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Abstract

Thermal decomposition of oil-palm solid wastes, including oil-palm shell, fibre and kernel, was studied by thermogravimetric analysis
(TGA). Effect of heating rate and sample particle size on the behaviour of thermogram and kinetic parameters were investigated. The
one-step global model, two-step consecutive model and two-parallel reactions model were used to simulate the pyrolysis process of the
three materials studied. The one-step global model was able to describe the fractional weight loss upon pyrolysis of oil-palm kernel rea-
sonably well but gave a large deviation for oil-palm shell and fibre. The two-step consecutive model could improve the fitting for oil-palm
shell and fibre, but it cannot account for the inflection characteristic of the thermogram. Prediction by the two-parallel reactions model
gave the best fitting with the experimental data of alf oif-palm wastes under all pyrolysis conditions investigated. This proposed model
was also tested with other biomass materials and proved to be satisfactory.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The oil-palm (Elaeis guineensis Jacq.) was origipally
planted in West Africa, where local people have used it
to make foodstuffs, medicines and wine. At the present
time, oil-palm exists in a wild, semi-wild and cultivated
state in the three land areas of equatorial tropics: Africa,
South-East Asia and America (Hartley, 1988). Today large
scales of oil-palm plantations are mostly for the production
of palm oil, which is extracted from the flesh part of the
palm fruit (mesocarp), and kernel oil, which is obtained
from the innermost nut.

Oil-palm solid wastes (including shell, fibre and its ker-
nel) are cheap and abandoned materials produced during
palm oil milling process. For every ton of oil-palm fruit
bunch being fed to the palm-oil refining process, about
0.07 tons of palm shell, 0.103 tons of palm fibre and
0.012 tons of kernel are produced as the solid wastes
(Pansamut et al,, 2003). Presently, approximately 154.2
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and 5.1 megatons of oil-palm fresh fruit are processed
annually worldwide and in Thailand, respectively (Centre
of Agricultural Information, 2004). This means that more
than 0.36 megatons of palm shell, 0.53 megatons of fibre,
and 0.06 megatons are produced each year in Thailand.
About 80% of these solid wastes are used as boiler fuel
in many industries and 20% are abandoned (Pansamut
et al., 2003). However, these renewable materials can be
alternatively used for producing valuable chemical prod-
ucts (e.g., fuel, and chemical feedstock) by applying the
thermochemical conversion processes, including pyrolysis,
liquefaction and gasification as well as by supercritical fluid
extraction methods (Yaman, 2004).

Among thermochemical conversion processes, pyrolysis
is a viable process for biomass upgrading by cracking poly-
meric structure of lignocellulosic materials and converting
it into a volatile fraction consisting of gases, vapours and
tar components and a carbon rich solid residue (char) frac-
tions. The volatile fraction can be used as a fuel or as a
chemical feedstock. For the remaining solid fraction, it
can be used in several applications, for example, in the pro-
duction of activated carbon or used directly as a solid fuel.
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The knowledge and understanding on pyrolysis kinetics
of biomass are important for proper design of a pyrolysis
reactor which plays an important role in large-scale pyroly-
sis process. The pyrolysis kinetics can be studied by several
methods but the most popular and simplest technique is the
thermogravimetric analysis (TGA) (Haines, 1995). In this
method, the change of a sample mass is monitored against
time or temperature in the absence of oxygen at a specific
heating rate. Important parameters that determine the
quality and yield of pyrolysis products are heating rate,
final temperature, holding time at the final temperature
and the nature and physical properties of raw materials
(Bansal et al., 1988).

The decomposition of carbonaceous matter during
pyrolysis is very complicated and depends also on heat
transfer by convection, conduction and radiation. Some
simplified numerical models were proposed in literatures
to predict the decomposition rate and final yield of char
and volatile matter. Wichman and Atreya (1987) applied
a one-step global mode! for predicting the devolatilization
rate of pyrolysis process. They assumed that the carbona-
ceous sample is decomposed in one-step to produce the
volatile substance and solid char. Bellais et al. (2003)
developed a shrinkage model for the pyrolysis of large
wood particles. The shrinkage was considered in three dif-
ferent ways: uniform shrinkage, shrinking shell and shrink-
ing cylinders. All shrinkage models show good agreements
with the experimental results for mass loss versus time at
high temperature range (higher than 600 °C) but fail to
simulate correctly at low temperatures. Thurner and Mann
(1981) proposed the three-parallel reactions model to
describe thermal decomposition of a carbonaceous mate-
rial into gas, tar and char. Chan et al. (1985) developed a
pyrolysis model with three primary reactions (parallel reac-
tion) and one secondary reaction (tar decomposing into gas
and char).

For oil palm-shell, Guo and Lua (2001) have applied the
one-step global mode! and the two-step consecutive model
for simulating the pyrolysis process. The one-step global
model showed faster pyrolysis conversion than the actual
experimental values, especially, at the high temperature
region. The two-step consecutive model agreed quite well
with the experimental data. However, this model consists
of a set of three ODEs which has no analytical solution.
1ts accuracy depends on the size of time step and numerical
techniques used in the calculation.

In this work, the kinetics of pyrolysis reaction of palm
shell, fibre and kernel were studied by using the thermo-
gravimetric analysis (TGA) technique (Haines, 1995).
Effects of raw material particle size and heating rate on
the shape of thermograms were investigated. The two-par-
allel reactions model which leads to only one analytical
solution was applied to simulate the pyrolysis process of
oil-palm shell, fibre and kernel. The validity of this pro-
posed model was also tested with other different carbona-
ceous materials, including coconut shell, bagasse, longan
seed and cassava pulp residue.

2. Model description

The two-parallel reactions model used in this work was
originally proposed by Font et al. {1991). They used this
model for describing the pyrolysis scheme of almond shell
by assuming that the almond shell consists of two indepen-
dent fractions which decompose at different rates and tem-
peratures. Therefore, there are two main competing
reactions which occur simultaneously. In addition, the
first-order kinetics for both competing reactions was
assumed. In the present work, however, the first-order
kinetic scheme was also assumed for the first fraction,
but the order of reaction was set as a free parameter for
the second fraction, with a purpose to increase model
flexibility.

Basic assumptions of the two-parallel reactions model
are that the reaction 1s kinetically controlled and there
are no secondary reactions among the released gaseous
products. It is further assumed that the raw material con-
sists of two homogeneous matters, M, and M, and each
component decomposes simultaneously at different rate
and temperature, producing volatile matters and solid
char. The overall reaction and the two individual parallel
reactions are expressed by Egs. (1) and (2), respectively.

Raw material =5 Volatile 1 + Volatile 2 + char (1
M, 5 Volatile 1 + char (2-a)
M 2 Volatile 2 + char (2-b)

where k; and k, represent the rate constants of each reac-
tion. The residual weight fraction of char components are
defined as follows:

. M~ me R
- 1 - myg !

