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ABSTRACT

Pyrolysis kinetics of rice husk were estimated by means of a non-isothermal
thermogravimetric technique. The results obtained suggested that the pyrolysis experiment
which was performed with fine particles (below 150 microns) in a small sample mass
(below 10 mg) and at a low heating rate was controlled by chemical kinetics. The pyrolysis
of rice husk was well predicted by a multireaction model based on the main biomass
components (cellulose, hemicellulose, lignin) model. The distributed activation energy model,
which is widely used in the literature, showed fairly good agreement with our experiment.
With the assumption of no temperature gradient inside the husk, the former model, with which
the transient heat transfer equation was incorporated, showed satisfactory weight loss

prediction of a single rice husk particle pyrolyzed inside a constant temperature furnace.
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INTRODUCTION

Thailand, the world’s major rice exporter,
produces about 5 Mtons of rice husk each ycarm.
The utilization of this residue is mainly as fuel
in the combustion process of the rice mill.
The pyrolysis/gasification of rice husk has also
been considered for obtaining gas fuel for power
generation using a modified diesel cngincm. In
addition, the ash obtained from these conversion
processes with little carbon content can be used
as a source of silicon for various products such
as insulating/refractory material, polishing
compounds and silicene chloride producﬁon[3'4]
Since the volatile content of rice husk can con-
tribute about 50% or more of it’s total heating
value, the study of pyrolysis, which is the first
step in any thermal conversion process, is there-
fore important. As reviewed in the litcraturclsl,
the pyrolysis of biomass is effected by its
composition, reaction temperature, heating rate,
paricle size, and ambient gas. For kinetic control
regime, it was reported that the devolatilization
of biomass in an inert atmosphere was well
predicted by the multireaction models based on
distributed activation cnergylﬁ]. main biomass
componentsm, and volatile productsla]. The first
two models can predict only total weight loss of
biomass. The last, which needs more kinetic
parameters, can predict both total weight loss and
product distribution evolved during pyrolysis.

This paper reports on the study of rice
hush pyrolysis using the non-isothermal ther-
mogravimetric technique. The effect of particle
size and sample mass on the weight loss history

were also studied. The models reported in the

91

literature were used for weight loss prediction
and compared with the experimental data from
both thermogravimetric Analyzer (TGA) and

captive sample technique.

THEORY

a.) Distributed Activation Energy (DAE) Model

This model treats the decomposition of
solid fuels as a large number of independent,
parallet first-order reactions and the activation
energy of all reactions can be presented by the
continuous Guassian distribution. Assuming the
same frequency factor in the Arrhenius rate
expression, the non-isothermal weight loss of a
solid particle at constant heating rate and zero

; ; 9
hold-up time can be approximated as[ ]:
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where x = fraction of weight loss [( W - w)/( wo-wf)],
W = initial weight of sample, w = sample weight
at time t, w, = sample weight at t approaching
infinity, g = OV2/RT, z = EIRT, z = E/RT,
E = activation energy, R = universal gas constant,
T = absolute temperature, EO = mean activation
energy, and O = standard deviation of E’s in all
reactions from E . The value of z, is estimated

(6]
from

%cexp(zc) = 0.5 @)

where A =k ﬂ/RT and ko = frequency factor. This



approximation gave an error below 5% for A =
10>-10™, z_ = 10-100, and g = 2-20"".
This model, with k , E , O, and (w -wf) as
(4] o o
the kinetic parameter, is the most commonly

j . [10]
used in coal pyrolysis .

b.) Model based on main biomass components

This model, which was proposed by
Koufopanos et al.m, considered the pyrolysis
rate of small biomass particles as being the sum
of the rate of main biomass components. The
rate contributed by each component is propor-
tional to its composition in the virgin biomass.
The interactions among the components were
assumed negligible. With these assumptions, the

i 7]
components in biomass are

Biomass -----> a[Cellulose] + b[Lignin]

+ c¢[Hemicellulose]

(8)

where a, b, and ¢ are the weight fraction of
corresponding components in the virgin biomass.

