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Abstract

Using rice husk ash as a cheap in-situ catalyst under certain pyrolysis operating conditions can affect the yield of rice husk pyrolysis 

products. The two-stage semi-global kinetic models were often used to predict these yields. This research aims to study the effect of 

rice husk ash catalyst addition, heating rate, and pyrolysis temperature on the kinetics and yield of rice husk pellet pyrolysis products. 

A modified kinetic model of the Koufopanos mechanism was proposed to predict the product's yield. The apparent pyrolysis kinetics 

were analyzed with the assistance of a self-designed macro-thermogravimetric analysis apparatus. The co-pelletized rice husk and ash 

were heated from 303 to 873 – 1173 K at 5, 10, and 40 K/min heating rates in a N2 environment. Gas was collected and analyzed with gas 

chromatography equipped with a thermal conductivity detector at several temperature intervals during pyrolysis. It was found that the 

yield of the pyrolysis products can be described well by the proposed kinetic model. Adding a rice husk ash catalyst at 10 K/min reduced 

the activation energy of the primary gas and tar formation. It also enhanced the secondary pyrolysis reactions to form gas, which 

occurs more significantly at higher temperatures and heating rates. At low heating rates, heterogeneous secondary reactions tended 

to convert the primary tar into secondary gas. However, secondary reactions converted the primary tar into secondary tar at higher 

heating rates. On the other hand, increasing the pyrolysis temperature increased the gas yield and reduced the yield of tar and char.
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1 Introduction
The thermal pyrolysis process has great potential to con-
vert biomass into valuable products. Compared with ther-
mal pyrolysis, catalytic pyrolysis can reduce the activation 
energy of pyrolysis by increasing the secondary reaction rate. 
Catalysts can convert complex reactions into semi-complex 
reactions with lower activation energy and produce selec-
tive pyrolysis products. Previous research has validated the 
effectiveness of the catalyst in biomass pyrolysis, showing 
its positive influence on gas yield, hydrogen concentration, 
and bio-oil quality while reducing tar compounds.

Rice husk ash can be a cheap alternative catalyst in bio-
mass pyrolysis. According to Pode [1], the main content of 
rice husk ash is amorphous silica, which reaches 83–90%, 
and other contents in small amounts are alkali and alka-
line earth metal compounds, including CaO, MgO, K2O, 

Al2O3, Fe2O3, and Na2O. Amorphous mesoporous silica, 
a hydrophobic inorganic material, has high effectiveness 
in adsorbing and decomposing the tar content. Adding 
amorphous silica to catalytic tar reforming reduces the 
total tar [2]. On the other hand, the CaO in the catalyst fos-
ters the pyrolysis kinetics [3].

The content of alkaline and alkaline earth metal com-
pounds in husk ash stimulates H2 formation reactions such 
as the Boudouard reaction, water gas-shift reaction, and 
hydrocarbon reformation reaction, increasing H2 yield [4]. 
In addition, these compounds can adsorb CO2, shifting 
the thermodynamic conditions that help the formation of 
H2 [5]. Rong et al. [6] studied the effect of adding a rice husk 
ash catalyst on tar (bio-oil) yield in rice husk pyrolysis with 
a 20 K/min heating rate. Adding 2% rice husk ash catalyst 
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resulted in a bio-oil yield of 56.07%, an increase of 4.2%, 
compared to no added catalyst. Meanwhile, Abu Bakar and 
Titiloye [7] reported rice husk catalytic pyrolysis products 
yield at 25 K/min with a husk ash catalyst. The gas yield 
increased from 18.47%wt to 21.62%wt, while the tar yield 
decreased from 39.61%wt to 38.29%wt.

In general, pyrolysis operating conditions, such as 
pyrolysis temperature, pressure, heating rate, biomass 
particle size, and carrier gas flow rate influence pyrolysis 
products' yield distribution and composition. Among these 
operating conditions, the influence of pyrolysis tempera-
ture and heating rate has been more widely studied. Jinn [8] 
studied the effect of heating rate in pyrolysis of rice husk 
powder on the yield and characteristics of tar. Optimum 
pyrolysis conditions at a heating rate of 20 K/min, 
feed size of 0.25–0.50 mm, pyrolysis temperature of 
773 K, and N2 flow rate of 100 mL/min produce a maxi-
mum liquid yield of 35.38%wt, gas yield of 28.44%wt, and 
char yield of 36.18%wt.