My —my
1= ;K=

% 1- mg
where my is the final yield of char which is estimated from
the final constant weight of TG curve. my and myg, are the
final yields of the first and second components presented in
the raw material, respectively. M, M, and M, are mass
fractions of total char, solid char of components 1 and 2
present at time ¢, respectively, with

(4-2)
(4:b)

M=M+M;

mg = my; + My

The rate of decomposition reaction in Egs. (2-a) and (2-b)
are assumed to follow:

dOCl . ) -—El

5 = e (’ﬁ') (5-2)
dO(z . "_EZ n

—aT = —A,exp <-}—€F) oy (S‘b)

where 4 is the frequency or pre-exponential factor, E is the
activation energy, R is the universal gas constant, 7 is the
absolute temperature, n is the order of decomposition
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reaction for component 2 and ¢ is the time. For a constant
heating rate, f§, we can write

dr
=8 ©)

Dividing Eq. (5) by Eq. (6), the rate of decomposition
reactions can be expressed as a function of temperature

as follows:

%O% = —% exp G;;;') a (7-a)

%%"2_ = ~% exp <:£3) o) (7-b)
Rearranging Eq. (7) and integrating to obtain

/aa'd{l—'=——% Texp<Rl;>dT (8-a)

-/baz (lo; /;2 exp (;;:) dr (8-b)

where ¢ and b are initial values of a; and «,, respectively,
and they indicate the initial weight fractions of component
1 and 2 in the starting raw material. They are assumed con-
stant and depend only on the characteristics of the raw
material. The relationship between a and b is expressed as

a+b=1 %)

The exponential term on the right-hand side of Eq. (8)
can be expressed in an asymptotic series and by neglecting
the higher order terms, the integration yields (Guo and
Lua, 2001)

“E)\ gy _ART [ _2RT)  (-F,
ﬁ/ P\RT )¢ T BE, E | P\ %7

Substitution of Eq. (10) into Eq. (8), the expressions of
oy and a, can be derived as follows:

(10)

—ART? 2RT E
oy = €Xp [——BE[_- (1 —-Z:I—) €xp (RT) -+ ln(a)} (ll-a)
_[(r=DART (| 2RTY _ (=E\ | 4on]™
oy = [———FE—Z————— 1 —————E2 exp R T + b
(11-b)

The total of remaining mass at any temperature is the
sum of each residual fraction. That is,

Table 1
Proximate and ultimate analysis of the oil-palm shell, fibre and kernel

o =0y + oy

_ —A\RT? (1 _2RT “E\
= exp E E, >exp (RT) + In{a)

!
(n— 1)4,RT? 2RT —E, tem] ™
AT ALE SR (f Bl ey BARL
=+ [ BE, 5 exp RT +
(12)
Eq. (12) was used to fit the experimental TG data and
the six kinetic parameters (a,4,,E),A4,,E, and n) were

determined through model fitting by minimizing the sum
of square of relative error (SSRE), defined as

SSRE = Z {aexp ocmodel)

Zexp

(13)

where ey, and dmeda are the experimental and simulated
residual fraction, respectively.

3. Experimental

The kinetic study of pyrolysis reaction was carried out
by following the mass of a sample as a function of temper-
ature using a thermogravimetric analyzer (TGA 7, Perkin
Elmer). Oil-palm solid wastes, including shell, fibre and
kernel were supplied by Golden Palm Industry in Chon
Buri Province, Thailand. The received materials were
washed and dried at 110 °C for 24 h. Then, they were
crushed and sieved to obtain average particle sizes of
0.36,0.51,0.73, 1.1 and 1.4 mm for oil-palm shell, less than
1.0mm and 0.25mm for fibre and kernel, respectively.
Table 1 shows the proximate and ultimate analyses of the
three biomass samples studied in this work. The solid den-
sities of raw materials were measured by using a helium
pycnometer.

A sample of about 10 mg was placed into the TGA
equipment and heated from room temperature to 700 °C
at various heating rates from 5 to 40 °C/min. Ultra high
purity grade of nitrogen (99.9995% purity supplied by
TIG, Thailand) at a constant flow rate of 100 cm’/min
was used as a purge gas to provide an inert atmosphere
around the sample during devolatilization and to carry
away the pyrolyzed products from the reaction zones. Var-
iation of sample mass with respect to temperature change
(TG data) and its first derivative (DTG data) were contin-
uously collected. The derived TG data was fitted with the
one-step global model, two-step consecutive model and
two-parallel reactions model to test the predictive capabil-
ity of the models by using optimization function in

Sample Ultimate analysis (%o w/w) Proximate analysis Solid density (g/cm?)
C H N S o Volatile Fix-C Ash

Palm shell 47.6 5.38 0.66 0.04 41.38 72.7 23.6 3.6 1.42

Palm fibre 46.64 5.66 1.73 0.10 39.46 73.7 12.6 6.6 0.75

Palm kernel 41.47 5.77 3.00 0.03 43.49 80.3 103 32 1.39
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MATLAB program. The kinetic parameters were then fol-
lowed from the model fitting results.

4. Results and discussion

Thermal decomposition of oil-palm shell, fibre and ker-
nel was studied at four different heating rates of 5, 10, 20
and 40 °C/min and five average particle sizes (only for
oil-palm shell) of 0.36, 0.51, 0.72, 1.10 and 1.40 mm to
investigate their effect on the behaviour of thermogram
and kinetic parameters of the pyrolysis process. The exper-
imental data of all three materials were fitted with the sim-
plest kinetic scheme, the one-step global model, and also
with the more complex kinetic models, the two-step consec-
utive model of Guo and Lua (2001) and two-parallel reac-
tions model proposed in this work. Also presented in this
section are the pyrolysis data and results of model fitting
of other potential biomasses, including coconut shell,
bagasse, longan seed and cassava pulp residue.

4.1. Analysis of the thermograms

The thermogravimetric (TG) data and its first derivative
(DTG data) of oil-palm shell, fibre and kernel pyrolyzed at
the heating rate of 20 °C/min are plotted against the tem-
perature in the same graph in order to show their kinetic
scheme (see Fig. 1). Results show that the pyrolysis of
oil-palm solid wastes commenced at the temperature above
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250 °C for palm shell and above 200 °C for palm fibre and
kernel. For the pyrolysis of oil-palm shell and fibre, there
are two distinct peaks of DTG curves which indicate that
there should be at least two main groups of reaction occur-
ring during the decomposition process. It is noted that the
two maximum of decomposition rates occur at about
300°C and 375°C for both oil-palm shell and fibre,
respectively.

It is known that the major components of lignocellulosic
biomass are hemicellulose, cellulose and lignin (Antal,
1983). The main thermal decomposition of lignocellulosic
materials generally occurs over the temperature range of
200400 °C. Lignin is the first component to decompose
at a low temperature and low rate and continues on until
approximately 900 °C. Hemicellulose is a light fraction
component which also decomposes at the low temperature
region between 160 and 360 °C. Cellulose is the last compo-
nent to decompose at the high temperature range of 240~
390 °C (Vamvuka et al., 2003). The existing of two major
peaks observed in DTG curves may be qualitatively
explained as follows. The first peak could be generated
by the decomposition of hemicellulose and some of the lig-
nin. The second peak should correspond to the decomposi-
tion of cellufose and the remaining lignin (Font et al., 1991,
Tsamba et al., 2006). At the temperatures above 400 °C,
the final decomposition involves the aromatization process
of lignin fraction leading to very low weight loss (Fisher
et al., 2002). Based on this reasoning, it might be logical
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Fig. . TG and DTG data of oil-palm shell, fibre and kernel pyrolyzed at heating rate of 20 °C/min.
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to test the experimental kinetic data of palm shell and fibre
using the two-parallel reactions and two-step consecutive
model.