. " . A7
The pyrolysis reaction of each component is ]

2 _Gases + Tars
T

1 g
----- > Intermediate

™

Virgin Material
Char

The first reaction, of which the assumed
reaction order is zero, describes the changes in
the chemical structure of the biomass at low
temperature and does not influence the observed
weight loss. This unstable product continues to
decompose to volatile gas (gases and tars) and
char as two competitive reactions. The pyrolysis

rate of these reactions are:
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Where B, BI, and C are the weight faction of
virgin material, intermediate, and char respec-

tively, k. = pre-exponential factor for reaction i

(1=1,2, and 3), E

activation energy for
reaction I, and = order of reaction i. The initial

boundary conditions are:
(12)

and the weight retained by each component

(wj, J = cellulose, lignin, and hemicellulose) is

WJ_=B+BI+C (13)

The kinetic parameters for pysolysis reaction
of each component were proposed by Koufo-

7
panos et al” as presented in Table 1.

EXPERIMENT
a.) Sample Preparation
Rice husk sample, of which the properties
are shown in Table 2, was ground and sieved
to different fractions. After overnight drying at

378 K, the samples were kept in a desiccator.

b.) Experimental procedure
The experiments were carried out in a The-

rmogravimetric Analyzer (TGA, model TGS-2,



Table 1 Kinetic parameters for pyrolysis reaction of main biomass constituent.

Reaction Cellulose Hemicellulose Lignin
0 0 0
1 2.2x10" 3.3x10° 3.3x10"
167.5 72.4 1477
15 1.5 15
2 9.4x10" 1.1x10" 8.6x10"
216.6 174.4 137.1
1.5 15 15
3 3.1x10" 2.5x10" 4.4x10°
196 172 122.1

G -1 S
Note: k. and E are ins .g and kJ.mol | respectively.

Perkin-Elmer) connected with a Data Station
under non-isothermal mode at various sample
masses (2-7 mg), particle sizes (-90, 90-105, and
106-150 pm), and heating rates (5-50 K. min ).
Nitrogen (99.99% purity at 200 ml.min )
was used as the purge gas. The final tempera-
ture of the heating furnace was 850-950 K.

In addition, the isothermal experiments for
a whole husk in a tube furnace under nitrogen
atmosphere using captive sample technique were
also carried out. The inside diameter of the
furnace is 4 cm. and its length is 34 cm. The
temperature inside the furnace was measured
by using a K-type thermocouple connected with
a PID controller. After the furnace was prehea-
ted to the desired temperature the whole husk
sample, which was fixed on the end of a ceramic
needle, was one at a time quickly inserted into

the funance. The percent weight retained of the
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sample at various residence times were recorded.
The data obtained was then compared with the

predicted result obtained from the theory.

RESULTS AND DISCUSSION

TG Curve

The typical TG curve obtained from rice
husk pyrolysis which is the plot of sample weight
as a function of temperature is presented in Fig.
1, as well as its differential (DTG curve). The
sample shows the beginning of weight loss due
to thermal decomposition at around 473 K. The
ultimate yield of volatles are found to be about
65% by weight of dry sample at about 900 K
(Fig. 1). These values are slightly higher than
that obtained from proximate analysis (Table 2).
This behavior, however, has been reported in
the literature[u], and in this case may be due to

the use of relatively small smaple mass in the



1
Table 2 Properties of rice husk samplc[ !

Moisture content, %
Sphericity
Equivalent diameter, cm

Apparent density, kg.rrf3

Lower heating value, kJ kg

Proximate analysis (moisture-free basis, %)

Volatile matter
Fixed carbon

Ash

Ultimate Analysis (moisture-free basis, %)

Carbon 36.41
Nitrogen 0.21
Ash 16.10

Main components (dried ash-free basis, %)

Cellulose 55.70
Lignin 21.10
Ash composition (%)
Si0, 76.50
MgO 0.44
Na,O 0.07
SO, 0.54
MnO 0.22