Waheed et al. [9] studied the effect of temperature and 
heating rate in rice husk pyrolysis on the yield and com-
position of gas products. Slow pyrolysis (heating rate 
of 10  K/min) of rice husks at a temperature of 1123  K 
produces a  gas yield of 24.06%wt, while a gas yield of 
66.61%wt is obtained in fast pyrolysis (heating rate of 
300–500 K/s). Higher heating rates tend to increase gas 
yield [10], but according to Vieira et al. [11], raising the 
heating rates reduces gas yield and increases tar yield. 
Meanwhile, increasing the pyrolysis temperature increases 
gas yield [9, 12] and reduces tar yield [3].

Chemical kinetics play a vital role in explaining the 
characteristics of pyrolysis reactions. Most kinetic models 
use a lumped model approach because the kinetic model 
is based on the yield of lumped products, namely gas, 
tar, and char [13]. This pyrolysis kinetic model considers 
overall biomass conversion, not the conversion of biomass 
constituent components such as hemicellulose, cellulose, 
and lignin [14]. The lumped pyrolysis reaction mecha-
nism is generally classified into one-step global, one-step 
multi-reaction, and two-stage semi-global models.

The global one-stage model is the simplest one that rep-
resents biomass conversion into volatile materials (tar) and 
char as a first-order one-stage reaction [15–17]. The kinetic 
parameters of one-stage global models can be estimated 
using isoconversional kinetic models such as the Friedmann, 
Kissenger, Kissenger-Akahira-Sunose (KAS), and Flynn-
Wall-Ozawa (FWO) models [13, 18]. The single-step global 
kinetic model does not involve complex reaction mecha-
nisms and only considers the primary pyrolysis reaction. 

According to Sharma and Sheth [19], the one-stage global 
kinetic model fails to predict variations in pyrolysis prod-
uct yield with increasing temperature. 

According to Di Blasi [20], one-stage global kinetic mod-
els and one-stage multi-reaction kinetic models are unsuit-
able enough to simulate biomass pyrolysis reactions. Both 
models are simple but have the weakness of assuming a con-
stant char and volatile yield ratio. The previous study [21] 
described the primary thermal degradation using the one-
step reaction model, which examines a single global pro-
cess. However, the one-step model does not precisely cap-
ture the weight loss (thermogravimetric, TG) data and its 
derivative (derivative thermogravimetry, DTG), but  it  can 
estimate the activation energy process and highlight the 
changes produced by the catalysts. In addition, a sin-
gle-stage multi-reaction model involving the decomposition 
of biomass components (hemicellulose, cellulose, and lig-
nin) precisely captured the TG data and its derivative [22]. 
Moreover, the developed global kinetic model proposed by 
Wang et al. [23] can predict hydrothermal liquefaction prod-
uct yields based on chemical compositions of biomass. 

Meanwhile, the two-stage semi-global kinetic model 
is more advantageous for simulating pyrolysis reactions 
because it involves primary and secondary decomposition 
reactions. The formation of gas from tar decomposition 
and the conversion of tar into char through polymerization 
reactions are included in the kinetic model as a secondary 
reaction [20, 24, 25]. This secondary reaction is consid-
ered to be in the gas/vapor phase. Koufopanos et al. [26] 
proposed a pyrolysis kinetic model that assumes that gas 
and volatile primary pyrolysis products (tar) can react with 
char. These secondary reactions are thought to occur on 
the active surface of the char and produce different gas-
eous, volatile, and char products. Furthermore, developing 
a pyrolysis reaction model involves the formation of inter-
mediates in the primary reaction, which are then decom-
posed into char [27].