For oil-palm kernel (see Fig. 1), there is only one maxi-
mum rate of decomposition observed at about 250 °C with
a small shoulder located at the higher temperature side on
the DTG curve. This indicates that there is at least one
major reaction scheme occurring during the pyrolysis pro-
cess for this type of material. The maximum peak of DTG
curve is probably contributed by the decomposition of the
lighter fraction (i.e. hemicellulose) and the small shoulder
corresponds to the decomposition of the heavier compo-
nent (i.e. cellulose). It is observed that the rate of decompo-
sition of the light component for the case of oil-palm kernel
is greater than the rate of decomposition of the heavy com-
ponent, while for oil-paim shell and fibre, the rate of
decomposition of the heavy component is dominated.
The one peak of DTG data with small shoulder was also
found for the pyrolysis of olive-kernel as reported by Vam-
vuka et al. (2003). With the existence of only one peak of
DTG data, it is expected that the experimental data of
oil-palm kernel could be described by the one-step global
model.

It is known that particle size is an important parameter
that can affect the pyrolysis behaviour (Haykiri-Acma,
2006; Jayaweera et al., 1989; Kok et al., 1998; Larsen
et al.,, 2006). An increasing in particle size can establish
the temperature gradient, causing increased heat transfer
resistance inside the pyrolyzed particles, which in turn
can cause an increase in the final solid yield and a decrease
of volatile matter released during the pyrolysis process. The
residual weight fractions of oil-palm shell determined dur-
ing pyrolysis process (TG data) are shown in Fig. 2, for
various particle sizes at the heating rate of 20 °C/min. As
observed, the particle size has no significant effect on the
thermogram of oil-palm shell at the initial stage of pyroly-
sis (temperature lower than 320 °C), after that the residual
mass of sample and the final yield of char increase with
increasing of particle size at the same pyrolysis tempera-
ture. However, the decomposition of solid appears to start
and end at approximately the same temperature range for

] 0 vv%egv T
8
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all particle size studied here. Also shown in Fig. 2 is the first
derivative of mass change with respect to temperature
(DTG data) for various particle sizes at the heating rate
of 20 °C/min. The plots show that the first and second
peaks of DTG curve occur at approximately the same tem-
perature independent of particle sizes (see also in Table 2).

Figs. 3-5 show respectively the thermograms of oil-palm
shell, fibre and kernel pyrolyzed at various heating rates. It
is observed that as the heating rate is increased the thermo-
grams of palm shell and fibre shifted systematically to
higher temperature region but slightly shifted for the case
of palm kernel. These results indicate that palm shell and
fibre decomposed at a higher temperature when a higher
heating rate was applied. The shift of thermograms to
higher temperature region is probably due to the effect of
heat transfer which causes the temperature lag between
the surrounding and inside of the particle. However, there
is no measurable effect of heating rate on the final yield of
char for all three materials. The same results can be

Table 2
First and second maximum rate of decomposition and corresponding
temperatures of oil-palm solid wastes

Timax Ist maximum T,y 2nd maximum
rate (%o/min) rate (%/min)

Sample Heating Size
rate (°C/min) (mm)

Shell 20 0.36 305 -9.95 380 ~14.49
0.51 305 -10.06 375 1330
0.73 305 -9.77 380 -14.08
1.10 300 -10.19 380 -13.46
1.40 300 -10.04 380 -13.38
Shell 5 0.36 280 ~2.50 355 -4.20
10 295 -5.02 365 ~7.80
20 305 -9.93 380 —14.49
40 320 -21.14 390 -26.13
Fibre 5 <1.00 280 -3.06 340 -4.14
10 295 -3.76 350 ~7.44
20 305 1176 365 -13.55
40 310 ~27.06 370 -27.34
Kernel 5 «<0.15 250 —4.53 - -
10 245 -9.20 - -
20 255 —~18.4l - -
40 255 -4342 - -

DTG (% fmin)

F —o— 0.36 mm
4~ 051 mm
——— 0.72 mm
4 —+— 110mm
o | 40 ptn

4
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TG and DTG data of oil-palm shell pyrolyzed at heating rate 20 °C/min for vatious particle sizes.
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Fig. 5. TG and DTG data of oil-palm kernel pyrolyzed at different heating rates.

observed in the pyrolysis of almond shell and olive stone as
reported by Caballero et al. (1997).

Also shown in Figs. 3-5 are the DTG data of oil-paim
shell, fibre and kernel pyrolyzed at various heating rates.
The heating rate affects significantly on the maximum
decomposition rate, with maximum decomposition rate
tending to increase and occur at higher temperatures when
pyrolyzed at higher heating rates. The first and second

maximum rates of decomposition and the corresponding
temperatures are summarized in Table 2.

4.2. One-step global model
The one-step global model is the simplest kinetic model

for describing the decomposition process of carbonaceous
materials. This model assumes that the rate of decomposi-
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tion can be expressed by one kinetic scheme.
Mathematically, '
da A _ppr n

— == - 14
=G =) (14)

here, the residual weight fraction, «, is defined in terms of

the change in the mass of sample as

a="" (15)
Wo — wr

where wy, w and wy are the initial, actual and final mass of

the sample, respectively.

Fig. 6 shows the comparison between experimental data
and model fitting with the one-step global model for oil-
palm shell, fibre and kernel at different heating rates. The
agreement between experimental data and the one-step glo-
bal model prediction 1s considered acceptable, however, the
model cannot account for the inflection of thermograms
for all heating rates. The maximum deviations for the pyro-
lysis of oil-palm shell and fibre lie in the range of 10-15%.
For oil-palm kernel, the model agrees well with the exper-
imental data with less than 4% of the maximum deviation
for all heating rates.

The kinetic parameters, the order of reaction (n), activa-
tion energy (E) and frequency factor (4) determined from
the model fitting are summarized in Table 3. The frequency
factor and activation energy of oil-palm shell and kernel
appear to increase with increasing of heating rate, while a
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decrease is observed for the case of oil-palm fibre. The fre-
quency factor and activation energy indicate how fast and
easy for the pyrolysis reaction to proceed. The higher fre-
quency factor and lower activation energy, the faster and
easier would be for the pyrolysis reaction to occur. The
order of reaction decreases with increasing of heating rate
for oil-palm shell and fibre, but it increases for the case
of oil-palm kernel. The order of reaction for all three mate-
rials is in the range of 2.5-4.0.