10.21
0.24
0.214
847
12,671
60.90
23.00
16.10
Hydrogen 4.90
Oxygen 42.38
Hemicellulose 20.60
Others 2.60
Ca0O 0.09
K20 4.80
P205 0.96
Fe203 0.05
Others 16.33

experiment compared to proximate analysis.
This will reduce the opportunity for secbndary
cracking with the neighboring particlesml. A
single peak of DTG curve, which is sensitive to
the temperature change, is also observed. It can
therefore be concluded that under this experi-
mental condition the pyrolysis was controlled

by chemical reaction.
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However, when the whole husk was used
as sample, the TG curve shifts to the right with
the same ultimate yield of volatiles as the ground
sample, and the significant change in slope at
about 550 K for the DTG curve was also obser-
ved (Fig. 2). This may be due to the heat-up
effect of the relatively large size of the whole

husk sample, and thus the sample temperature



is lower than TGA's furnace temperature. Once
the thermal dissociation temperature was
reached, the pyrolysis was also controlled by
chemical reaction with little effect of mass
transfer, as observed from the DTG curve which
shows small decrease in sharp peak (Fig. 2).
This behavior corresponds to those reported in
the litcraturem for Biomass with a particle size
larger than 1 mm.

The TG curves for different sample mass
having the same particle size (90-106 micron)
are shown in Fig. 3. It was found that the 1-7
mg. sample size showed almost the same TG
curves which confirmed the minimum effect of
transport processes(heat and mass transfer)
across the sample layer. Using 2 mg. sample

mass, the pyrolysis was controlled by chemical

7 WEIGHT

reaction for particle size below 150 micron
(Fig. 4). The pyrolysis of whole rice husk as
discussed above is also shown for comparison.
Figure 5 presents the effect of heating rate on
rice husk pyrolysis. The decomposition tempra-
ture increases as the heating rate increases but,
within the experimental conditions of 5-50 K.
min-1 heating rate, the asymptotic yield of
residual char is the same. This can be attributed
to the time for heating at a slow heating rate
being longer than the pyrolysis time, and thus
the reaction is complete at all pyrolysis tem-
peratures. When the heating rate was increased
the time required to achieve a given weight
loss at any temperature decreased, and hence

gave higher weight retention.
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Figure 1 TG and DTG curves of rice husk pyrolysis. Condition: sample mass = 2 mg, heating

rate = 5 K.min']. and particle size = 90-106 micron.
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Figure 2 TG and DTG curves of whole rice husk pyrolysis.

Condition: heating rate = 5 l(.minvl.
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Figure 3 Effect of sample mass on rice husk pysolysis.

Condition: heating rate = 5 K.min" and particle size = 90-106 micron,
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Figure 4 Effect of particle size on rice husk pyrolysis.

Condition: sample mass = 2 mg and heating rate = 5 K.min .

Estimation of Kinetic Parameters
a.) Distributed Activation Energy Model

The set of equations given for the DAE
model have been used to evaluate the Kkinetic

parameters from non-isothermal TGA data. The

frequency factor, ko, which has been calculated
from transition state theory, was fixed at 1.67x 10l3
s-lllﬂl, and the ultimate yield, (wo-wf), can be
taken from experimental date (66.84% of dried

rice husk). The number of parameters needed to
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Figure 5 Effect of heating rate on rice husk pyrolysis.
Condition: sample mass = 2 mg. and particle size = 90-106 micron.,
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characterize the pysolysis weight loss, as a result,
can be reduced to two without greatly affecting
the fit of the mode][”]. The two parameters, ED.
the mean activation energy, and G, the standard
deviation, were estimated by using nonlinear
Hooke and Jeeves optimizing method' . Details
of the calculation were presented clsewhere[“].
The estimated values of Eo and G for each heating
rate are shown in Table 3 with the consistency
of both parameters. The average values of E
and © are found to be 184.4 and 27.4 kJ.gmol
respectively. Changing the value of ko between
10"'-10"s" showed insignificant effect on the

values of both EO and O.

b.) Model based on main biomass components

The kinetic parameters and percentage of
each main components used in the calculation
were taken from Tables 1 and 2, respectively.
The component defined as "others" (2.06%) was
added to cellulose. The fourth order Runge Kutta

algorithm was used to solve the set of differen-

tial equation as presented in kas. (9)-(13)[“].

