by cellulose decomposition as the major gas product.
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1. Introduction

Due to environmental concerns over excessive fossil
fuel usage, biomass has increasingly become of interest as a
promising renewable energy source to mitigate global warm-
ing (Rosillo-Calle et al., 2000). In Thailand, well-recognized
as one of the first rank exporters of agricultural and food
products, biomass, including abundant by-products from
agricultural process industries as well as residues from post
harvest such as bagasse, corncob, coconut shell, etc., is largely
available for use as alternative energy source (Utistham et

al., 2007). Particularly, three agricultural residues including
rice husk, rice straw and corncob are statistically shown to
have high resource potential in Thailand. Another study by
Thailand Research Fund (2007) reported similar results in
terms of annual production; the estimated maximum produc-
tion of rice husk, rice straw and corncob were 6.2, 32.2 and
1.8  million  tonnes  per  year,  respectively.  However,  the
potential of un-utilised rice husk and corncob at the national
level was reported to be rather low due to extensive utilis-
ation for both energy and non-energy purposes. On the other
hand, as much as 12.9 million tonnes per year of rice straw
remain un-utilized. Despite these findings, it is believed that
rice husk and corncob still have potential at the local level
for small-scale or decentralized systems.
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Various thermo-chemical processes have been devel-
oped and implemented worldwide. While direct combustion
of biomass has widely been used for household and indus-
trial purposes, biomass gasification is becoming an attractive
conversion technology. The product gas from gasification
can be used for various purposes, including fuel for direct
combustion to produce heat, for use in gas engines or gas
turbines, and to produce electricity. The product gas with
high quality can be used as an intermediate for other value-
added  chemical  syntheses  such  as  synthetic  diesel  (via
Fischer-Tropsch process), etc (Rosillo-Calle et al., 2000).
However, to date, only the production of heat in large scale
applications and the production of electricity for small scale
applications are seen in real practice, although biomass gas-
ification has been studied for decades. Therefore, develop-
ments  for  more  effective  and  reduced  cost  technologies
(compared  to  fossil  fuel  technologies)  as  well  as  for
advanced technologies like biomass-to-liquid (BTL) are still
a challenge.

Similar to other thermal conversion processes, the
initial step of gasification is pyrolysis, during which the
volatiles are released leaving the solid char. In the presence
of reactive agents, the volatiles and char are further reacted
and converted into the final products. Not only the weight
losses due to pyrolysis can reach as high as 70 % of the total
weight loss of solid fuels during the entire gasification pro-
cess, operational conditions during the pyrolysis step in
which char is formed also have significant effects on the
char characteristics and hence the reaction rate of char in the
subsequent gasification step. Since the gasification rate of
char is much slower compared to the pyrolysis rate, it deter-
mines the overall gasification rate. Therefore, studying the
influence of pyrolysis parameters on the char yield as well as
the  reactivity  and  morphology  of  the  recovered  chars  is
necessary to explain the reaction behaviour and to predict
the fate of char undergoing the gasification step.

Several  investigations  on  biomass  pyrolysis  have
been carried out using various apparatuses. Fixed-bed re-
actors and thermogravimetric analyzers (TGA) have been
widely used (Caballero et al., 1997; Cao et al., 2004; Gani
and Naruse, 2007; Pütün et al., 2005; Sánchez et al., 2004;
Tsai et al., 2007), especially for kinetic studies. However,
these reactor configurations limit the attainable heating rates
to a relatively slow range, i.e. less than 100oC min-1, which is
far from the conditions in commercial reactors (Carpenter
and Skorupska, 1993). Moreover, interactions between the
volatiles and chars or entrainment of volatiles in the vicinity
of the heated coal/char enhance secondary cracking reactions
and consequently reduce the yield of volatiles, especially tar,
significantly (Carpenter and Skorupska, 1993; Hayashi and
Miura, 2004). The use of drop-tube or free fall reactors could
overcome the heating rate limitation. In these reactors, cold
particles  are  rapidly  heated  as  they  drop  into  the  hot
atmosphere  inside  the  reactor,  and  the  heating  rate  of
particles is determined based on the terminal velocity of
particles, which is comparable to or even higher than the gas