Table 3
Kinetic parameters of one-step global model for pyrolysis
shell, fibre and kernel

of oil-palm

Samples Heating rate A4 {s7') E n Max. error
(°C/min) (kJ/mol) (%)
Palm shell 5 793106 1061 284 11.90
10 2.05x 107 1091 265 922
20 484107 1104 252 1071
40 527x107 1110 254 951
Palm fibre 5 1.52% 10 136.0 335 1083
10 1.96x10° 1259 332 14.69
20 1.50x 10° 1241 295 11.84
40 1.00x10° 1233 287 1093
Palm kernel 5 457x10"% 1561 337 299
10 1.24x 10" 1595 341 298
20 1.31x 10 1675 352 3.56
40 2.34% 10" 1764 3.85 387

Palm Fiber
o §°Cimin
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Fig. 6. TG data and one-step global model fitting of oil-palm shell, fibre and kernel.
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Abstract

Thermal decomposition of oil-palm solid wastes, including oil-palm shell, fibre and kernel, was studied by thermogravimetric analysis
(TGA). Effect of heating rate and sample particle size on the behaviour of thermogram and kinetic parameters were investigated. The
one-step global model, two-step consecutive model and two-parallel reactions model were used to simulate the pyrolysis process of the
three materials studied. The one-step global model was able to describe the fractional weight loss upon pyrolysis of oil-palm kernel rea-
sonably well but gave a large deviation for oil-palm shell and fibre. The two-step consecutive model could improve the fitting for oil-palm
shell and fibre, but it cannot account for the inflection characteristic of the thermogram. Prediction by the two-parallel reactions model
gave the best fitting with the experimental data of all oil-palm wastes under all pyrolysis conditions investigated. This proposed model
was also tested with other biomass materials and proved to be satisfactory.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The oil-palm (Elaeis guineensis Jacq.) was origipally
planted in West Africa, where local people have used it
to make foodstuffs, medicines and wine. At the present
time, oil-palm exists in a wild, semi-wild and cultivated
state in the three land areas of equatorial tropics: Africa,
South-East Asia and America (Hartley, 1988). Today large
scales of oil-palm plantations are mostly for the production
of palm oil, which is extracted from the flesh part of the
palm fruit (mesocarp), and kernel oil, which is obtained
from the innermost nut.

Oil-palm solid wastes (including shell, fibre and its ker-
nel) are cheap and abandoned materials produced during
palm oil milling process. For every ton of oil-palm fruit
bunch being fed to the palm-oil refining process, about
0.07 tons of palm shell, 0.103 tons of palm fibre and
0.012 tons of kernel are produced as the solid wastes
(Pansamut et al., 2003). Presently, approximately 154.2

" Corresponding author. Tel.: +66 44 22 4263; fax: +66 44 22 4609.
E-mail address: chaiyot@sut.ac.th (C. Tangsathitkuichai).

0960-8524/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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and 5.1 megatons of oil-palm fresh fruit are processed
annually worldwide and in Thailand, respectively (Centre
of Agricultural Information, 2004). This means that more
than 0.36 megatons of palm shell, 0.53 megatons of fibre,
and 0.06 megatons are produced each year in Thailand.
About 80% of these solid wastes are used as boiler fuel
in many industries and 20% are abandoned (Pansamut
et al., 2003). However, these renewable materials can be
alternatively used for producing valuable chemical prod-
ucts (e.g., fuel, and chemical feedstock) by applying the
thermochemical conversion processes, including pyrolysis,
liquefaction and gasification as well as by supercritical fluid
extraction methods (Yaman, 2004).

Among thermochemical conversion processes, pyrolysis
is a viable process for biomass upgrading by cracking poly-
meric structure of lignoceliulosic materials and converting
it into a volatile fraction consisting of gases, vapours and
tar components and a carbon rich solid residue (char) frac-
tions. The volatile fraction can be used as a fuel or as a
chemical feedstock. For the remaining solid fraction, it
can be used in several applications, for example, in the pro-
duction of activated carbon or used directly as a solid fuel.
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The knowledge and understanding on pyrolysis kinetics
of biomass are important for proper design of a pyrolysis
reactor which plays an important role in large-scale pyroly-
sis process. The pyrolysis kinetics can be studied by several
methods but the most popular and simplest technique is the
thermogravimetric analysis (TGA) (Haines, 1995). In this
method, the change of a sample mass is monitored against
time or temperature in the absence of oxygen at a specific
heating rate. Important parameters that determine the
quality and yield of pyrolysis products are heating rate,
final temperature, holding time at the final temperature
and the nature and physical properties of raw materials
(Bansal et al., 1988).

The decomposition of carbonaceous matter during
pyrolysis is very complicated and depends also on heat
transfer by convection, conduction and radiation. Some
simplified numerical models were proposed in literatures
to predict the decomposition rate and final yield of char
and volatile matter. Wichman and Atreya (1987) applied
a one-step global model for predicting the devolatilization
rate of pyrolysis process. They assumed that the carbona-
ceous sample is decomposed in one-step to produce the
volatile substance and solid char. Bellais et al. (2003}
developed a shrinkage model for the pyrolysis of large
wood particles. The shrinkage was considered in three dif-
ferent ways: uniform shrinkage, shrinking shell and shrink-
ing cylinders. All shrinkage models show good agreements
with the experimental results for mass loss versus time at
high temperature range (higher than 600 °C) but fail to
simulate correctly at low temperatures. Thurner and Mann
(1981) proposed the three-parallel reactions model to
describe thermal decomposition of a carbonaceous mate-
rial into gas, tar and char. Chan et al. (1985) developed a
pyrolysis model with three primary reactions (paralle! reac-
tion) and one secondary reaction (tar decompeosing into gas
and char).

For oil palm-shell, Guo and Lua (2001) have applied the
one-step global model and the two-step consecutive model
for simulating the pyrolysis process. The one-step global
model showed faster pyrolysis conversion than the actual
experimental values, especially, at the high temperature
region. The two-step consecutive model agreed quite well
with the experimental data. However, this model consists
of a set of three ODEs which has no analytical solution.
Its accuracy depends on the size of time step and numerical
techniques used in the calculation,

In this work, the kinetics of pyrolysis reaction of palm
shell, fibre and kernel were studied by using the thermo-
gravimetric analysis {TGA) technique (Haines, 1995).
Effects of raw material particle size and heating rate on
the shape of thermograms were investigated. The two-par-
allel reactions model which leads to only one analytical
solution was applied to simulate the pyrolysis process of
oil-palm shell, fibre and kernel. The validity of this pro-
posed model was also tested with other different carbona-
ceous materials, including coconut shell, bagasse, longan
seed and cassava pulp residue.

2. Model descriptien

The two-parallel reactions model used in this work was
originally proposed by Font et al. {1991). They used this
model for describing the pyrolysis scheme of almond shell
by assuming that the almond shell consists of two indepen-
dent fractions which decompose at different rates and tem-
peratures. Therefore, there are two main competing
reactions which occur simultaneously. In addition, the
first-order kinetics for both competing reactions was
assumed. In the present work, however, the first-order
kinetic scheme was also assumed for the first fraction,
but the order of reaction was set as a free parameter for
the second fraction, with a purpose to increase mode]
flexibility.

Basic assumptions of the two-parallel reactions model
are that the reaction is kinetically controlled and there
are no secondary reactions among the released gaseous
products. 1t is further assumed that the raw material con-
sists of two homogeneous matters, M, and M, and each
component decomposes simultaneously at different rate
and temperature, producing volatile matters and solid
char. The overall reaction and the two individual parallel
reactions are expressed by Egs. (1) and (2), respectively.

