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Abstract

Ash-based catalysts, as low-cost materials, are applicable in biomass pyrolysis and play a role in lowering the acti-
vation energy. This study enriched the insights of different method of catalyst addition into biomass in the catalyt-
ic pyrolysis. The addition of rice husk ash as a catalyst into rice husk pellets allows for better solid-solid contact
between the biomass and the catalyst, since the common methods were only solid mixing. This research aimed to
investigate the thermal characteristics and kinetics of the biomass components (hemicellulose, cellulose, lignin) in
the in-situ catalytic pyrolysis of rice husk pellets with the addition of husk ash. The three-independent parallel re-
action kinetics model was used to calculate the kinetics parameters based on thermogravimetric analysis conduct-
ed at 303-873 K with various heating rates (5, 10, 20 K/min) and ash addition ratios (10:0, 10:1, 10:2). The thermo-
gram shows that the pyrolysis of rice husk pellets was divided into two stages. Stage 1, ranging from 510-650 K,
represented the decomposition of hemicellulose and cellulose, occurring faster with high mass loss, while Stage 2,
starting at around 650 K, represented lignin decomposition, occurring more slowly with low mass loss. The cata-
lytic activity of the ash was only apparent at high temperatures, where cellulose and lignin decomposition were
more dominant. Activation energy, as a representation of catalytic activity for each component, was not always
lower in catalytic pyrolysis. However, the average activation energy decreased with increasing heating rates and
ash addition ratios. The addition of the catalyst slowed the decomposition of hemicellulose but accelerated the de-
composition of cellulose and lignin.

Copyright © 2023 by Authors, Published by BCREC Group. This is an open access article under the CC BY-SA
License (https://creativecommons.org/licenses/by-sa/4.0).

Keywords: In-Situ Catalytic Pyrolysis; Rice Husk Ash; Thermogravimetric Analysis; Independent Parallel Reac-
tion; Activation Energy

Houw to Cite: W.A. Wibowo, R.B. Cahyono, R. Rochmadi, A. Budiman (2023). Kinetics of In-Situ Catalytic Pyroly-
sis of Rice Husk Pellets Using a Multi-Component Kinetics Model. Bulletin of Chemical Reaction Engineering &
Catalysis, 18(1), 85-102 (doi: 10.9767/bcrec.17226)

Permalink/DOI: https://doi.org/10.9767/bcrec.17226

1. Introduction 10,929,840 tons of milled dry grain, with the
amount of rice husk accounting for 2.2 million
tons, approximately. Despite its abundance, rice
husk is still employed in modest amounts as
brick- and tile-burning materials, planting me-
dium, husk ash, husk charcoal, building materi-
als, and adsorbents. In the chemical industry, it
is applicable more efficiently using pyrolysis

Rice husk is a solid waste of the rice milling
industry, constituting approximately 20% of
milled dry grain, thus readily available in Indo-
nesia as an agrarian country. According to BPS
statistics, in 2020, Indonesia produced

* Corresponding Author. technology, which cor.lverts them into energy
Email: abudiman@ugm.ac.id (A. Budiman) and value-added chemicals [1].
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Currently, the advancement of pyrolysis
technology leads to the employment of selected
catalysts that can boost the yields and quality
of pyrolysis products. Catalysts can speed up
the tar breakdown process, increasing the
quantity of gas yielded [2,3]. Metal-based cata-
lysts such as Ni, Fe, Cu, Zn, and Co are com-
monly employed in biomass pyrolysis [4,5].
Metal catalysts, particularly Ni, are extremely
effective in increasing gas and Hz production.
Furthermore, mineral-based catalysts, such as
zeolites, silica-alumina, dolomite [6], olivine,
CaO, CaCOs [7], MgO, and MgCOs [8,9], are
frequently employed directly and help to im-
prove liquid product quality, reduce tar, and in-
crease CO content.

Biomass-ash-based catalysts, which are in-
expensive, can also be used in the pyrolysis
process. Rice husk ash, containing high amount
of silica and having a large mesoporous surface
area, can be added to rice husk and has the cat-
alytic effect of decreasing the activation energy
of pyrolysis [3,10]. It can also improve the
yields and quality of liquid products [11]. Rice
husk ash, containing amorphous SiO2 with
high reactivity, can be obtained through con-
trolled combustion of rice husk. The optimum
temperature to obtain such superior character-
istics can be reached through burning at 773 K
for 12 hours. Furthermore, the SiO2 content in
rice husk ash can reach 94-96% with little
K50, Na20, and Fe20s3 [12].

Furthermore, kinetics studies of in-situ bio-
mass catalytic pyrolysis reactions need to be
conducted to establish a reference for pyrolysis
reactor design and process optimization. A wide
variety of pyrolysis reaction mechanisms, rang-
ing from the assumption that biomass can be
represented by one component to that it can be
represented by many components, have been
proposed. In general, modeling pyrolysis reac-
tions with a one-component global model often
fails to describe the entire biomass decomposi-
tion process [13]. In terms of reaction steps, bi-
omass pyrolysis occurs as a single-step or a
multiple-step reaction. The complexity of a bio-
mass pyrolysis reaction causes the use of the
one-component-one-step reaction model in gen-
eral cannot accurately represent the pyrolysis
reaction [14]. Therefore, a review of more com-
plex models that can represent biomass catalyt-
ic pyrolysis reaction mechanisms is needed.

Although the kinetics of biomass pyrolysis is
extremely complex, the Independent Parallel
Reaction (IPR) model is one of the best models
for describing such complexities [14-18]. It
properly models the pyrolysis reaction of the bi-

omass primary components (hemicellulose, cel-
lulose, and lignin) and generates consistent ki-
netic parameters with minor errors. At sepa-
rate and overlapping temperature ranges, each
of these biomass components thermally decom-
poses; hemicellulose does at 473-623 K, cellu-
lose at 513-663 K, and lignin at 473-773 K
[19,20].

Previous studies investigated biomass cata-
Iytic pyrolysis kinetics by mechanically mixing
the biomass feedstock and the catalyst [21-24]
or by separating from each other, but still,
within one reactor [25,26]. The latter method
lets the biomass pyrolyzed non-catalytically
early in first stage and, further, lets the result-
ing volatile compounds decomposed on the cat-
alyst surface, while the former method allows
direct contact between the biomass and the cat-
alyst. However, both methods are likely to
have similar reaction mechanisms.

The addition of a catalyst to the rice husk
pellets allows for better solid-solid contact be-
tween the catalyst and biomass and is expected
to have a direct effect on the decomposition of
each component. In this term, a few researcher
focus on adding ash as a catalyst to rice husk
pellets in the pyrolysis process. Therefore, this
research is focused to investigate the thermal
characteristics and decomposition kinetics of
hemicellulose, cellulose, and lignin in the in-
situ catalytic pyrolysis of rice husk pellets us-
ing husk ash as the catalyst. In this research,
the thermogravimetric analysis method was
used to obtain data on sample mass loss and
reaction temperature as a function of time.
Thermogravimetric Analysis (TGA) of non-
catalytic and catalytic pyrolysis of rice husk
pellets was carried out at various heating rates
and ash addition ratios. The kinetics parame-
ters were then determined with the three-
independent parallel reaction (3-IPR) kinetics
model representing hemicellulose, cellulose,
and lignin, respectively.