velocity (Carpenter and Skorupska, 1993). However, the
time-temperature history cannot be defined accurately due to
the interdependency of heating rate, peak temperature and
holding time. Although wire-mesh reactors enable well-
defined time-temperature profiles under high heating rate
conditions  as  well  as  minimising  secondary  cracking  re-
actions, the analysis of product gas composition is impossible
due to the very diluted gas phase. The drop-tube/fixed-bed
reactors, which integrate the desirable features of the drop-
tube reactor and the fixed-bed reactor, allow rapid heating
as well as an exact determination of the temperature and
particle residence time (Hayashi et al., 2002; Kumabe et al.,
2007).

In this study, a drop-tube/fixed-bed reactor was con-
structed for investigation of the behaviour of three selected
agricultural residues available in Thailand, rice husk, rice
straw and corncob, under fast pyrolysis conditions simulat-
ing those occurring in commercial fluidised bed gasifiers.
The effects of pyrolysis temperature and holding time on the
weight  losses  and  characteristics  of  char  and  gases  were
investigated. The relative combustion reactivities of the char
were  determined  using  a  thermogravimetric  analyser  and
the char morphology examined using a scanning electron
microscope, while the gas composition was analysed using
a mass spectrometer.

2. Experimental

2.1  Biomass samples and sample preparation

The biomass samples used for this study were rice
husk, rice straw and corncob. These were ground and sieved
to a diameter less than 75 µm. After that, the samples were
dried  in  a  vacuum  oven  at  70oC  for  24  hours  before  the
experiments. The proximate and ultimate analysis results are
given in Table 1 and chemical components, including cellu-
lose, hemicellulose, lignin and extractive matters, in Table 2.
All three types of biomass have similarly high volatile matter
contents and low fixed carbon contents, but their ash contents
are different. Rice husk has the highest ash content, i.e.
almost 20 %; while corncob contains almost no ash. Although
there  is  no  significant  difference  in  the  volatile  matter
contents and elemental contents among the three biomass
samples, the variation of their chemical components can be
clearly observed. To investigate the effect of the chemical
components  present  in  the  biomass,  a  commercial  micro-
crystalline cellulose powder [Sigma Aldrich] and organic-
solved lignin [20-100 µm, Sigma Aldrich] were used in the
study as the model components.

Although there have been a number of studies of the
role of inherent metal species in the primary reactions during
a rapid pyrolysis of brown coals and lignites (Kershaw et al.,
2000; Li et al., 2000; Hayashi et al., 2000), none have been
carried out on biomass pyrolysis. Therefore, possible cata-
lytic  effect  of  the  metal  species  on  biomass  pyrolysis
behaviour was also investigated with a focus on the four
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major metal species typically found in biomass, including
Na, Mg, K and Ca. These alkali metal species were analysed
by means of the inductively coupled plasma-mass spectro-
meter (ICP-MS) technique. The biomass sample was treated
with 0.1 M HCl aqueous solution to extract the ion-exchange-
able metal species from the biomass, while maintaining the
sample structure. Details of the preparation of acid treated
samples have been presented elsewhere (Vamvuka et al.,
2006). The acid washed samples were also subjected to ICP-
MS for analysis of metal species. The contents of ash and

metal species in the treated and untreated biomass are given
in Table 3.