Raw material 5 Volatile 1 + Volatile 2 + char (n
M, X Volatile 1 + char (2-a)
My 5 Volatile 2 + char (2-b)

where &, and &, represent the rate constants of each reac-
tion. The residual weight fraction of char components are
defined as follows:

_M—-mp M —my _M;—mn
OC-l—-mf’ ! l~—mf » = 1-—-Mf <3)

where ¢ is the final yield of char which is estimated from
the final constant weight of TG curve. my; and mp, are the
final yields of the first and second components presented in
the raw material, respectively. M, M, and M, are mass
fractions of total char, solid char of components 1 and 2
present at time ¢, respectively, with

M=M+M,

mg = mg + mpy

(4-2)
(4)

The rate of decomposition reaction in Egs. (2-a) and (2-b)
are assumed to follow:

dOC; _ —El

—a—t— = —A,exp (ﬁ) oy (S-a)
dO(g _ —Ez n

T = —A; exp (-——RT )az (5-b)

where A is the frequency or pre-exponential factor, E is the
activation energy, R is the universal gas constant, T is the
absolute temperature, n is the order of decomposition
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reaction for component 2 and ¢ is the time. For a constant
heating rate, ff, we can write

d7r
i (6)

Dividing Eq. (5) by Eq. (6), the rate of decomposition
reactions can be expressed as a function of temperature
as follows:

%O% = —%’ exp (—;%) o (7-a)

%O% = —%2— exp <%%> o (7-b)
Rearranging Eq. (7) and integrating to obtain

/:“ d?ojl— = —-% exp (RT) dr (8-a)

[o-tfw@e

where a and b are initial values of «y and o5, respectively,
and they indicate the initial weight fractions of component
1 and 2 in the starting raw material. They are assumed con-
stant and depend only on the characteristics of the raw
material. The relationship between a and b is expressed as

at+b=1 )

The exponential term on the right-hand side of Eq. (8)
can be expressed in an asymptotic series and by neglecting
the higher order terms, the integration yields (Guo and

Lua, 2001)
ART? 2RT ~E;
ﬁ / exp (RT) dTr = BEx [1 - —E-} exp (ﬁ)

Substitution of Eq. (10) into Eq. (8), the expressions of
oy and a5 can be derived as follows:

(10)

—A|RT? 2RT E
= ol === 1 11-
a‘ CXP[ BE, (1 E, )exp(RT> * n(a)] (1)
(n — 1)4,RT? 2RT —E; (1)
= T Bt
% [ BE; V=g )\ )t

(11-b)

The total of remaining mass at any temperature is the
sum of each residual fraction. That is,

Table 1
Proximate and uitimate analysis of the oil-palm shell, fibre and kernel

o =0+ 0

=ex “AlRTZ‘l—g—I-?z e —Ey + In(a)
=P T, E ) P\ RT

1
(n — 1)4,RT? 2RT —E; tem]™
ASAP b sl B [l n)
+ [ BE, o) exp 27 +b
(12)

Eq. (12) was used to fit the experimental TG data and
the six kinetic parameters (a,4,,E;,A4,,E, and n) were
determined through model fitting by minimizing the sum
of square of relative error (SSRE), defined as

2
SSRE = Z (acxp - amodcl)

Uexp

(13)

where Oexp and omoge are the experimental and simulated
residual fraction, respectively.

3. Experimental

The kinetic study of pyrolysis reaction was carried out
by following the mass of a sample as a function of temper-
ature using a thermogravimetric analyzer (TGA 7, Perkin
Elmer). Oil-palm solid wastes, including shell, fibre and
kernel were supplied by Golden Palm Industry in Chon
Buri Province, Thailand. The received materials were
washed and dried at 110°C for 24 h. Then, they were
crushed and sieved to obtain average particle sizes of
0.36,0.51, 0.73, 1.1 and 1.4 mm for oil-palm shell, less than
1.0mm and 0.25mm for fibre and kernel, respectively.
Table 1 shows the proximate and ultimate analyses of the
three biomass samples studied in this work. The solid den-
sities of raw materials were measured by using a helium
pycnometer.

A sample of about 10 mg was placed into the TGA
equipment and heated from room temperature to 700 °C
at various heating rates from 5 to 40 °C/min. Ultra high
purity grade of nitrogen (99.9995% purity supplied by
TIG, Thailand) at a constant flow rate of 100 cm?/min
was used as a purge gas to provide an inert atmosphere
around the sample during devolatilization and to carry
away the pyrolyzed products from the reaction zones. Var-
iation of sample mass with respect to temperature change
(TG data) and its first derivative (DTG data) were contin-
uously collected. The derived TG data was fitted with the
one-step global model, two-step consecutive model and
two-parallel reactions model to test the predictive capabil-
ity of the models by using optimization function in

Solid density {g/cm®)

Sample Ultimate analysis (% w/w) Proximate analysis

C H N S O Volatile Fix-C Ash
Palm shell 41.6 5.38 0.66 0.04 41.38 727 23.6 3.6 1.42
Palm fibre 46.64 5.66 1.73 0.10 39.46 737 12.6 6.6 0.75
Palm kernel 41.47 5.77 3.00 0.03 43.49 80.3 10.3 32 1.39
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MATLAB program. The kinetic parameters were then fol-
lowed from the model fitting results.

4, Results and discussion

Thermal decomposition of oil-palm shell, fibre and ker-
nel was studied at four different heating rates of 5, 10, 20
and 40 °C/min and five average particle sizes (only for
oil-palm shell) of 0.36, 0.51, 0.72, 1.10 and 1.40 mm to
investigate their effect on the behaviour of thermogram
and kinetic parameters of the pyrolysis process. The exper-
imental data of all three materials were fitted with the sim-
plest kinetic scheme, the one-step global model, and also
with the more complex kinetic models, the two-step consec-
utive model of Guo and Lua (2001) and two-parallel reac-
tions model proposed in this work. Also presented in this
section are the pyrolysis data and results of model fitting
of other potential biomasses, including coconut shell,
bagasse, longan seed and cassava pulp residue.

4.1. Analysis of the thermograms

The thermogravimetric (TG) data and its first derivative
(DTG data) of oil-palm shell, fibre and kernel pyrolyzed at
the heating rate of 20 °C/min are plotted against the tem-
perature in the same graph in order to show their kinetic
scheme (see Fig. 1). Results show that the pyrolysis of
oil-palm solid wastes commenced at the temperature above

1.0 ~ 0
1" T2
B+ )
- —_ -
2 -6 g
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k6 8 -8
4 ©
g 10 &
4+ Palm Shell -12
—— TGA curve -
~ =~ DTG curve v 14
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250 °C for palm shell and above 200 °C for palm fibre and
kernel. For the pyrolysis of oil-palm shell and fibre, there
are two distinct peaks of DTG curves which indicate that
there should be at least two main groups of reaction occur-
ring during the decomposition process. It is noted that the
two maximum of decomposition rates occur at about
300°C and 375°C for both oil-palm shell and fibre,
respectively.

It is known that the major components of lignocellulosic
biomass are hemicellulose, cellulose and lignin (Antal,
1983). The main thermal decomposition of lignocellulosic
materials generally occurs over the temperature range of
200-400 °C. Lignin is the first component to decompose
at a low temperature and low rate and continues on until
approximately 900 °C. Hemicellulose is a light fraction
component which also decomposes at the low temperature
region between 160 and 360 °C. Cellulose is the last compo-
nent to decompose at the high temperature range of 240-
390 °C (Vamvuka et al., 2003). The existing of two major
peaks observed in DTG curves may be qualitatively
explained as follows. The first peak could be generated
by the decomposition of hemicellulose and some of the lig-
nin. The second peak should correspond to the decomposi-
tion of cellulose and the remaining lignin (Font et al., 1991;
Tsamba et al., 2006). At the temperatures above 400 °C,
the final decomposition involves the aromatization process
of lignin fraction leading to very low weight loss (Fisher
et al., 2002). Based on this reasoning, it might be logical
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Fig. 1. TG and DTG data of oil-palm shell, fibre and kernel pyrolyzed at heating rate of 20 °C/min.
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to test the experimental kinetic data of palm shell and fibre
using the two-parallel reactions and two-step consecutive
model.