The effect of direct addition of husk ash catalyst to rice 
husks on the yield of pyrolysis products still needs to be 
studied extensively. According to recent research, the 
in-situ catalytic pyrolysis process involves direct addi-
tion of the rice husk powder and ash powder in a  mixed 
form  [6]. On the other hand, the effect of direct addition 
of ash as a catalyst to rice husk pellets raw material on the 
yield of the resulting products have yet to be thoroughly 
studied. Improved contact between the catalyst and biomass 
is made possible by adding the husk ash catalyst directly to 
the rice husk pellets. This could change the reaction mecha-
nism of the biomass decomposition and lead to the selective 
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catalytic pyrolysis products. This research contributes in the 
form of a new idea for a biomass-catalyst contact method in 
in-situ catalytic pyrolysis and the development of a kinetic 
model to predict the yield of pyrolysis products.

This research aims to study the effect of adding a rice 
husk ash catalyst, heating rate, and pyrolysis temperature 
on the apparent kinetics and the yield of rice husk pel-
let pyrolysis products using the proposed modified kinetic 
model of the Koufopanos mechanism. For this purpose, 
a thermogravimetric analysis of the co-pelletization pyrol-
ysis process of rice husk and husk ash was carried out 
using a self-made macro-TGA equipment at various varia-
tions in heating rate and pyrolysis temperature. At certain 
temperature intervals, gas product samples are taken and 
analyzed using the gas chromatography-thermal conduc-
tivity detector (GC-TCD) method.

2 Kinetic model
The two-stage semi-global kinetic model can generally be 
used to predict the yield of pyrolysis products. According 
to Antal Jr. [25], biomass pyrolysis produces reactive vol-
atile compounds, apart from char and permanent gas, 
so, further secondary reactions are possible. In this reac-
tion mechanism, the reactive volatile compounds are 
assumed to decompose through two competitive reac-
tions: a cracking reaction at high temperatures, which pro-
duces permanent gas, and a cracking reaction at low tem-
peratures, which forms condensable tar.

On the other hand, Di Blasi [20] proposed a pyrolysis 
reaction mechanism by considering biomass as a single 
homogeneous material that can be decomposed thermally 
to gas, tar, and char through a primary pyrolysis reaction. 
The tar formed undergoes a secondary cracking reaction, 
which produces gas phase light hydrocarbons or under-
goes re-polymerization to create char. Meanwhile, sec-
ondary reactions are assumed to occur in the gas phase 
within the pores of the solid char matrix.

Koufopanos et al. [26] proposed a kinetic model, which 
was also used by Srivastava et al. [28], Miljkovic et al. [29], 
and Miljkovic et al. [30] to predict the concentration pro-
file of biomass pyrolysis products (Eq. (1)). In this kinetic 
model, biomass is decomposed into volatiles (tar), gas, and 
char in primary reactions. Furthermore, volatile materi-
als and gases can react with char on the surface of the 
char to produce tar, gas, and other char with different com-
positions. Thus, the primary pyrolysis reaction products 
contribute to the secondary pyrolysis reaction, causing 
changes in the distribution of the final products.
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Blasi et al. [20] also proposed that tar cracking reac-
tions occurring in parallel during the secondary reaction 
could produce secondary gas and char. This is supported by 
Ramachandran et al. [31], who reported that some of the bio-
oil fraction heated at a low heating rate would be converted 
through two parallel reactions into char and gas/vapor.

This study proposes a pyrolysis kinetics model involv-
ing primary and secondary reactions between volatile 
materials/tar and char as primary reaction products to pro-
duce new products (Eq. (2)).

Gas

Tar xGas yTar

Char zChar

k

k

k
k

k

1

1 1 2

1 2

1

2

3

5

4

↗

↘
↗

↘

Biomass � �

�

	 (2)

In the kinetic model reviewed (modified Koufopanos' 
mechanism), the primary reaction of biomass pyrolysis pro-
duces primary gas, tar, and char. Furthermore, the primary 
tar ( Tar1 ) that is formed reacts with primary char (Char1 ) 
to form secondary gas (Gas2 ) and secondary tar ( Tar2 ), 
as  well as secondary char (Char2 ), through parallel reac-
tions. The primary gas  (Gas1 ) is permanent and is easily 
separated from the solid. Meanwhile, Gas2  is permanent 
gas, and Tar2 is light tar.