2. Materials and Methods
2.1 Materials

The rice husk used was obtained from a rice
milling industry in Sukoharjo, Central Java,
Indonesia, in its natural and sun-dried state. It
was then made into powders sized 180-250 pm
before pelletization. Chemical characterization
of rice husk powder was carried out through
analyses of proximate, ultimate, and calorific
value. The analyses were done using TA In-
strument Q500, varioMICRO, and TKA C2000
basic, respectively. The analysis of biomass
components was also conducted to obtain the
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content of hemicellulose, cellulose, and lignin
in rice husk.

2.2 Catalyst Preparation

The rice husk ash used as catalyst directly,
without additional treatment, was obtained by
controlled combustion of rice husk powder in a
muffle furnace at 1073 K for 60 min. The ash
was then placed in a desiccator until it reached
ambient temperature. Re-sieving of the ash
was done to obtain a size of 180-250 pm to
match the size of the rice husk powder. The
characterization of the husk ash was carried
out through crystal phase analysis with the X-
Ray Diffraction (XRD) analyzer MD10 mini-
diffractometer-MTI, and the surface topogra-
phy and element content analyses were done
using the Scanning Electron Microscopy-
Energy Dispersive X-Ray (SEM-EDX) analyzer
JEOL Benchtop SEM JCM7000.

2.3 Rice Husk Pellets

Rice husk (RH) powder and rice husk ash
(RHA) catalyst powder of the same size were
mixed with each other at mass ratios of
RH:RHA of 10:0, 10:1, and 10:2, which were
then coded as RRH, ARH10, and ARHZ20, re-
spectively. Each of these mixtures was then
made into pellets using a 3 mm diameter pellet
mold by hydraulic pressing at a tonnage of 1
ton for 5 minutes. In this study, no binder was
used in the pellet production, it is intended to
avold the presence of compounds other than
those contained naturally in rice husk which
may affect the pyrolysis kinetics. The pelletiza-
tion procedure was sufficient to maintain a
good husk-ash pellets compaction for experi-
mental purposes. The density of the pellets was
then calculated based on diameter and length
measurements using a standard srew microme-
ter, while the mass was measured using a
Joanlab FA2204 analytical balance with an ac-
curacy of 0.0001 g.

2.4 Thermogravimetric Analysis

The pyrolysis of the pellets RRH, ARHI10,
and ARH20 was carried out using the Thermo-
gravimetric-Differential Scanning Calorimetry
(TGA-DSC) Analyzer Linseis STA PT1000 at
three constant heating rates of 5, 10, and 20
K/min. The sample rice husk pellets with 3.21
mm in diameter, weighing about 20-30 g, were
placed into a ceramic cup (volume 0.12 mL) and
purged with a flow of N2 gas at 50 mL/min for
30 min to remove the oxidizer. Then the sample
was heated from 303 K to 873 K in an N2 at-
mosphere at a certain rate. For heating refine-

ment, the final sample temperature was kept
constant at 873 K for approximately 10 min.
The sample pellets analyzed at different heat-
ing rates were then designated as shown in Ta-
ble 1. The last number after the dash indicates
the heating rate used.

The obtained sample mass loss data as a
function of time was then processed into the
Thermo Gravimetry (TG) curves or the mass
fraction of residual solids (w) curves and the
Differential Thermo Gravimetry (DTG) curves
or the mass loss rate (—dw/dt) curves. The data
included the start of the pyrolysis until the fi-
nal temperature without involving the drying
stage. The amount of the catalyst added was
also not involved in the calculation of the mass
fraction of residual solids. Thus, the calculation
of the mass fraction of residual solids as a func-
tion of time or temperature used a catalyst-free
dry basis.

2.5 Kinetics Model - the Three-Independent
Parallel Reaction (3-IPR)

The one-component global reaction model
has been known not to represent the results of
pyrolysis data with TGA well, while the multi-
component and multi-reaction models are quite
good at it [14]. A widely used multi-component
model is the three-independent parallel reac-
tion (3-IPR) model, which assumes that there
are three main components of biomass: hemi-
cellulose, cellulose, and lignin. This kinetics
model is useful in analyzing the effect of ther-
mal decomposition on individual components of
biomass [15,16]. Each component is considered
to react separately and respectively produce
volatiles and char, following the first-order or
nth-order reaction [18,21]. The reaction equa-
tions for the components of biomass are as fol-
lows:

Cpe0-Hemicellulose—""“— )

(Chc0 ~ Uy )Reszduehc +v,., Volatiles,,

Table 1. Designation of the experiment runs.

Mass ratio of RH : Heating Sample
RHA rate (K/min) designation
5 RRH-5
10: 0 10 RRH-10
20 RRH-20
5 ARH10-5
10:1 10 ARH10-10
20 ARH10-20
5 ARH20-5
10: 2 10 ARH20-10
20 ARH20-20
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kcel
¢,0-Cellulose—=— @)
(Cuuto = Ueerrs ) Residue,,, +v,,, Volatiles,,
; . klig
Cpigo-Lignin——=— (3)

(cligo ~Vjiger )Reszduehg + Uy, Volatiles,,

In the equations, Volatiles; represents the gas
and condensable volatiles or tar produced from
the decomposition of the component i (i = hemi-
cellulose, cellulose, and lignin), while Residue;
represents the char produced from each compo-
nent i. The parameter vi» is the yield coefficient
of the volatiles, while the parameter (cio — vix)
1s the yield coefficient of the residue. Moreover,
the parameter cio represents the initial mass
fraction or contribution fraction of each compo-
nent in thermal decomposition of biomass [18].

The conversion of the component i (&) is de-
fined as a ratio of the mass fractions of the sol-
ids reacting over time (cio — wsi) to the initial
mass fraction of the component i. ws; is the
mass fraction of residual solids at various
times.

a = (Cio _wSi) (4)

' Cio

Furthermore, the decomposition kinetics of the
component i can be written as follows:

d(wsi ) p
_Tciozﬁzki (1_ai)”i (5)

in which k; 1s the reaction rate constant and n;
is the reaction order. In this study, the first or-
der reaction was applied to each component
(Nhe = Neet = Muig = 1). Furthermore, the Arrheni-
us equation is used to define the reaction rate
constant i, ki. Eq. (5) can then be written as fol-
lows:

da; ’f;;

7 Ae ® (1-a,) (6)
The parameter A; is the pre-exponential factor
(1/min), and Ea; is the apparent activation en-
ergy (kd/mol) for the component i. At constant
heating rate (f=d7/d¢), the kinetic equation for
the reaction of the component i can be written
as follows:

Eq;

da, _4 , R (1-a;) )

daT S

The calculation of the conversion «; in the
previous differential equation is carried out
using the Euler method [18]. Then, the residual
solid fraction based on the model (ws*) and the
sample mass loss rate over time (dws#/dt) are
determined as follows:

wgit = 1 - cundecomp,O - ZciOai (8)
hit
Cdwf Se, da; 9)
dt ; dt

In the previous equations, Cundecomp.0 1s the
mass fraction of raw materials that are not de-
composed in the pyrolysis process, including
char and the catalyst. The value of dai/dt in
Equation (9) is calculated by the finite differ-
ence method. Furthermore, optimization of an
objective function (OF) is carried out to obtain
the values of the kinetic parameters based on
initial guesses by minimizing the sum of the
squared errors between the calculation results
and the experimental data as follows
[16,17,27]:

L(( dwg® dw?* ’
or S =) o

in which o/ is the data points (in the range of
1000-1600). Optimization is performed using
the differential evolution method, which has
advantages in terms of accuracy, efficiency,
and reliability for complex and highly non-
linear objective function optimization. Key con-
trol parameters in the DE algorithm include
NP (population size), CR (cross over constant),
and F (scaling factor). Guidance for selecting
the values of each of these control parameters
can be found in many references [28-31]. This
study used the parameter values NP = 10xN;
CR =0.9; F =0.5, where N represents the num-
ber of kinetic parameters, which was 9 (N =
(3xA))+(3xEai)+(3xcio)). The initial guess values
of the kinetic parameters used in this study
were based on the results of previous research-
ers [14-17,21]. The optimization was conduct-
ed by MATLAB R2021a software and the
source code of optimization by differential evo-
lution method was created by Wang [32]. Fur-
thermore, validation of the kinetics model uses
two references [27], namely the coefficient of
determination (R2) and fitness (Fit(%)). In this
study, the model was considered valid when
the R2 value > 0.95 and the Fit(%) value < 5%.

. 2
i dwg® | dw?"
= dt dt
2 (11
dwg® B dwg®
dt dt g

OF/J

dwexp
{ d? J (12)

Fit(%) =100
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2.6 Pyrolysis Number and Biot Number

The control regime can be determined by
comparing the rate of kinetics of the pyrolysis
reaction with the internal resistance to heat
penetration (conduction) and external re-
sistance to heat transfer (convection) using the
group of dimensionless numbers, the pyrolysis
number (Py) and the Biot number (Bi). The Py!
number is the ratio between the reaction rate
and the internal internal resistance to heat
penetration, while PyZ is the ratio between the
reaction rate and external resistance to heat
transfer. Meanwhile, Bi is the ratio between
the internal resistance to heat penetration with
external resistance to heat transfer [33].

2
- —
YT e Ik (13)
h
P II -
Y T o0, Lk (1)
B
Bi=—- (15)

In the equations above, the parameters h, A,
p, Cp, L, and k are the convective heat transfer
coefficient between the hot surface and the bio-
mass sample, the thermal conductivity of the
sample, the density of the sample, the heat ca-
pacity of the sample, the characteristic length
of the sample (for a cylindrical shape it can be
thought of as the radius), and the reaction rate
constant. For Bi << 0.1, the temperature

throughout the solid particles were approxi-

mated to be uniform. Meanwhile, the interme-
diate Bi number (0.2-1.0) are suitable for fluid-
ized bed pyrolysis of biomass particles. Moreo-
ver, when Bi > 1.0, the heat transfer is more
complicated due to transient heat conduction
within the particles [3].

The plot between the pyrolysis number (Py)
and the Biot number (Bi) at various tempera-
tures will produce four regions: (i) isothermal
& kinetically-limited region where the entire
solid part of the sample has a uniform temper-
ature; (i1) kinetically-limited non-isothermal
region, where the sample can reach the reac-
tion temperature quickly, but with a wide tem-
perature gradient in the solid sample; (ii1) con-
vection-limited region, where the heat transfer
resistance between the heat source surface and
the sample surface is dominant; and (iv) con-
duction-limited region, where resistance to
heat conduction in solid sample is dominant

[33].

3. Results and Discussion

3.1 Physico-chemical Charactheristics of Rice
Husk

The rice husk pellets has a density ranging
from 1.019 to 1.075 g/cm3 with a ratio of length
to diameter between 1.02 and 1.07. The proxi-
mate analysis of rice husk powder showed that
the moisturize, volatile compounds, ash, and
fixed carbon contents were 9.58%, 58.26%,
18.26%, and 14.00% on an air dried basis
weight percentage, respectively. Meanwhile,
the ultimate analysis showed that the ele-

—_— Si0, (1ICSD:170510)
—— K,O (ICSD:180571)
—CaO (1CSD:180198)

1(b)

Intensity (a.u)

T
15 20 25 30 35 40 45 50 55 60 65 70 75

20 (deg.)

Figure 1. (a) SEM-EDX image at 5000x magnification, and (b) XRD-pattern at A Cu Ka=1.564 A [10].

Table 2. The composition of hemicellulose, cellulose, and lignin in rice husk.

This study Other study [35]
Component (% air dried basis) (% air dried basis)
Data-1 Data-2 Avg Reff-1 Reff-2 Reff-3 Reff-4
Hemicellulose 15.4 17.5 16.5 21 24 18 19
Cellulose 35.5 36.7 36.1 40 38 37 40
Lignin 16.9 16.6 16.8 22 19 12 16
Others 32.2 29.2 30.7 17 19 33 25
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mental contents C, H, N, O, and S reached
35.24%, 5.23%, 0.33%, 40.97%, and 0.066%,
respectively. The rice husk powder’s higher
heating value (HHV) was found to be 14.01
Md/kg, thus potential to be used as a raw mate-
rial for pyrolysis. The results of the analyses
were consistent with those of previous studies
[3,34]. Besides that, the amount of hemicellu-
lose, cellulose, and lignin in rice husk and the
comparation from other studies are presented
in Table 2. More complete information regard-
ing the characterizations of rice husk can be
seen in our previous report [10].

3.2 Ash Characterization

The elemental analysis of the ash using
SEM-EDX provided an image as shown in Fig-
ure 1(a). The rice husk ash contained a lot of Si
and O with mass percentages of 45.0% and
43.4%, respectively, and little K and Ca about
1.8% and 0.3%, respectively. Carbon (C) was al-
so found at 9.5%, which assumably was the re-
maining char that had not been converted dur-
ing combustion. The high amounts of Si and O
was thought to be related to the high amount of
S102 (about 90%) in the ash. The elements K
and Ca could be in the form of oxides (K20 and
CaO), which have a catalytic effect and encour-
age the production of Hz and COz but inhibit
the production of CO, CH4, C2H4 and C2Hs [36-
38].