For oil-palm kernel (see Fig. 1), there is only one maxi-
mum rate of decomposition observed at about 250 °C with
a small shoulder located at the higher temperature side on
the DTG curve. This indicates that there is at least one
major reaction scheme occurring during the pyrolysis pro-
cess for this type of material. The maximum peak of DTG
curve is probably contributed by the decomposition of the
lighter fraction (i.e. hemicellulose) and the small shoulder
corresponds to the decomposition of the heavier compo-
nent (i.e. cellulose). It is observed that the rate of decompo-
sition of the light component for the case of oil-palm kernel
is greater than the rate of decomposition of the heavy com-
ponent, while for oil-palm shell and fibre, the rate of
decomposition of the heavy component is dominated.
The one peak of DTG data with small shoulder was also
found for the pyrolysis of olive-kernel as reported by Vam-
vuka et al. (2003). With the existence of only one peak of
DTG data, it is expected that the experimental data of
oil-palm kernel could be described by the one-step global
model.

It is known that particle size is an important parameter
that can affect the pyrolysis behaviour (Haykiri-Acma,
2006; Jayaweera et al., 1989; Kok et al., 1998; Larsen
et al., 2006). An increasing in particle size can establish
the temperature gradient, causing increased heat transfer
resistance inside the pyrolyzed particles, which in turn
can cause an increase in the final solid yield and a decrease
of volatile matter released during the pyrolysis process. The
residual weight fractions of oil-palm shell determined dur-
ing pyrolysis process (TG data) are shown in Fig. 2, for
various particle sizes at the heating rate of 20 °C/min. As
observed, the particle size has no significant effect on the
thermogram of oil-palm shell at the initial stage of pyroly-
sis (temperature lower than 320 °C), after that the residual
mass of sample and the final yield of char increase with
increasing of particle size at the same pyrolysis tempera-
ture. However, the decomposition of solid appears to start
and end at approximately the same temperature range for

Mass fraction
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all particle size studied here. Also shown in Fig. 2 is the first
derivative of mass change with respect to temperature
(DTG data) for various particle sizes at the heating rate
of 20 °C/min. The plots show that the first and second
peaks of DTG curve occur at approximately the same tem-
perature independent of particle sizes (see also in Table 2).

Figs. 3-5 show respectively the thermograms of oil-palm
shell, fibre and kernel pyrolyzed at various heating rates. It
is observed that as the heating rate is increased the thermo-
grams of palm shell and fibre shifted systematically to
higher temperature region but slightly shifted for the case
of palm kernel. These results indicate that palm shell and
fibre decomposed at a higher temperature when a higher
heating rate was applied. The shift of thermograms to
higher temperature region is probably due to the effect of
heat transfer which causes the temperature lag between
the surrounding and inside of the particle. However, there
is no measurable effect of heating rate on the final yield of
char for all three materials. The same results can be

Table 2
First and second maximum rate of decomposition and corresponding

ternperatures of cil-palm solid wastes

Sample Heating Size  Tmax ISt maximum T, 2nd maximum
rate (°C/min) (mm) rate (%/min) rate (%/min)
Shell 20 0.36 305 -9.95 380 -—14.49
0.51 305 -10.06 375 ~-13.30
0.73 305 -9.77 380 -14.08
1.10 300 -10.19 380 —13.46
1.40 300 -10.04 380 -13.38
Shell S 0.36 280 -2.50 355 -4.20
10 295 -5.02 365 -7.80
20 305 ~9.95 380 -14.49
40 320 -2L1.14 390 -26.13
Fibre 5 <1.00 280 -3.06 340 —-4.14
10 295 -5.76 350 ~7.44
20 305 -11.76 365 -13.55
40 310 -27.06 370 -27.34
Kernel S <0.15 250 -4.53 - -
10 245 -9.20 - -
20 255 ~18.41 - -
40 255 4342 - -

DTG (% /min)

F o 036 mm
42 § - 0.5 mm
—s— 0.72 mm
4 £ —— L10mm
ot ] 40 110

200 250 300 350 400 450 500
Tempceratare (°C)

Fig. 2. TG and DTG data of oil-palm shell pyrolyzed at heating rate 20 °C/min for various particle sizes.
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Fig. 5. TG and DTG data of oil-palm kernel pyrolyzed at different heating rates.

observed in the pyrolysis of almond shell and olive stone as
reported by Caballero et al. (1997).

Also shown in Figs. 3-5 are the DTG data of oil-palm
shell, fibre and kernel pyrolyzed at various heating rates.
The heating rate affects significantly on the maximum
decomposition rate, with maximum decomposition rate
tending to increase and occur at higher temperatures when
pyrolyzed at higher heating rates. The first and second

maximum rates of decomposition and the corresponding

temperatures are summarized in Table 2.

4.2. One-step global model

The one-step global model is the simplest kinetic model
for describing the decomposition process of carbonaceous
materials. This model assumes that the rate of decomposi-
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tion can be expressed by one kinetic scheme.
Mathematically,

da A4 —EJRT n

=== 1 -

ar ﬁe (1 —a) (14)

here, the residual weight fraction, «, is defined in terms of
the change in the mass of sample as

wog — w
where wy, w and wy are the initial, actual and final mass of
the sample, respectively.

Fig. 6 shows the comparison between experimental data
and model fitting with the one-step global model for oil-
palm shell, fibre and kernel at different heating rates. The
agreement between experimental data and the one-step glo-
bal model prediction is considered acceptable, however, the
model cannot account for the inflection of thermograms
for all heating rates. The maximum deviations for the pyro-
lysis of oil-palm shell and fibre lie in the range of 10-15%.
For oil-palm kernel, the model agrees well with the exper-
imental data with less than 4% of the maximum deviation
for all heating rates.

The kinetic parameters, the order of reaction (n), activa-
tion energy (E) and frequency factor (4) determined from
the model fitting are surnmarized in Table 3. The frequency
factor and activation energy of oil-palm shell and kernel
appear to increase with increasing of heating rate, while a
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decrease is observed for the case of oil-palm fibre. The fre-
quency factor and activation energy indicate how fast and
easy for the pyrolysis reaction to proceed. The higher fre-
quency factor and lower activation energy, the faster and
easier would be for the pyrolysis reaction to occur. The
order of reaction decreases with increasing of heating rate
for oil-palm shell and fibre, but it increases for the case
of oil-palm kernel. The order of reaction for all three mate-
rials is in the range of 2.5-4.0.