2.2  Drop-tube/fixed-bed reactor

A drop-tube/fixed-bed reactor was constructed in this
study based on the configuration developed by Hayashi et al.
(2002). This type of reactor combines the desirable features
of the drop-tube reactor and the fixed-bed reactor to allow
rapid heating rate conditions as well as an exact determina-
tion of the temperature and particle residence time. The heat-
ing rate was estimated to be higher than 1,000oC s-1. The
schematic diagram of the reactor is shown in Figure 1. The
reactor consists of an inner quartz tube with the inside dia-
meter of ½ inches and an outer quartz tube with the inside
diameter of ¾ inches. The lower end of the inner tube was
fitted with a perforated plate on which quartz wool was
placed. Prior to an experiment, 40-50 mg of the sample was
filled in the tubular sample holder positioned at the top end
of the inner tube, which was pressurised with nitrogen to
about 0.5 MPa above the atmospheric pressure. The reactor
was purged with nitrogen at 400 ml min-1 and the reactor
temperature was raised by an external heater to the desired
temperature. Approximately 30 minutes holding time at the
temperature was maintained to ensure uniform gas atmos-
phere and temperature inside the reactor, after which the
sample was injected into the inner tube by an instantaneous
release of the pressure in the sample holder. The volatiles
and product gases formed were immediately swept from the
inner tube by the continued nitrogen flow, while the char
particles were left on the quartz wool to undergo further
reactions. After a desired holding time after sample injection
(in a range from 1 to 10,800 seconds), the reaction was

Table 1. Proximate and ultimate analysis of rice husk, rice straw and corncob

Rice husk Rice straw Corncob

Proximate Analysis (% dry basis)
     Volatile Matter 72.8 74.7 78.7
     Fixed Carbon 9.3 15.2 16.2
     Ash 17.9 10.1 0.9
Ultimate Analysis (% dry-ash-free basis)
     C 48.9 45.2 45.5
     H 6.2 6.5 6.2
     N 0.8 0.8 1.3
     O (by difference) 44.1 47.5 47.0

Table 2. Chemical components of rice husk, rice straw and corncob

  Biomass Hemicellulose Cellulose Lignin Extractive matter         Reference

Rice husk 28.6 28.6 24.4 18.4 Di Blasi et al. (1999)
Rice straw 35.7 32.0 22.3 10.0 Xiao et al. (2001)
Corncob 31.0 50.5 15.0 3.5 Demirbas (2004)

Table 3. Content of ash and metal species in untreated and
acid treated rice husk, rice straw and corncob

Rice husk Rice straw Corncob

Untreated biomass

Ash content 17.9 10.1 0.9
Metal ion content
  (mgion gsample

-1)
     Na 0.21 1.01 0.76
     Mg 0.58 1.84 0.05
     K 5.37 16.79 7.26
     Ca 1.67 4.48 1.04

Acid treated biomass

Ash content 18.1 8.9 0.0
Metal ion content
  (mgion gsample

-1)
     Na 0.03 0.07 0.08
     Mg 0.00 0.01 0.00
     K 0.09 0.03 0.02
     Ca 0.29 0.00 0.00
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quenched by cutting the external heat supply and the system
was cooled down by the flow of cold nitrogen blowing down
the inner tube. The residual char particles were collected for
further analyses. The total weight loss was determined by the
difference between the weight of quartz wool with sample
before and after the pyrolysis experiment. A series of blank
runs (i.e. quartz wool without sample) were conducted under
the range of conditions studied. No weight change of quartz
wool was observed. The total weight losses were found to be
within 1% experimental error.

2.3  Analytical methods

Pyrolysis chars and gases were further analysed using
the  following  analytical  methods  in  order  to  obtain  the
information  on  pyrolysis  product  characteristics  which
benefits the subsequent utilisation.

2.3.1  On-line mass spectrometer (MS)

The compositions of the obtained product gases were
analysed by on-line mass spectrometer (Pfeiffer vacuum,
Omistar),  MS.  The  MS  was  connected  to  the  exit  of  the
drop-tube/fixed bed reactor by a 1-meter transfer line, which
was heated to 200oC to prevent the condensation of product
gases. The m/z of 2, 15, 28, and 44 representing H2, CH4,
CO and CO2, respectively, were continuously monitored and
the gas concentrations obtained by standard gas calibration.