Comparison between Experimeat and Models
The predicted weight of rice husk sample
from DAE and main biomass components models
were compared with the non-isothermal TGA
data at 5, 20, and 50 K.min " heating rates as
shown in Fig. 6. The DAE model showed fairly
good agreement when compared to experimental
data. This may be due to the assumption of
pyrolysis reaction, which in fact consists of
both parallel and series reactions, occurred only
in the form of infinite parallel reaction. The
main biomass components model, in contrast,
showed good prediction without any adjustment
of kinetic parameters. Testing this model with
the other types of biomass undergoing pyrolysis
is recommended in order to confirm its genera-
lization. However, both models cannot predict
the composition of evolved volatile, and thus
are only suitable for combustion and char

production processes.

Table 3 Kinetic parameters of rice husk pyrolysis obtained from the distributed

activation energy model.

Heating rate o}

(K.min‘l) kJ .gmol'l kJ.gmol-]
5 185.3 25.62
10 182.7 25.62
20 184.5 27.30
30 185.1 28.56
40 184.2 28.56
50 184.5 28.77

Average 184.4 27.41
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Isothermal Pyrolysis in Tube Furnace

The main biomass components model was
used to predict the transient weight of whole
rice husk pyrolyzed in an isothermal furnace,
and the results obtained were compared with
experimental data as depicted in Figure 7.
Significant over prediction was observed when
neglecting particle heat-up time was assumed
in the model. To account for the heat transfer
effect, both convection and radiative heat
transfer rates from hot ambient gas to the rice

husk particle were estimated using the overall

% WEIGHT
100

heat transfer coefficient of 226-266 W/rnz.
K. Details of calculation were presented else-
whcrc“”. From heat balance, the particle tem-
perature, neglecting its internal temperature gra-
dient, at any given time can be calculated and was
subsequently used to estimate the pyrolysis rate
and particle weight. The results obtained, which
are in good agreement with experimental data, are
also shown in Fig. 7. The discrepancy may come
from the inaccurate estimation of heat transfer
coefficient and heat transfer surface area of

the rice husk.
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Figure 6 Comparison of rice husk weight during pyrolysis between experiment and models at different
heating rates. Condition: sample mass = 2 mg and particle size = 90-106 micron.
(MCM = main biomass components model and DAE = distributed activation energy model).
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Figure 7 Comparison of rice husk weight between experiment and models
during pyrolysis in a tube furnace at 1023 K (a) and 1123 K (b).
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CONCLUSION

Using non-isothermal TGA technique
with the sample mass below 7 mg, particle size
below 150 micron, and heating rate below 50 K/
min, the pyrolysis of rice husk is controlled by
chemical decomposition reaction. The model
based on main biomass components (cellulose,
hemicellulose, and lignin) with a set of kinetic
parameters proposed in the literature showed
better prediction of sample weight history than
the DAE model. When incorporated with the
heat balance equation in which the intraparticle
temperature gradient "was neglected, this model
enables fairly accurate prediction of single,

whole rice husk pyrolysis.

NOMENCLATURE

B weight fraction of virgin biomass
BI  weight fraction of intermediate
C  weight fraction of char

E activation energy

k  frequency factor

=]

n  reaction orde

q  heating rate

R  universal gas constant

T  absolute temperature

t time

w  weight

X  fraction of weight loss

O  standard deviation
Subscripts

f  final

i volatile product or reaction order i

j main biomass components: cellulose,
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9.

hemicellulose, and lignin

0 initial
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