Table 3
Kinetic parameters of one-step global model for pyrolysis of oil-palm
shell, fibre and kernel

Samples Heating rate 4 (s™) E n Max. error
(°C/min) (kJ/mol) (%)
Palm shell 5 7.93x10° 1061 284 1190
10 2.05x107  109.1 265 922
20 4.84x107 1104 252 1071
40 527x107  111.0 254  9.5]
Palm fibre 5 1.52x 10" 136.0 335 10.83
10 1.96x10° 1259 332 14.69
20 1.50x10° 1241 295 11.84
40 1.00x10° 1233 2.87 1093
Palm kernel 5§ 457x 10" 1561 337 2.99
10 1.24x 10" 1595 341 298
20 1.31x10% 1675 352 3.56
40 2.34x 10" 1764 3.85  3.87
1.0 y
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Fig. 6. TG data and one-step global model fitting of oil-palm shell, fibre and kernel.
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Due to the two-peak characteristic of DTG data, the
pyrolysis process of oil-palm shell and fibre should be best
described by a model consisting of two-stage kinetic
scheme. In this work, two simple kinetic models, which
are the two-step consecutive model (Guo and Lua, 2001)
and the two-parallel reactions model (Font et al., 1991),
were explored.

4.3. Two-step consecutive model

The two-step consecutive model was used by Guo and
Lua (2001) in studying the kinetics of pyrolysis reaction
of oil-palm shell by using the thermogravimetric method.
Basic assumptions of this model are that the reaction is a
pure kinetic controlled process and there are no secondary
reactions among the gaseous products.

The model was assumed to consist of two reaction steps
(as shown in Egs. (16) and (17)). The starting material first
decomposes to produce the first group of volatile matters
and the intermediate substance which further decompose
to produce the final solid char and the second group of vol-
atile matters. That is,

W 5 x.J + Volatile (1) (16)
155.¢ + Volatile (2) (17)

where W, I and C are the weight fraction of raw material,
intermediate and solid char, respectively, and x and y are
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¢ 40“Cimin
~—— Two-step
consecttive

Mass fraction

X
s
-----

¥

Time (min)

the stoichiometric coefficients of the reactions. The kinetic
equation for decomposition of raw material and generation
of the intermediate and final solid char can be described by
the following expressions:

dn . 4 —-E\/RT

T ="F¢ W (18)
ar x4 ~EV/[RT gy A2 _gyyrr

a? = -—T-e —_ B e I (19)
dC _]/Az ~E,/RT

— =2 I 20
T B¢ (20)

where n is the order of the second step of pyrolysis reaction.
The relationship between x and y can be obtained from the
mass balance which is written as the following:

mg
x=— 21
5 (21)
where my is the final yield of char. The initial conditions for
the above three ordinary differential equations are

W=1 I=C=1atT=0K

The residual weight fraction of sample at any tempera-
ture and time is equal to the summation of raw material,
intermediate and char. We solve the above set of ordinary
differential equations by using ODE solver in MATLAB
program,

The two-step consecutive model was tested against the
experimental data of oil-palm shell, fibre and kernel from

(22)
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Fig. 7. TG data and two-step consecutive model fitting of oil-palm shell, fibre and kernel.
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the present study and the results are shown in Fig. 7. The
two-step consecutive model shows the improvement of
model fitting for oil-palm shell and fibre over the one-step
global model. The maximum deviation for oil-palm shell
and fibre are in the range of 4-7%. However, the two-step
consecutive model cannot fully account for the inflection of
the thermograms, particularly at low heating rates. For oil-
palm kernel, the two-step consecutive model also gives
good agreement with the experimental data with the range
of percentage error being the same order as that of the one-
step global model. These results confirm that the one-step
global model is sufficient to describe the pyrolysis process
of oil-palm kernel which shows only one peak of DTG
curve,

The kinetic parameters determined from the model fit-
ting for the two-step consecutive model are listed in Table
4. The frequency factor of raw material (4,) increases with
increasing of heating rate for all three materials studied
here. Although the activation energy of raw material (£;)
decrease with increasing of heating rate for all materials,
but the overall rate constant still increase. This observation
indicates that the raw material decomposes at a faster rate
when the heating rate is increased. This trend of simulated
results agrees with the experimental data of DTG curves
(see Figs. 3-5) which show the increasing in decomposition
rate for the first peak when heating rate is increased for all
three materials. For the decomposition of intermediate to
form solid char, the frequency factor (4,) decreases when
the heating rate is increased for the case of oil-palm shell
and fibre, whereas they increase for the case of oil-palm ker-
nel. For activation energy (£>), it decreases with increasing
of heating rate for the case of oil-palm shell, but to increase
for the case of oil-palm fibre and kernel. As to the order of
reaction, when a higher heating rate is applied, the order of
reaction tends to decrease for all materials.

4.4. Two-parallel reactions model

Fig. 8 compares the experimental data and model fitting
using the two-parallel reaction model for the pyrolysis of

oil-palm shell, fibre and kernel for various particle sizes
and heating rates. Excellent agreement between the pre-
dicted results of the two-parallel reactions model and the
experimental data is achieved under all pyrolysis condi-
tions. Deviation of model prediction was found to be less
than 4% for all samples and conditions (heating rate and
particle size) being studied here. In addition, the two-paral-
lel reaction model also shows an excellent description for
the inflection of thermograms of oil-palm shell and fibre.
Although, the two-step consecutive model of Guo and
Lua (2001) can describe the experimental data of oil-palm
shell and fibre quite well, its drawback is that the model
consists of three ordinary differential equations which must
be solved simultaneously. The accuracy of the model can
be seriously affected by the size of time step and the numer-
ical technique used. If smaller time step is applied, more
accuracy can be obtained but more time is required for
the computation. More importantly, as shown in the previ-
ous section the two-step consecutive model cannot account
for the inflection of thermograms of oil-palm shell and
fibre. On the other hand, the two-parallel reactions model
proposed in the present work is more accurate and advan-
tageous because it contains only one analytical solution,
thus requiring much less computation time. However, it
should be noted that the accuracy of the model calculation
can be dffected by the initial guess of the kinetic parameters
used for the optimization step. Poor initial trials of the
kinetic parameters may cause a large deviation in the
model fitting.

Table 5 lists the kinetic parameters determined from the

‘model simulation for oil-palm shell, fibre and kernel. The

first fraction having higher activation energy could repre-
sent the decomposition of the heavier component (i.e. cel-
lulose) which follows the first-order kinetic scheme.
Larger values of b in comparison with the a values indicate
that the pyrolysis of oil-palm shell and fibre are mainly
contributed by the decomposition of the lighter compo-
nents (i.e. hemicellulose) (b = 79% and 74% for palm shell
and fibre, respectively). Tsamba et al. (2006) summarized
the values of the activation energies of hemicellulose and

Table 4

Kinetic parameters of two-step consecutive model for pyrolysis of oil-palm shell, fibre and kernel

Sample Heating rate (°C/min) A, () E, (kJ/mol) As (s E, (kJ/mo}) n Max. error (%)

Shell 5 2.43x10% 79.0 1.24 x 10% 301.0 5.89 6.58
10 6.99 x 10* 82.1 3.89x 102 299.3 5.24 437
20 9.48 x 10* 83.9 6.54 x 102 295.4 434 5.86
40 3.65% 10° 86.3 2.80 % 10"7 2218 2.94 5.04

Fibre 5 9.83x10° 70.4 1.64 x 10%° 3252 5.98 4.42
10 9.73% 10° 71.4 7.93 x 10% 326.3 5.69 3.80
20 2.34x10* 73.7 5.10x 102 3324 5.15 5.76
40 492x10* 74.5 4.55% 10% 339.8 4.90 5.19

Kernel 5 3.50x 10° 81.5 1.59 % 10% 1129 4.02 246
10 6.78 x 10° 82.5 2.43x 10° 174.2 3.62 2.82
20 3.68 x 10° 87.2 1.31x 10" 198.2 3.47 2.46
40 8.19x 10° 87.6 1.89 x 10% 136.7 2.56 433
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Fig. 8. TG data and two-paralle! reaction model fitting for oil-palm shell, fibre and kernel pyrolyzed at different heating rate and particle sizes.