2.3.2  Isothermal thermogravimetric analyser (TGA)

The relative combustion reactivities of the pyrolysis-

derived  chars  were  measured  in  a  standard  thermogravi-
metric analyzer [Pyris 1 TGA, Perkin Elmer] under an iso-
thermal condition in air at 500oC. The test temperature was
chosen  to  ensure  that  the  combustion  would  take  place
under the kinetic and not the mass transfer control regime
(Messenböck et al., 1999). Prior to the test, the pyrolysis char
collected from the drop tube/fixed bed reactor after the
experiment was dried in the vacuum oven at 70oC for 24
hours. For the measurement of the relative combustion re-
activity, around 5 mg of the char samples were loaded onto
the TGA sample pan. The sample was initially heated up
under the flow of nitrogen (99.999 % purity) at 50 ml min-1

to 110oC to remove the remaining moisture and then to 500oC
at  a  constant  heating  rate  of  10oC  min-1.  As  soon  as  the
desired temperature was reached, the flow of nitrogen was
switched to air (Air Zero). The temperature was kept constant
until the sample completely became ash. The combustion re-
activity was calculated by taking the first derivative of the
obtained weight profile normalized to the initial weight of
sample,  as  shown  in  Equation  1.  The  maximum  relative
combustion reactivity, Rmax, was taken as the indicator for
char reactivities in this study.

max
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max

1
�
�

�
�
�

�
��

dt
dW

W
R (1)

where t is the reaction time, W0 is the initial weight of sample
and W is the instantaneous weight of sample.

2.3.3  Scanning Electron Microscope (SEM)

The  scanning  electron  microscope  (SEM)  [JEOL,
JSM-6400] was used to examine the morphology of samples

Figure 1.  Schematic diagram of the drop-tube/fixed-bed reactor setup for pyrolysis experiments
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including both raw biomass and char particles derived from
the pyrolysis experiments. The sample powder was sprinkled
as a thin layer on an adhesive tape placed on the brass sample
holder. Excess amount of the sample was removed by blow-
ing with the air spray. The adhered sample was then coated
with gold powder using the sputtering device [JEOL, JFC-
1100E  Ion]  and  then  transferred  into  the  JEOL  sample
chamber for the analysis. The accelerating voltage was set at
15-40 kV and 2,000 time magnification was selected.

2.3.4  Sorption Analyzer

The specific surface areas of the biomass samples as
well as the biomass-derived char samples from the pyrolysis
experiments were measured to examine the pore structures,
which  reflect  the  char  active  sites  and  its  reactivity.  The
specific surface area was measured by a sorption analyzer
(BELSORP-mini with BELPREP-flow, BEL JAPAN, INC)
at -196oC. N2 was used as the adsorption gas. Prior to the
measurement, around 0.1 g of the char sample was pretreated
by drying under nitrogen atmosphere for around 5 hours to
remove the remaining moisture. The specific surface area of
the  sample  was  then  calculated  using  the  standard  BET
method (Yang, 2003).

3. Results and Discussions

3.1. Effects  of  temperature  and  holding  time  on  the
pyrolysis weight loss

Fast pyrolysis experiments of rice husk, rice straw
and corncob were carried out in the drop-tube/fixed-bed
reactor to investigate the effects of temperatures and holding
times on the pyrolysis weight loss.

Although pyrolysis temperatures above 700oC were
interesting for the investigation of the weight loss behaviour
under the circumstances in biomass fluidized bed gasifiers,
a temperature range of 200-850oC was used in order to suffi-
ciently demonstrate the weight loss behaviour of the entire
pyrolysis step. One minute holding time was used to ensure
a uniform temperature. As shown in Figure 2, significant
weight losses were observed for all three biomass samples
studied at temperatures between 200 and 400oC, after which
the weight loss rate was much slower. This is typical for
lignocellulosic materials for which the devolatilisation rate
depends strongly on the reaction temperature and the rapid
release  of  volatiles  starts  at  temperatures  as  low  as  200oC
(Gani and Naruse, 2007). This is likely due to the impact of
the decomposition of cellulose, which decomposes quickly
at 200-400oC (Gani and Naruse, 2007; Uzun et al., 2007).
The decomposition of lignin, which is slower but spans over
the entire range of temperatures (Orfão et al., 1999; Vam-
vuka et al., 2003), is thought to be responsible for the addi-
tional small increase in the weight loss at high temperatures.
At 850oC, which was the maximum pyrolysis temperature
used in this set of experiments, the weight loss due to pyro-

lysis  accounted  for  70-90%  of  the  total  weight  loss.  This
generally implies that, in the commercial gasification pro-
cesses, as soon as biomass particles are exposed to the high
temperature inside the reactor, they are rapidly heated up
and the majority of the volatiles are immediately released
leaving a small amount of char.