The crystalline structure of the ash domi-
nated by silica (SiOz) was analyzed using XRD
(Figure 1(b)), which showed that the ash had
an amorphous silica structure with a crystallin-
ity index of 30% [10]. This structure could in-
crease the surface area of the ash. According to
Shen [39], the high content of amorphous silica

100 100

~ 90 (a) TG-5 E/min 90
= 80 80
E 70 70
= 60 60
=
< 50 50
0]

40 40
= Stage 1 Stage-2 Residue Stage 1

30 : - 30

400 500 G600 700 8300 900 400 500 G600
T(K) T (K)
= 3 5
E P (d) DTG-5 E/min
I | 4 P
e Iy i
o 1 f |
g° sl RRH 3 J
E oo [/ ARHI0 2 {
L ARH20 J
e

o 1 -
=
A o — 0

400 300 900 400

in rice husk ash contributes to COz2 adsorption
and increases the hydrogen-rich gas yielded.
More detailed information regarding the char-
acterization of the ash can be seen in our previ-
ous report [10].

3.3 Thermogravimetric Analysis

The characteristics of rice husk pellet ther-
mal decomposition both in non-catalytic and
catalytic pyrolysis processes were studied us-
ing TGA. Figure 2(a-f) show the results of the
residual solid mass fraction curve (w or TG in
%) and the mass loss rate curve (—dw/dt or
DTG - in %/min) based on the experiments at
various heating rates and ash addition ratios.
Based on the characterization of the thermal
decomposition curves of TG and DTG in Figure
2(a-f), the non-catalytic and catalytic pyrolysis
of rice husk pellets is divided into two stages.
The first stage (Stage 1) starts at a tempera-
ture between 510-530 K and ends at a temper-
ature between 600-650 K; there is a significant
mass loss. Meanwhile, in the second stage
(Stage 2) starting at 650 K until the final tem-
perature of pyrolysis, there is a relatively gen-
tle mass loss. The percentage of mass loss at
each stage and that of residue solids for the ex-
perimental data are presented in Table 3 (Data
column).

Depend on the heating rate, hemicellulose
and cellulose decomposition occurs in the Stage
1 with the temperature range of 510-650 K.
Meanwhile, lignin decomposition mostly does
in the Stage 2 with the wider temperature
range start at temperature below 650 K to final
pyrolysis temperature. The temperature range
of components decomposition are in accordance
to previous study [40], that is, devolatilization

100
90
80
70
60
50
40

(b) TG-10 K/min (c) TG-20 K/min

Stage 2 30 Stage 1 Stage 2
700 800 900 400 500 600 700 800 900
T (K)
12
(e) DTG-10 K/min (f) DTG-20 K/min
10
s "
RRH 1 RRH
ARH10 6 ARH10
ARH20 4 ARH20
—— 2
0
700 800 900 400 500 600 700 800 900
T (X)

Figure 2. Generated TG (w) and DTG (—dw/dt) curves from experiment data.
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of hemicellulose and cellulose at temperature
between 530 and 650 K, and lignin decomposi-
tion at temperature between 650 and 1173 K.
Refers to Yang [41], hemicellulose has a large
number of compounds with C=0 bonds that de-
compose in the temperature range of 473-588
K, while cellulose contains two strong —OH and
C—0 functional groups, which decompose in the
temperature range of 588-673 K. Lignin decom-
poses over a wider temperature range because
it has very strong bonds in aromatic ring struc-
tures (e.g., phenol and benzene). It is rich in
0O-CH3s, C-0-C, and C=C bonds, which require
a wide temperature range to decompose com-
pletely. Furthermore, hemicellulose and lignin
contribute to the amount of residue yielded;
both leave solid residues despite being pyro-
lyzed at high temperatures.

3.3.1 Effect of Heating Rate

The thermogram curves in Figure 2(a-f)
shows that the patterns of TG (w) and DTG
(—dw/dt) curves can be different from each oth-
er depending on the heating rate. Increasing
the heating rate shifts the TG curve towards
higher temperatures. Besides, the higher the
heating rate, the wider and higher the peaks of
the DTG curve, shifting towards higher tem-
peratures. The same trend was also reported by
previous researchers [40,42,43]. This phenome-
non assumably occurs because of the thermal
lag during the biomass decomposition process
due to the heat transfer and the kinetics of de-
composition of rice husk pellets at different
heating rates [44].

At low heating rates, there are two peaks in
the DTG curve that are quite far apart from
each other. The different profiles of the TG and
DTG curves are observed at higher heating

rates, where there are no longer two separate
peaks, but there is one peak with a shoulder on
the left or right of the DTG curve’s peak. The
shoulders and peaks formed on the DTG curve
represent the decomposition of hemicellulose
and cellulose. A gentle DTG curve at high tem-
peratures representates a slower lignin decom-
position step over a wide temperature range
[40]. The DTG curve also indicates that the
peak of mass loss rate (maximum decomposi-
tion rate) for non-catalytic and catalytic pyroly-
sis tends to increase and shift towards higher
temperatures along with the increase in heat-
ing rate.

Based on Table 3 of non-catalytic pyrolysis
(RRH), an increase in the heating rate tends to
reduce the percentage of mass loss in Stage 1.
Meanwhile, an increase in the heating rate in
catalytic pyrolysis (ARH10 and ARHZ20) in-
creases the percentage of mass loss in Stage 1.
Furthermore, increasing the heating rate tends
to reduce the percentage of mass loss in Stage
2 in both non-catalytic and catalytic pyrolysis.
On the other hand, the residue tends to in-
crease significantly along with the increase in
the heating rate in non-catalytic pyrolysis
(RRH). Higher conversions are obtained in py-
rolysis with low heating rates. The same trend
was reported by Quiroga [18] and Mishra &
Mohanty [45] which states that at a higher
heating rate, biomass does not decompose com-
pletely, thus producing more residue. In cata-
Iytic pyrolysis (ARH10 and ARHZ20), the per-
centage of residue produced tends not to
change with the increasing of the heating rate.
Based on the description, the effect of increas-
ing the heating rate on the catalytic activity of
ash is quite sensitive to both decompositions in
Stage 1 and Stage 2. The ash can increase the

Table 3. Mass loss (%) for each stage and the residue (Data and 3-IPR model).

Non-catalytic RRH-5 RRH-10 RRH-20
Data 3-IPR Data 3-IPR Data 3-IPR
Stage 1 43.6 43.4 41.3 38.6 39.5 38.5
Stage 2 25.7 22.3 18.3 19.3 8.8 8.1
Residue 30.7 34.3 40.3 42.1 51.7 53.4
Catalytic ARH10-5 ARH10-10 ARH10-20
Data 3-IPR Data 3-IPR Data 3-IPR
Stage 1 31.9 31.7 34.0 34.1 38.5 38.4
Stage 2 18.8 19.3 17.6 17.6 8.1 8.1
Residue 49.3 49.0 48.4 48.4 53.3 53.6
Catalytic ARH20-5 ARH20-10 ARHZ20-20
Data 3-IPR Data 3-IPR Data 3-IPR
Stage 1 30.3 31.9 38.1 37.8 39.6 39.5
Stage 2 18.2 17.9 14.9 14.6 9.3 8.8
Residue 51.6 50.2 47.0 47.6 51.1 51.7
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percentage of mass loss in Stage 1, but tends to
decrease that in Stage 2 with increasing heat-
ing rate. This phenomenon results in the insen-
sitive decrease of residue percentage to the in-
crease of heating rate in catalytic pyrolysis.