Based on the reaction mechanism, a differential equa-
tion of reaction kinetics is prepared based on the mass bal-
ance of reactants and products, assuming that the reaction 
follows an order n (Eqs. (3)–(11)). The residual mass frac-
tion (w) is the mass fraction of solids remaining (Eq. (10)). 
The  residual rate (dw /dt ) can be calculated (Eq. (11)). 
The  modeling results were then compared with exper-
imental data using thermogravimetric analysis (TGA) 
equipment.
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The symbols used are explained in the Nomenclature 
section at the end of the paper.

In this study, the pyrolysis kinetic model for large bio-
mass particle does not include the heat and mass transfer 
limitation. The reaction rate used hereinafter is the overall 
reaction rate, and the resulting kinetic parameter values 
are apparent kinetic parameters.

3 Numerical solution
The measured data obtained from macro-TGA experi-
ments are then used to determine the apparent kinetic 
parameters using the proposed kinetic model. The objec-
tive function (OF) optimization is carried out by minimiz-
ing the sum of the squares of the differences between the 
experimental data and calculation results (Eq. (12)) based 
on the initial guess of the kinetic parameters [32, 33]:
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where J is the number of data points (around 1000 data). 
Optimization is carried out using the differential evolu-
tion (DE) method, which has the advantages of efficiency, 
accuracy, and reliability for optimizing highly non-linear 
and complex objective functions. Key control parameters 
in the DE algorithm include population size (NP), cross-
over constant (CR), and scaling factor  ( F  ). The  instruc-
tions for selecting each control parameter's value can be 

found in the literature [34, 35]. The parameters NP = 10 ∙ N, 
CR = 0.9, and F = 0.5 were used in this study, where N is 
the number of kinetic parameters that fit the kinetic model.

The values of the apparent kinetic parameters ( A1, A2, 
A3, A4, A5, E1, E2, E3, E4, E5, nB, nT , nC ) for initial guess-
ing refer to the results of previous research [32, 36, 37]. 
Meanwhile, the parameters x, y, and z are the mass conser-
vation coefficients for the Gas2, Tar2, and Char2 products. 
The optimization step was carried out with the help of 
MATLAB R2021a software with the DE method optimi-
zation source code referring to Wang [38]. Furthermore, 
validation of the kinetic model uses two references [33], 
namely the coefficient of determination (R2 ) in Eq. (13) 
and fitness (fit(%)) in Eq. (14). In this research, the model 
is considered valid when the R2 value is above 0.95 and the 
fit(%) value is below 5%.
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4 Experimental method
4.1 Co-pelletization of rice husk and ash
Rice husks in natural form and sun-dry conditions are 
ground using a disk mill and then sieved and classified using 
a standard sieve mesh. The rice husk powder used in this 
research was selected at 180 to 250 microns. The rice husk 
ash catalyst was obtained from controlled combustion of 
rice husk powder in a muffle furnace at 1073 K for 60 min. 
The ash obtained is then placed in a desiccator until ambient 
temperature is reached and then sieved to obtain a powder 
size of 180 to 250 microns. Typical analysis of rice husk 
and elemental and crystalline phase analysis of rice husk 
ash can be accessed in the previous study [17].

Before being pellet, rice husk powder and ash are mixed 
homogeneously with various weight ratio of rice husk to 
the ash of 10:0 (RRH) and 10:2 (ARH20). Next, the pellets 
were molded using a hydraulic press with 1 ton for 5 min 
without adhesive. Pellets are made in a diameter of 7 mm 
with a length of approximately 3–4 times the diameter.
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4.2 Macro-TGA apparatus
For the study of pyrolysis kinetics, a self-designed mac-
ro-TGA apparatus was used (see Fig. 1). The Macro-TGA 
consists of various components, including an electric 
tube furnace (8) with programmable heating rate, a stain-
less steel cylindrical reactor with a diameter of 8 cm and 
a height of 35 cm, a sample holder/support (6), and an ana-
lytical scale  (5). At certain time intervals (every 1  sec), 
the  reactor temperature was measured using a  Type  K 
thermocouple (7), and the changes in sample mass were 
also measured and recorded using a data logger (17), which 
was connected to a computer (18). Macro-TGA apparatus 
was designed to operate at atmospheric pressure and high 
temperatures. As an inert pyrolysis medium, N2 gas was 
used, and its flow rate was regulated and measured using 
a digital gas mass flow meter ((2), (3)).