It is noticed that, at the same temperature, the weight
loss of rice straw was always higher than that of rice husk
over the entire temperature range, while corncob exhibited a
slight difference. Below 300oC, the weight loss of corncob
was found to be the lowest; however, the devolatilisation rate
of corncob accelerated at temperatures above 350oC giving
a higher weight loss than for rice straw and rice husk. This
rapid increase in the weight loss of corncob is likely attri-
buted  to  the  decomposition  of  its  considerable  cellulose
content, i.e. almost double that of rice husk and rice straw.
Previous studies (Gani and Naruse, 2007; Worasuwannarak
et al., 2007) have similarly found that the maximum decom-
position rate of cellulose was at 350-400oC.

It can also be observed from Figure 2 that, at tem-
peratures above 700oC, the weight losses apparently reached
their maxima under the specified heating rate and holding
time. However, additional weight loss obtained at sufficiently
long holding times can be expected, especially at high heat-
ing rate and high temperatures. The effect of holding time
was then investigated at 700-850oC, which are within the
range of temperatures encountered in commercial biomass
fluidised bed gasifiers. The results are shown in Figure 3 for
the weight losses of rice husk, rice straw and corncob at the
holding times ranging from 1 to 10,800 seconds. In all cases,
the major weight loss occurred immediately after the sample
was injected into the reactor, i.e. within the first second,
leaving a small amount of char. At 850oC with 1 second hold-
ing time, the weight losses were 71.8%, 77.5% and 89.3%
for rice husk, rice straw and corncob, respectively.

For all three samples, corncob pyrolysed at a faster
rate than rice husk and rice straw. The pyrolysis weight loss
continued throughout the range of holding times used but at

Figure 2. Total weight losses from pyrolysis of rice husk, rice straw
and corncob at 200-850oC with 1 min holding time in
the drop-tube/fixed-bed reactor
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an extremely slow rate, i.e. 1.3% hr-1. This behaviour was
similar to pyrolysis under helium atmosphere in standard
TGA tests for both biomass and Thai lignite (the results are
not shown), in which the yields reached the ash level after
an extremely long holding time at the high temperatures.
However, within the range of holding times in the same order
of magnitude as the typical particle residence times inside
the fluidised bed reactors, i.e. 1-2 minutes, the weight loss is
considered unchanged.

3.2 The  effect  of  chemical  components  on  the  pyrolysis
weight loss

The analysis of the chemical components given in

Table 2 shows that the total cellulose content was more than
the lignin content for all three biomass samples. Corncob
had the highest total cellulose content (31% hemicellulose
and  50%  cellulose),  while  rice  husk  had  an  almost  equal
proportion of hemicellulose, cellulose and lignin.