3.3.2 Effect of Ash Addition

Figure 2(a-f) show that at the same heating
rate, the TG and DTG curves for non-catalytic
pyrolysis (RRH) and catalytic pyrolysis
(ARH10, ARH20) are identical. The similar re-
sult has been reported by Loy [40]. The in-
crease in the ratio of ash addition shifts the TG
and DTG curves sligthly towards higher tem-
peratures because of the differences in heat
transfer and pyrolysis kinetics as a result of
the ash addition. The effect of increasing the
ratio of ash addition is not quite visible at heat-
ing rate of 20 K/min, where the TG curve tends
to coincide. However, the effect of ash addition
is seen around the peak of the DTG curve at
temperatures between 550-620 K, in accord-
ance with the results of research by Mi-
losalvjevic and Suuberg in Orfao [46] that py-
rolysis kinetics changes at temperature of
around 600 K. The DTG curve indicates that
the peak of mass loss rate curve tends to de-
crease at low heating rates for catalytic pyroly-
sis or even slightly higher than in non-catalytic
pyrolysis at high heating rates.

In Table 3 (column Data), the effect of in-
creasing the ratio of ash addition to the mass
loss in each stage and the percentage of residue
1s quite visible at low heating rates (5 and 10
K/min). The higher the ratio of ash addition the
lower the mass loss percentage in Stage 1 and
Stage 2, and the higher the residue. Mean-
while, at 20 K/min, the increase in the ratio of
ash addition does not have a significant effect.
In non-catalytic pyrolysis (RRH), the mass loss
percentages in Stage 1 and Stage 2 range from
39.5% to 43.6% and from 8.8% to 25.7%, respec-
tively, with residue of 30.7-51.7%. In catalytic
pyrolysis (ARH10), the mass loss percentages
in Stage 1 and Stage 2 ranges from 31.9% to
38.5% and from 8.1% to 18.8%, respectively,
while residue of 48.4-53.3%. Meanwhile, in cat-
alytic pyrolysis (ARH20), the mass loss per-
centages of Stage 1 and Stage 2 were 30.3-
39.6% and 9.3-18.2%, respectively, with residue
of 47.0-51.6%.

The addition of ash as a catalyst tends to re-
duce the mass loss percentages in Stage 1 and
Stage 2 and increase the amount of residue
therein. These findings are in accordance with
those found by Loy [40] in the catalytic pyroly-
sis of rice husk with a mechanical mixing meth-

od. The increase in residue with the increasing
the amount of ash catalyst is assumably due to
the formation of coke on the surface of the cata-
lyst as a result of the secondary tar cracking
reactions [47,48]. At a heating rate of 20
K/min, the increase in the ratio of ash addition
does not significantly affect the percentage of
residue, assumably due to the tar cracking re-
action that occurs and produces more gas. Fur-
thermore, the effect of catalysis activity on
hemicellulose, cellulose, and lignin decomposi-
tion needs to be further studied, given that
there is a decrease in mass loss in Stage 1
(representing hemicellulose and cellulose de-
composition) and Stage 2 (representing lignin
decomposition) as a result of ash catalyst addi-
tion.

3.3.3 Controlling Regime

To determine the regime that controls the
reaction, the parameters for calculating the Py
number and Bi number in Equations (13-15)
needs to be specified. The heat transfer from
the heating surface to the biomass particles is
mostly governed by the ratio of gas and solid
turbulence in the reactor. Previous study had
reported that the convective heat transfer coef-
ficient for fixed-bed reactor with forced gas
flow (similar in TGA) is in the range of 50-100
W/m2.K [49]. Since the TGA equipment was
used in this study, the average convective heat
transfer coefficient (k) of 75 W/m2.K was cho-
sen. Whereas, the size of rice husk pellet used
in this study was 3.21 mm (radius of pellet =
1.605 mm).

The addition of rice husk ash as catalyst
may change the heat conductivity, heat capaci-
ty, and density of rice husk pellets. The heat
conductivity of rice husk (Azrm) and rice husk
ash (Aesn) as reported by previous studies were
5.0 W/m.K [3] and 0.4713 W/m.K [50], respec-
tively. Meanwhile, the heat capacity of rice
husk (Cyrr) and rice husk ash (Cpasr) as a func-
tion of temperature were Cprg = 420 + 2.097 +
6.85x10-472 (J/kg.K) and Cpasr = 950 + 0.188T
(J/kg.K), respectively [51]. Furthermore, the
density of the pellet obtained from the meas-
urement were 1,024 and 1,060 kg/m3 for RRH
and ARH10, respectively.

The reaction rate constant (k) was calculat-
ed using the Arrhenius equation with the ki-
netic parameters E. and A obtained from previ-
ous study. Loy [3] conducted a pyrolysis of a
mixture of rice husk powder and rice husk ash
(with mass ratio of RH:ARH = 10:1) from 323 —
1173 K at a heating rate of 10-100 K/min with
a N3 flow rate of 100 mL/min. Determination of
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the kinetic parameters in their study was car-
ried out using the Friedman model-free meth-
od. The obtained average values of E, and A for
RRH pyrolysis were 190.8 kd/mol and 2.27x1014
(1/s), respectively, and for ARH10 pyrolysis
were 152.6 kd/mol and 5.72x1011 (1/s), respec-
tively.

Furthermore, the Py!, Py, and Bi numbers
were calculated at pyrolysis temperature range
between 450-750 K with an interval of 50 K.
Then, plotting the results into reaction-
transport map [33] will obtain the information
on the controlling regime as shown in Figure 3.
It can be seen that the mechanisms of non-
catalytic pyrolysis (RRH) and catalytic pyroly-
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Figure 3. Reaction-transport map for rice husk
pellet pyrolysis.

sis (ARH10) of rice husk pellets are dominated
in the isothermal kinetically-limited region, es-
pecially at low temperatures. An increase in
the reaction temperature will increase the re-
action rate thereby shifting the reaction to-
wards convection-limited region. It is quite dif-
ficult to accommodate shifts in the limiting re-
gion that occur at high temperatures in the ki-
netics modeling of pyrolysis reactions. Further-
more, the calculation of the kinetics model is
only based on the mechanism which is limited
by isothermal kinetics.