Table 5
Kinetic parameters (a, A4, E), A2, E; and n) of the two-parallel reactions model for pyrolysis of oil-palm shell, fibre and kernel
Sample  Heating rate (°C/min)  Size (mm) « A (s Ey (kJ/mol) b A3 (s7Y) E; (kI/mol} n Max, error (%)
Shell 5 0.36 021 9.82x10'7 2431 079 1L15x10"™ 1732 4.02 281
10 4.05x 10' 2264 120x 10" 173.5 388 2.74
20 243x 107 2389 4.58x10"  169.8 3.50  2.61
40 1.53%x 10'7 2346 1.27x 10" 1736 3.39 213
Shell 20 0.36 021  243x10'7 2389 0.79 460x 10'*  169.8 3.50 261
0.51 7.48x 1016 2328 8.61 x 103 172.2 3.67  2.60
0.73 820x10'¢ 2339 7.63% 10" 171.5 375 2.59
1.10 1.08x 10'7 2344 6.56x 10'? 170.1 395 298
1.40 1.10x10'7 2344 8.66x10% 1718 414 311
Fibre 5 <1.00 026 3.89x10'¢  219.7 074 4.65x10" 1709 405 240
10 9.04x 10" 201.8 1.86x 103 156.8 3.69 2.7t
20 3.85%10'%  209.4 292x 1012 1493 328 276
40 257x10' 1937 3.21x 10" 1582 338  2.64
Kernel 5 <0.15 0.60 2.44x10° 80.0 040 4.29x 10° 54.8 237 228
10 7.66 % 10° 83.0 6.20 x 10% 54.7 229 230
20 3.58% 108 87.4 2.07x 10° 479 204  2.66
40 1.76 x 107 91.0 4.83 %107 48.7 207 281

cellulose reported by previous studies. They found that the
activation energy of hemicellulose is in the range of 147.24-
172.75 kJ/mol and cellulose is in the range of 176.92-
248.64 kJ/mol. For oil-palm shell and fibre, the fitted
activation energy of the first fraction (£;) agrees with that
of cellulose and the fitted activation energy of the second
fraction (E,) agree with that of hemicellulose. These agree-

ments further confirm that the first and second fractions
could represent the decomposition of cellulose and hemi-
cellulose, respectively. The variation of the kinetic param-
eters, including frequency factor, activation energy and
reaction order for different heating rates and particle sizes
can be further examined. It is noted that there is no definite
trend for the frequency factor and activation energy when
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the heating rate and particle size are changed. However, the
reaction order of the second fraction (n) decreases with the
increasing of heating rate but increases as the particle size is
increased. Due to model simplification, the two-parallel
reaction mode! assumes that the pyrolysis reaction is purely
kinetic control where the effect of heat and mass transfer
resistance are neglected. In principle, if the pyrolysis reac-
tion is a true purely kinetic control, the kinetic parameters
should be the same independent of heating rate and particle
size. The observed variation of kinetic parameters as
reported here may result from the complex scheme of pyro-
lysis reaction and also the effect of heat and mass transfer
resistance existing in the real system.

In order to further confirm the validity of the two-paral-
lel reactions model proposed in this study, we also applied
this model to the data of other carbonaceous biomass
materials, including coconut shell, bagasse, longan fruit
seed and cassava pulp residue. All samples were pyrolyzed
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at 10 °C/min. The particle sizes of the samples are 0.36 mm
for coconut shell, 0.1 mm for bagasse, 1.0 mm for longan
seed and 0.23 mm for cassava pulp residue. Fig. 9 shows
the experimental TG data and the simulated results which
demonstrate that the two-parallel reactions model not only
can describe well the pyrolysis of oil-palm solid wastes but
it is also capable of predicting the pyrolysis behaviour of
many other biomass materials. The maximum deviations
for all materials are in the range of 1-4%. The kinetic
parameters determined from the model] fitting are listed
in Table 6. The larger value of b in comparison with that
of a indicates that the decomposition of coconut shell
and bagasse are mainly contributed by the lighter fraction
(second fraction). The thermograms of coconut shell and
bagasse show the existence of inflection which is the same
as in the case of the oil-palm shell and fibre. Based purely
on these results, it is expected that the chemical composi-
tions of coconut shell and bagasse are probably similar to
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Fig. 9. TG data and model fitting for coconut shell, bagasse, longan fruit seed, cassava pulp residue pyrolyzed at 10 °C/min.

Table 6

Kinetic parameters of two-parallel reactions model for pyrolysis of coconut shell, bagasse, Longan seed, cassava pulp residue pyrolyzed at 10 °C/min
Sample a Ay (s7h E, (kJ/mol) b Ay (571 E, (kJ/mol) n Max. error (%)
Coconut shell 0.14 426 x 10* 254.20 0.86 9.74 x 10'° 138.77 3.43 3.53

Bagasse 0.30 2.68 % 10"7 233.76 0.70 4.54 %107 106.26 3.35 3.16

Longan seed 0.47 1.23x 10'° 126.96 0.53 1.20 x 10! 30.55 L4} 1.41

Cassava pulp residue 0.49 7.66 % 107 110.0 0.51 7.22x10% 2182 3.13 3.15
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those of the oil-palm shell and fibre. For longan seed and
cassava pulp residue, the thermograms have no inflection
of curve as exhibited also by the oil-palm kernel. The
kinetic parameters show that the pyrolysis reactions of lon-
gan seed and cassava pulp residue are contributed equally
by the first and second fractions (the values of a and b
are comparatively the same). Similar conclusion can be
inferred that the chemical compositions of these two mate-
rials are probably similar to that of the oil-palm kernel.

5. Conclusions

The non-isothermal thermogravimetric analysis of oil-
palm solid wastes, including oil-palm shell, fibre and kernel
shows significant influence of raw material size and heating
rate on their pyrolysis behaviour. The pyrolysis process of
oil-palm shell and fibre consist of two distinct kinetic
schemes, while only one-step of kinetic scheme is observed
for oil-palm kernel. The one-step global model is able to
describe the thermal decomposition of oil-palm kernel,
while the pyrolysis processes of oil-palm shell and fibre
are best described by the two independent kinetic processes
namely two-parallel reactions model proposed in this work.
This model is capable of describing the experimental data
with the maximum deviation being in the range of 2-4%.
Since the two-parallel reaction model consists of 6 kinetic
parameters, it is rather difficult to assign correct initial
guesses of the kinetic parameters for the model optimiza-
tion. As a result of this difficulty, some parameter should
be determined experimentally, such as the initial fraction
(a and b) of the first and second components.
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