The relationship between the chemical components
and the pyrolysis weight losses of the three biomass samples
was investigated at 850oC as a function of holding time (i.e.
1-10,800 seconds). The experiments were also carried out on
cellulose and lignin chemicals under otherwise similar condi-
tions. The pyrolysis weight losses are presented in Figure 4.
Since  the  cellulose  and  lignin  chemicals  were  the  model
compounds, which may not exactly represent the natural
cellulose and lignin in biomass, such as the amount of ash,
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Figure 3. Total weight loss from pyrolysis at 700-850oC with 1 to 10,800 s holding time in the drop-tube/fixed-bed reactor of
(a) rice husk, (b) rice straw and (c) corncob
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the results are expressed on a dry-ash-free basis. Cellulose
decomposed much faster than lignin, with almost all the
possible weight loss of cellulose occurring within the first
second  after  the  sample  injection.  Lignin  decomposition
during the heat-up period was also considerable; however,
a significant further weight loss, i.e. ~30 %, continued as the
holding time proceeded but at a much slower rate. Generally,
it is more difficult for lignin to decompose than cellulose.
Lignin consists of more aromatic groups, which have higher
chemical bond energies than the polysaccharide structures of
cellulose consisting mostly of a series of glucose molecules
(Sharma et al., 2004; Yang et al. 2007). The profiles of bio-
mass decomposition were found to lie between those of
cellulose and lignin, but closer to the former. This may be
due to the higher proportion of cellulose than lignin in these
biomass  samples.  The  profile  of  corncob,  which  had  the
highest  cellulose  content,  was  the  closest  to  the  profile  of
cellulose; while rice husk having the lowest cellulose content
and the highest lignin content exhibited the opposite. This
clearly confirms that the proportion of chemical components
in biomass is one of the important parameters to evaluate the
pyrolysis behaviour.

3.3  The effect of metal species on the pyrolysis weight loss

Among the three biomass samples studied, rice straw
had the highest contents of all four metal species of interest.
These metal species in rice straw, especially the abundant
potassium, tend to cause more fouling problems during com-
bustion than the other two samples.

As described in the experimental section, biomass
samples were treated by acid washing, which was shown to
have no effect on either the quantity of ash present in biomass
or the biomass structural properties. As shown in Table 3, the
ash contents of treated and untreated samples were almost
identical. The functional group analysis by FT-IR (the results
are not shown) also confirmed that acid washing removed
the metal species of concern (Na, Mg, Ca and K) from the

samples, while the other structural properties of biomass
remained unaltered. All the metal species were also the acid
soluble species, which are likely to evolve from the biomass
and interact with tar during pyrolysis.

The total weight losses from pyrolysis at 850oC of
acid treated and untreated biomass are presented as a func-
tion  of  holding  time  on  the  dry-ash-free  basis  in  Figure 5.
Similar to the pyrolysis of untreated biomass, a significant
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weight loss took place immediately after the sample injection
(i.e. less than 1 second) for the treated biomass. However,
the weight losses of treated biomass were always higher. At
1 second holding time, the weight losses on a dry-ash-free
basis of the treated rice husk, rice straw and corncob were
91.1%, 92.5% and 91.2%, respectively, compared to 88.7%,
86.7% and 90.1% for the untreated samples. The increased
weight loss by the removal of these metal species is due to
the  enhanced  tar  formation,  which  was  also  consistently
observed by other researchers (Kershaw et al., 2000; Li et
al., 2000; Hayashi et al., 2000; Hayashi et al., 2002). Suelves
et al. (2000) suggested that the metal species disfavor the
cross-linking  reactions  which  reduce  the  char  formation.
This could also explain the largest difference in weight loss
in the case of rice straw, which has the highest content of the
metal species.

3.4 Char  reactivities  and  their  morphological  changes
during pyrolysis

As biomass is being pyrolysed to form char, all the
characteristics of the samples change progressively. Figure 6
shows the SEM pictures of rice husk, rice straw, corncob and
their respective chars prepared in the drop-tube/fixed-bed

reactor at 850oC. For all three samples, the original biomass
particles  have  quite  similar  appearances,  which  could  be
seen as a smooth surface with some distributed pores. After
only 1 second pyrolysis during which the biomass samples
were subjected to heat and decomposed rapidly, each sample
exhibited qualitatively different char morphologies. Rice
husk and rice straw char, while retaining their particle geo-
metries,  became  slightly  swollen  and  more  porous.  This
could be due to the immediate release of the volatiles from
inside of the particles under a rapid heating up. This effect
was more pronounced for rice straw compared to rice husk,
which may be explained by the more rapid devolatilisation
of rice straw resulting in more extensive volatile explosion
and pores creation. The morphological change of corncob
char was clearly different from those of rice husk and rice
straw.  The  extensive  widening  of  pores  and  changes  in
particle  geometry  were  clearly  observed  for  the  corncob
char. These behaviours are likely due to the significantly low
lignin content but high cellulose content in corncob. The low
lignin content is responsible for the weak structure of the
biomass cell wall rendering the particle rupture (Saka, 2000).
Moreover, the high cellulose content results in a relatively
high devolatilisation rate of corncob leading to the fragmen-
tation of its char particles. These observed developments of