3.4 Kinetic Parameters of the 3-IPR Model

Figure 4(a-1) show the profiles of the DTG
(—dw/dt) curve generated by the 3-IPR model
(black solid line) and those of decomposition of
hemicellulose, cellulose, and lignin (gray
dashed line) at various heating rates and ash
addition ratios. The 3-IPR model accurately
represents the experimental data (blue line).
The model accuracy can also be seen in the per-
centages of mass loss in each stage and the
percentages of residue in Table 3 (in 3-IPR col-
umn) that are not much different from those in
the experimental data. In more detail, the DTG
curve for each component at various heating
rates and ash addition ratios is presented in
Figure 5(a-1).
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Figure 4. Generated DTG curves from the experiment data and the 3-IPR model.
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The mass loss rate curves for each compo-
nent as presented in Figure 5(a-1) are identical;
each has a main peak, as also reported by pre-
vious study [20]. In thermogravimetric analy-
sis, the temperature characteristics of the DTG
curve, namely T-onset, T-offset, and T-max, de-
pend on the heating rate. Many studies state
that the use of low heating rates (<20 K/min)
is prioritized to determine these temperature

(@)

Hemicellulose - 5 K/min

characteristics [20]. T-onset is the temperature
at which a pyrolysis stage begins, and T-offset
is the temperature at which a pyrolysis stage is
completed. T-onset and T-offset are obtained
from the tangential intersection of the DTG
curve at the bottom of the curve. Meanwhile,
T-max is the temperature where the peak of
the DTG curve appears and is obtained from
the tangential intersection of the DTG curve at
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Figure 5. Effect of heating rate and ash addition ratio on component decomposition.
Table 4. Thermal characteristics of rice husk component decomposition (3-IPR).
Non-catalvt RRH-5 RRH-10 RRH-20
on-cataytic Hemi.  Cell. Lign. Hemi.  Cell. Lign. Hemi.  Cell. Lign.
T-onset (K) 501 538 565 511 564 505 517 576 453
T-offset (K) 589 596 753 600 628 893 615 644 844
—dw/dt max 2.332 2278 1.069 3.197 3.349  0.990 9.046 5971 1.104
T-max (K) 557 575 675 567 602 734 578 619 684
Catalvtic ARH10-5 ARH10-10 ARH10-20
Y Hemi.  Cell. Lign. Hemi.  Cell. Lign. Hemi.  Cell. Lign.
T-onset (K) 500 538 542 516 567 495 517 576 431
T-offset (K) 589 596 761 606 634 1032 619 646 844
—dw/dt max 1.744 1.454 0.871 2.381 3.601 0.837 7.498 6.546  1.269
T-max (K) 556 576 677 571 609 761 580 620 645
Catalvtic ARH20-5 ARH20-10 ARH20-20
Y Hemi.  Cell. Lign. Hemi.  Cell. Lign. Hemi.  Cell. Lign.
T-onset (K) 498 539 559 516 568 469 521 573 417
T-offset (K) 587 598 750 609 635 935 620 645 840
—dw/dt max 1.821 1.413 0.877 2.719 3.382  0.777 7.913 6.345 1.560
T-max (K) 552 575 674 573 609 704 583 619 622
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the top of the curve. For example, the DTG
curve characterization for hemicellulose at a
heating rate of 5 K/min is shown in Figure 5(a).
Moreover, the results of the DTG curve charac-
terization are presented in Table 4.

3.4.1 Effect of heating rate on component de-
composition

Figure 4(a,d,g) show that at a low heating
rate (5 K/min), the peaks formed have narrow-
er characteristics; hemicellulose and cellulose
contribute to the formation of the peaks. The
narrower peak for rice husk pyrolysis at low
heating rate (5 K/min) with the contribution of
hemicellulose and cellulose decomposition was
also observed by Ferreiro [15]. Meanwhile, at
higher heating rates (10 and 20 K/min), there
were shoulders and peaks on the DTG curves;
hemicellulose and cellulose alternated with
each other to contribute to the formation of
peaks and shoulders in the DTG curves. At a
heating rate of 10 K/min (Figure 4(b,e,h)), cel-
lulose decomposition contributes more domi-
nantly to the formation of the peaks of the DTG
curves, while hemicellulose decomposition does
so to the formation of the shoulders at lower
temperatures. A significant difference occurs at
a heating rate of 20 K/min (Figure 4(c,f,1)), in
which the contribution of hemicellulose decom-
position to the peak is more dominant, and the
decomposition of cellulose contributes to the
formation of the shoulders at higher tempera-
tures. At a high heating rate, the contribution
of lignin decomposition at a higher rate is start-
ed to appear since the early stages of pyrolysis.
Therefore, at a high heating rate, the addition
of ash increases lignin mass loss rates starting
at low temperatures.

Heating rate has a significant effect on the
maximum mass loss rate (—dw/dt max) for hem-
icellulose, cellulose, and lignin (see Table 4 and
Figure 5(a-1)). The increase in heating rate in-
creases the maximum mass loss rate, both for
non-catalytic pyrolysis and catalytic pyrolysis.
The same trend was also reported by previous
studies [3,15]. Likewise, T-max tends to shift
towards higher temperatures as the heating
rate increases. Increasing the heating rate from
5 K/min to 10 K/min will increase the T-max to
about 10-20 K for hemicellulose, 25-35 K for
cellulose, and 30-85 K for lignin decomposition.
This finding is comparable to previous study in
the pyrolysis of switchgrass [21], the increase
in the heating rate from 25 K/min to 100 K/min
provides the increase of the T-max around 30 K
for all components.

3.4.2 Effect of ash addition on component de-
composition

The addition of ash tends to reduce the
maximum mass loss rate for all components at
low heating rates (see Table 4 and Figure
5(a,d,g)). However, at higher heating rates, the
maximum mass loss rates of cellulose and lig-
nin in Figure 5(e,f,h,1) increase as a result of
the addition of ash. In Table 4, the range of
hemicellulose decomposition temperatures in
the non-catalytic pyrolysis (and the catalytic
pyrolysis) is shown between 501-615 K (498-
620 K) with T-max of 557-578 K (552-583 K).
Meanwhile, the cellulose decomposition tem-
peratures range between 538-644 K (538-646
K) with T-max of 575-619 K (575-620 K). Fur-
thermore, lignin decomposition occurs over a
wider temperature range of 453-893 K (417-
935 K) with T-max of 675-734 K (622-761 K).
These ranges of decomposition temperatures
and maximum decomposition temperatures are
in accordance with previous studies
[17,19,20,41]. The addition of ash tends to wid-
en the components’ decomposition temperature
and maximum decomposition temperature
ranges.

Figure 5(a-f) say that T-max(s) of hemicellu-
lose and cellulose tend to be higher in catalytic
pyrolysis, in contrast to lignin decomposition
(Figure 5(g-1)) whose maximum decomposition
temperature tends to be lower, in accordance to
the results of [21]. These data indicate that lig-
nin decomposition occurs more easily [52] in
catalytic pyrolysis than in the non-catalytic.
The difference in the decomposition tempera-
ture range of each component is caused by dif-
ferences in the chemical structures. Hemicellu-
lose consists of various saccharides (xylose,
mannose, glucose, galactose, etc.), with ran-
dom, amorphous, and many-branched struc-
tures that are very easily decomposed to pro-
duce volatiles at low temperatures. Cellulose
consists of long and straight glucose polymers
without branches and is well structured and
very strong, thus having a higher thermal sta-
bility than hemicellulose. Meanwhile, lignin is
full of aromatic rings with various kinds of
branches. Chemical bonds in lignin are numer-
ous, causing lignin decomposition to occur over
a wide temperature range [41].