 

    Rice husk           Rice husk char (1 second hold)    Rice husk char (10,800 second hold) 

    Rice straw           Rice straw char (1 second hold)   Rice straw char (10,800 second hold) 

    Corncob            Corncob char (1 second hold)    Corncob char (10,800 second hold) 

Figure 6. SEM photomicrographs of raw biomass samples and their chars obtained from pyrolysis at 850oC with 1 and 10,800 s holding
time in the drop-tube/fixed-bed reactor
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the char structure were confirmed by the significant increase
in the surface area of chars from those of their original bio-
mass at all preparation conditions, as will be discussed later.

The relative combustion reactivities and N2-adsorp-
tion  surface  areas  of  chars  prepared  from  rice  husk,  rice
straw  and  corncob  in  the  drop-tube/fixed-bed  reactor  at
850oC with the holding times ranging between 1 and 10,800
seconds are presented in Table 4. Although analyses were not
conducted on the chars prepared at all conditions due to the
insufficiently small amount of the resulting char samples, the
relationships between char characteristics (reactivities and
surface areas) and pyrolysis conditions can be observed.
Among the three biomass samples studied, corncob chars
were generally the most reactive; while rice husk chars were
the least reactive. As suggested in the previous section, the
difference  in  biomass  reactivities  could  be  due  to  the
proportion of chemical components of each biomass, espe-
cially cellulose and lignin.

Char reactivities generally decreased with an increase
in the holding time during pyrolysis. This decrease could be
explained by the following reasons. One is the char anneal-
ing or the loss of char active sites due to a long-time exposure
to high temperatures. The effect of high-temperature anneal-
ing has been studied and well explained by Marsh and Kuo
(1989). The thermal annealing from the heat treatment results
in the reduction of carbon structural defects. These defects
are normally where the main active sites are located, resulting
in reduced carbon reactivity. The other reason is the progres-
sive reduction of the char surface area due to the pore over-
lapping and pore widening as the conversion proceeds. This

could  also  lower  the  intrinsic  reactivity  of  the  pyrolysis
chars. The study of biomass pyrolysis by Liu et al. (2008)
showed that the surface area of the pyrolysis char reached
a maximum at the conversion of around 0.35 and then de-
creased. They also explained that during the initial step, the
blocked pores are opened up and new micropores are created
increasing the surface area. However, those pores are later
enlarged and finally merged lowering the char surface area.
This latter implication is evidently supported by the decrease
of the N2-adsorption surface areas with conversion at the
extended holding times (see Table 4).

3.5  Composition analysis of pyrolysis product gas

The derived product gas from the reaction zone was
swept into a mass spectrometer for a real-time gas analysis.
Helium gas was used instead of N2 in order to prevent the
overlapping of the peaks representing the gas species of the
same molecular weight, e.g. CO and N2. Although, with the
current  setup,  the  estimated  signal  delay  was  around  5
seconds, the evolution trends of each gas species could still
be interpreted with reasonable accuracy.

Figure 7 shows the instantaneous evolution rates as a
function of time of the product gases H2, CH4, CO and CO2
from isothermal pyrolysis at 850oC. The rates are presented
per gram of sample. Due to the rapid evolution of gases by
the fast heating rate condition, the maximum evolution rates
of all gases were approximately at the same time. Under the
conditions  used  and  the  current  setup,  almost  complete
evolution of the product gases was also found within 60 sec-

Table 4. Maximum char combustion reactivities determined using a
standard TGA under an isothermal condition at 500oC and the
N2 adsorption BET surface area of biomass-derived chars
prepared in the drop-tube/fixed-bed reactor under fast pyroly-
sis at 850oC

Biomass char Holding time (s) Rmax BET surface area
(min-1, daf)  (m2 g-1)

Rice husk 0 (original) - 5.72
1 0.92 99.52
600 0.71 -
3,600 0.58 -
10,800 0.53 72.26

Rice straw 0 (original) - 0.15
1 1.20 105.28
600 1.23 -
3,600 0.98 -
10,800 0.94 94.53

Corncob 0 (original) - 0.73
1 1.23 42.21
600 0.83 -
3,600 0.89 -
10,800 1.42 203.03
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onds for all three samples, after which the gas evolution was
insignificant, i.e. < 1 % of the total gas formed.