The description indicates that the catalytic
effect of the ash on the mass loss rate appears
at high heating rates with greater ash addition
ratios only. High mass loss rates at high heat-
ing rates are assumably related to increased
catalytic activity at higher heating rates [21].
Meanwhile, the use of a high heating rate and
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Table 5. Kinetics parameters of the 3-IPR model.

Catalytic
RRH-10 RRH-20 ARH10-5 ARH10-10 ARH10-20 ARH20-5 ARH20-10 ARH20-20

Non-catalytic

RRH-5

Parameters
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122.25 122.30 123.21 123.42 121.53 122.42 123.81 123.24
201.37

123.12

Eahc

210.00 199.94 201.24

206.09

210.00

205.00 210.06

210.00

Eace

32.50
1.00x1011
1.27%x1017
7.10x1001

29.01
1.00x1011

1.00xx1017

76.78
1.00x1011
4.60x1018
1.00%x10095

34.59
7.60x1010
3.16x1017
9.78%1001

31.90
9.94x1010
1.38%x1017
1.00%x1001

68.98
1.00x1011
4.94x1018
2.15x1004

40.00
1.01x1011
7.58%1017
2.35x%1002

35.79
1.00x1011
4.42x1017
3.00x1001

77.16
1.00x1011
5.06x1018
1.00%x1005

Ealig

Ahc

Acel

1.00%x1001

Aiig

0.183
0.123
0.178

0.166
0.143
0.228

0.193
0.100
0.205

0.184
0.130
0.152

0.146
0.150
0.267

0.187
0.100
0.224

0.219

0.200
0.132
0.262

0.250

Che

0.116
0.132

0.157
0.250

Cecel

Clig

4.782 2.709 0.598
0.97

0.723
0.99

2.205

3.423

0.859
0.99

3.008

0.97

3.140
0.97

Fit(%)

0.99

0.95

0.99

0.97

&

ash addition ratios actually reduces the mass
loss rate of hemicellulose, although not too sig-
nificant. This fact indicates that the catalytic
activity of the ash appears at high tempera-
tures when the decomposition of cellulose and
lignin is more dominant.

Furthermore, the kinetics parameter values
of non-catalytic pyrolysis (RRH) and catalytic
pyrolysis (ARH10 and ARH20) of the 3-IPR
model for each component are presented in Ta-
ble 5. It can be seen that the values of the coef-
ficient of determination (R2) for all samples are
in the range of 0.95-0.99. Meanwhile, the fit-
ness (fit(%)) values for all samples are below
5%. These data indicate that the 3-IPR kinetics
model can describe the non-catalytic and cata-
lytic pyrolysis reactions of rice husk pellets
well.

The apparent activation energy (E.) value
in Table 5 for the decomposition of hemicellu-
lose tends to be constant at the various heating
rates. Meanwhile, the E, values for the decom-
position of cellulose and lignin tend to decrease
by increasing heating rate. Based on these da-
ta, the use of a higher heating rate is more
beneficial in terms of decreasing the E,. This
finding is also corroborated by the average E,
value of all components at various heating
rates as shown in Figure 6(a). It appears that
the catalytic effect of husk ash on decreasing
the value of E, is found to be more significant
at a higher heating rate.

As in Table 5, the addition of ash as a cata-
lyst has no effect on the E. of hemicellulose de-
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Figure 6. The average E. of 3-IPR model: (a) for
each heating rate; (b) for each component.
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composition. It only has a minor effect on the
E, values of cellulose and lignin decomposition
by decreasing them slightly. The average E.
value of each component for the entire range of
heating rate values as shown in Figure 6(b)
confirm the finding. It can be seen that the cat-
alytic pyrolysis has no effect on the E. value of
hemicellulose, but slightly decreases the Eq val-
ues of cellulose and lignin.

The average E. values of hemicellulose, cel-
lulose, and lignin for the entire range of heat-
ing rate in the non-catalytic pyrolysis (RRH py-
rolysis) are 122.6, 208.4, and 51.0 kd/mol, re-
spectively. For the comparison, Ferreiro [15]
studied the non-catalytic pyrolysis of rice husk
powder (size < 1 mm) at the heating rate of 5-
15 K/min. They found that the E. values calcu-
lated using first order 3-IPR kinetics model for
hemicellulose, cellulose, and lignin were 107.3,
163.8, and 37.2 kd/mol, respectively. The same
kinetic model was also used by Garba [16] in
the non-catalytic pyrolysis of rice husk powder
(size < 150 um) at the heating rate of 10 K/min.
In their study, the E. values of hemicellulose,
cellulose, and lignin were 90.0, 187.0, and 29.0
kd/mol, respectively. The higher FE. values
yielded from our study may be due to the con-
tribution of external and/or internal heat trans-
fer resistance in pyrolysis reaction of larger
particles.

For the catalytic pyrolysis of rice husk pel-
lets (e.g ARH20), the average E. values for
hemicellulose, cellulose, and lignin are found to
be 123.2, 203.7, and 46.1 kd/mol, respectively.
As mentioned before, the addition of husk ash
has only a minor effect in decreasing the aver-
age E. values of cellulose and lignin decomposi-
tion. The use of mineral-based catalysts in bio-
mass pyrolysis has reported by Mohamed [21].
By using the 3-IPR kinetics model, this study
proofed that the addition of 30% by weight of
different catalyst (i.e. KsPOs4, natural zeolite,
and bentonite) into switchgrass powder can sig-
nificantly decrease the E. values of all compo-
nents. Pyrolysis at 25 K/min decrease the E,
value for hemicellulose from 105.0 kd/mol to
90.2-98.1 kd/mol, cellulose from 241.0 kd/mol to
164.0-194.0 kd/mol, and lignin from 47.3
kd/mol to 37.8-38.4 kd/mol. In addition, the cal-
culated reaction order were found to be close to
1 for all components.

As shown in Figure 6, the overall average E.
values reduces from 127.3 kd/mol (for RRH py-
rolysis) to 124.3 kd/mol (in ARH20 pyrolysis).
As a comparison, the catalytic pyrolysis of ba-
gasse conducted by Quiroga [18] using the cata-
lyst Rh-Pt/Ce02-Si02 showed that the overall
E. calculated by using the 3-IPR model reduced

from 120.9 kd/mol to 107.0 kd/mol. Fu [52] con-
ducted a catalytic pyrolysis of rice husk with
the addition of the catalyst solid KOH. The E.
value obtained by the model-free method re-
duced from 123.8 kd/mol to 75.9 kd/mol. Loy [3]
also conducted research on the catalytic pyroly-
sis of rice husk with husk ash as a catalyst.
The decreased average E. value from 190
kd/mol to 153 kd/mol was found using the mod-
el-free method. In our previous report [10], the
kinetics of catalytic pyrolysis of rice husk pellet
with the addition of husk ash was studied by
using the model-free method. The calculated
average E, values by Friedman method at rap-
id mass loss stage reduced from 191.0 kd/mol
to 112.3 kd/mol. Comparation of studies ap-
pears that the use of different kinetic models
provides a significant difference in the calculat-
ed E, values.