Different  gas  evolution  behaviours  were  clearly
observed among the three biomass samples studied. Corncob
gave higher gas evolution than rice husk and rice straw. This
could be explained by the considerably high cellulose and
hemicellulose contents in corncob. The results of gas evolu-
tion from cellulose and lignin pyrolysis carried out under
otherwise similar conditions, as shown in Figure 8, confirm
that cellulose decomposition produces significantly higher
gas yield compared to lignin. These gas yield trends are in

good agreement with other studies on pyrolysis experiments
on different types of biomass (Graboski, 1981; Worasuwan-
narak et al., 2007).

Among the four gas species of interest, CO had the
highest evolution rate for all three biomass samples. The CO
evolution is thought to mainly come from the decomposition
of  cellulose.  As  can  be  seen  in  Figure  8,  CO  is  the  main
product of cellulose decomposition; while the majority of
product gases from lignin is H2. Previous studies have shown
that  CO  is  formed  during  the  primary  decomposition  of
hemicellulose and cellulose with a smaller proportion of CO
coming from lignin by the cracking of carbonyl (C-O-C) and
carboxyl (C=O) in biomass (Fitzer et al., 1971; Yang et al.
2007).  Other  gases,  including  H2,  CH4  and  CO2,  exhibit
similar evolution rate profiles for rice husk and corncob;
while the CO2 evolution rate is double that of H2 and CH4 for
rice straw.

From this study, the effect of chemical components in
biomass on the pyrolysis gas yields as well as the gas com-
positions could be clearly observed. However, the effect of
the metal species could not be eliminated. Bridgwater et al.
(2003) suggested that, in addition to the biomass chemical
components,  the  inorganic  matters,  especially  the  metal
species which are abundant in biomass, can play a role as
nature-existing catalysts in biomass. This favours the forma-
tion of gas and char, while depressing the formation of liquid.
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Figure 7. Evolution rates of H2, CH4, CO and CO2 against time
during pyrolysis at 850oC of rice husk, rice straw and
corncob
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However, no correlation between the metal species content
and the gas evolution behaviour was found.

4. Conclusions

The high temperature (i.e. > 700oC) fast pyrolysis of
biomass  was  focused  in  this  study.  Under  the  conditions
studied,  the  weight  losses  from  rice  husk,  rice  straw  and
corncob  exhibited  similar  trends.  The  major  weight  loss
occurred within only 1 second after the biomass was injected
into  the  reactor  and  accounted  for  70-90%  of  the  initial
weight. Although the weight loss continued throughout the
range of holding times used, the rate was extremely slow.
Moreover,  within  the  range  of  holding  times  in  the  same
order of magnitude as the typical particle residence time
inside the fluidised bed reactors, i.e. 1-2 minutes, the weight
loss is considered unchanged.

The pyrolysis rates were found to be influenced by
the proportion of the biomass chemical components as well
as the metal species contents. The higher the lignin content
(which normally corresponds to the lower content of cellu-
lose), the lower the pyrolysis weight loss. The presence of
metal species in biomass increased the weight loss by en-
hancing the tar formation as well as depressing the cross-
linking  reaction  to  form  char.  The  longer  holding  times
reduced the char reactivities, which could be explained by
thermal annealing as well as the reduction of the surface area
as the conversion proceeded. Corncob, which contains the
highest cellulose content, gave the highest total gas yield.
CO is the major product gas from pyrolysis of all biomass
samples as well as of the cellulose.
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