The activity of the husk ash for reducing E.
values in this study was much lower than other
mineral-based catalysts. This was reasonable
because the rice husk ash used in our study
was not subjected to any treatment. The lower
reduction of E, in this study is also assumably
due to the higher temperature of the catalyst
preparation of 1073 K. As mentioned in the in-
troduction, whereas, the optimum temperature
for the ash catalyst preparation through burn-
ing rice husk is 773 K [3,12]. The use of higher
temperatures in the ash catalyst preparation
in this preliminary study was intended to ap-
proach the gasification process temperature,
where the ash produced could be directly used
as a low-cost catalyst.

Nevertheless, the improvement of the cata-
Iytic activities of husk ash needs to be ad-
dressed for further studies. The proper temper-
ature of rice husk combustion in an controlla-
ble manner for ash production needs to be
studied in order to achieve the best catalytic
activities of husk ash. Besides, the impregna-
tion of metal-based catalysts on husk ash will
absolutely increase its activities, but this pro-
cess offers the high production cost. In terms of
in-situ catalytic thermochemical process as
proposed in this study, the difficulties to sepa-
rate the catalyst from the pyrolysis or gasifica-
tion solid product need to be considered, so a
low-cost and disposable catalyst is needed. To
address these criteria, husk ash which is gen-
erated from gasification process is possibly to
be used first as an adsorbent of metallic pollu-
tants in wastewater prior to catalyst. As re-
ported in previous studies [54-56], rice husk
ash has a good ability in metallic pollutants ad-
sorption.
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In the other hand, Table 5 shows that the
pre-exponential factor (A) for hemicellulose de-
composition is relatively constant at various
heating rates and ash addition ratios, in the
range of 7.60x1010-1.00x10!! (1/min). Mean-
while, the A values for the decomposition of cel-
lulose and lignin vary between the different
heating rates. However, at the same heating
rate, the addition of ash does not have a major
effect on the A value. The range of A value for
cellulose decomposition (1.00X1017-5.06x1018
(1/min)) is narrower than it for lignin decompo-
sition (1.00x1001—-1.00x10% (1/min)). As shown
in Table 5, the addition of husk ash catalyst
tends to lower the A values. It seems that there
1s a compensation effect of the E. value and the
A value, that is, the lower the value of E,, the
lower the value of A. The lower of A values as
an effect of catalyst addition and the compensa-
tion effect were also observed in previous stud-
ies [18,21]. Furthermore, the partial contribu-
tion (ci) of each component varies at different
heating rates and ratios of ash addition. In the
non-catalytic pyrolysis (and the catalytic pyrol-
ysis), the range of ¢i values for hemicellulose,
cellulose, and lignin are 0.20-0.25 (0.15-0.19),
0.12-0.16 (0.10-0.15), and 0.13-0.26 (0.15-0.27),
respectively.

Apart from the influence of the type of cata-
lyst, the use of different kinetic models can also
produce a significant difference of E. values.
Regardless the use of different kinetic models,
the rice husk ash added to rice husk pellets can
actually reduce the apparent activation energy
of pyrolysis, which in turn increase the reaction
rate constant. Based on the average A value of
each the heating rate and the E, value of each
component in Table 5, the reaction rate con-
stant is then calculated using the Arrhenius
equation. The results of the reaction rate con-
stant values for each component at various
temperatures are presented in Table 6. An in-
crease in temperature can increase the reaction
rate constant significantly, which in turn in-

Table 6. Component reaction rate constant (1/min).

crease the reaction rate. At low temperatures,
the reaction rate of lignin decomposition is
higher than those of hemicellulose and cellu-
lose decomposition. However, starting at 550
K, the decomposition reaction rates of hemicel-
lulose and cellulose are higher than that of lig-
nin. In this study, the addition of the ash tend-
ed to reduce insignificantly the hemicellulose
decomposition rate. Meanwhile, the increase in
the lignin decomposition rate was more signifi-
cant than that in cellulose decomposition, indi-
cating that the catalytic activity of the ash ap-
peared at high temperatures.

4. Conclusions

The proposed different method of husk ash
catalyst addition in the in-situ catalytic pyroly-
sis of rice husk pellets has been investigated on
the thermal characteristics and pyrolysis ki-
netics of the biomass components. This prelimi-
nary study found that pyrolysis of rice husk
pellets i1s divided into two stages, namely Stage
1 at a temperature range of 510-650 K repre-
senting hemicellulose and cellulose decomposi-
tion, and Stage 2 at temperatures above 650 K
representing lignin decomposition. The addi-
tion of ash as a catalyst in the catalytic pyroly-
sis of rice husk pellets tends to reduce the mass
loss both in Stage 1 and Stage 2 and increase
the solid residue. The addition of the ash also
tends to widen the decomposition temperature
range and the maximum decomposition tem-
perature of each component.

The addition of the ash tends to decrease
the maximum mass loss rate of the three com-
ponents at low heating rates. However, at
higher heating rates, there is an increase in
the maximum mass loss rates of cellulose and
lignin. In other words, the catalytic activity of
the ash appears at high heating rates and high
temperatures where the decompositions of cel-
lulose and lignin are more dominant.

Based on the values of coefficient of deter-
mination (R2?) and fitness (fit(%)), it can be con-

Temp. Hemicellulose Cellulose Lignin
(K) RRH ARH10 ARH20 RRH ARH10 ARH20 RRH ARH10 ARH20
450 0.0006  0.0006  0.0005 0.0000  0.0000  0.0000 0.0014  0.0057  0.0100
500 0.0153  0.0149 0.0134 0.0002  0.0003  0.0004 0.0042  0.0150  0.0235
550 0.2236  0.2177 0.1975 0.0225 0.0276  0.0364 0.0105 0.0354  0.0477
600 2.0863  2.0327 1.8612 1.0222  1.2207  1.5448 0.0237 0.0773  0.0881
650 13.804 13.465  12.420 25.853  30.182  36.996 0.0502 0.1601  0.1521
700 69.726  68.090 63.198 412.350 472.874 565.119 0.1012 0.3161  0.2523
750  283.805 277.433 258.881  4547.57 5140.59 6019.10 0.1953  0.5945  0.4079
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cluded that the 3-IPR kinetics model describes
the pyrolysis reaction of rice husk pellets well.
The addition of the ash tends to have no effect
on the activation energy of hemicellulose de-
composition but decreases the activation ener-
gy of cellulose and lignin decompositions.
Meanwhile, at the same heating rate, the addi-
tion of husk ash catalyst to rice husk pellets
does not significantly affect the pre-exponential
factor. In addition, the ash tends to decrease
the hemicellulose decomposition rate and in-
crease the cellulose and lignin decomposition
rates.

The heating rates and the ash addition rati-
os both affect the activation energy of each
component, but the values were not always
lower in catalytic pyrolysis. However, the aver-
age activation energy decreases with increasing
heating rate and ash addition. Nonetheless,
there is only a relatively minor change in the
average activation energy as the husk ash cata-
lyst was added. The improvement of this un-
treated husk ash catalyst need to be addressed
to obtain the low-cost, disposable, and more ac-
tive catalyst.
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