The gas product leaving the reactor was passed through 
the condenser (9), which utilizes ambient temperature 
water to cool and condense any condensable product. 
The  resulting condensed product was subsequently con-
tained in a tube (10). The non-condensed gas product was 
then bubbled in an absorber (11) containing iso-propa-
nol liquid to dissolve any tar present. The gas from the 
absorber was then passed into a silica gel (12) to ensure the 
gas was not mingled with the liquid. The gas product from 
the silica gel was then stored in a gas bag (15) at certain 
temperature intervals for further analysis.

4.3 Thermogravimetric analysis 
In this research, thermogravimetric analysis was carried 
out using the assembled macro-TGA equipment. Using 
macro-TGA is necessary for sampling gas products result-
ing from pyrolysis for composition analysis and obtain-
ing a  sample mass reduction profile and reactor tempera-
ture during pyrolysis. For this purpose, a relatively large 

sample of rice husk pellets is required, which is impossible 
using standard TGA equipment. Rice husk pellets weighing 
approximately 6 g were inserted into the sample holder on 
support and placed on an analytical balance.

Before heating begins, N2 gas first flows into the reac-
tor at a flow rate of 100 mL/min (atmospheric) for 20 min 
to expel the remaining oxidizing gases from the reactor. 
After the purging is complete, the N2 flow rate is adjusted 
as needed, and the sample is heated with a specific heating 
rate (5, 10, and 40 K/min) from 303 K to the desired final 
pyrolysis temperature (873, 973, 1073, and 1173 K).

After reaching the final temperature, the reactor tempera-
ture is kept constant for approximately 10 min to complete 
the heating in the pyrolysis stage. A list of pyrolysis experi-
ments using macro-TGA equipment is presented in Table 1. 
During the pyrolysis, the sample mass and reactor tempera-
ture are recorded every second using a data logger connected 
to a computer. The resulting gas product is stored in a gas 
bag for further gas composition analysis (CO, H2, CO2 and 
CH4 ) using GC-TCD. Furthermore, this gas flow rate mea-
surement is intended to calculate the mass of the pyrolysis 
product gas formed at specific time and temperature inter-
vals. Meanwhile, the mass of tar condensed and absorbed in 
iso-propanol is calculated based on the difference between 
the mass of the sample consumed and the mass of gas formed.

Fig. 1 Macro-TGA apparatus; Notes: (1) N2 gas cylinder; (2) Micro-valve; (3) Mass flowmeter; (4) Balance box; (5) Analytical balance; (6) Sample cup; 
(7) Thermocouple; (8) Furnace; (9) Condenser; (10) Condensate collector; (11) Absorber (isopropanol solvent); (12) Adsorber (silica gel); (13) Mass 

flowmeter; (14) Vacuum pump; (15) Gas bag; (16) Programmable thermo-controller; (17) Data logger; (18) Computer unit

Table 1 Experimental setup

Weight ratio 
of RH: RHA Sample code Heating rate 

(K/min)
Pyrolysis 

temperature (K)

10:0
10:2

RRH
ARH20

5 873

10 873

40 873

10:0
10:2

RRH
ARH20

40 973

40 1073

40 1173
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5 Results and discussion
In the study of the kinetics of pyrolysis of rice husk pellets, 
the effect of heating rate and pyrolysis temperature was stud-
ied for non-catalytic (RRH) and catalytic (ARH20) pyrolysis.

5.1 Effect of heating rate
The kinetic calculations only looked at the pyrolysis zone 
starting at a temperature of around 500 K. The results 
of the mass loss rate (−dw /dt or DTG) curve fitting on 
non-catalytic and catalytic pyrolysis of rice husk pellets 
at various heating rates based on the proposed kinetic 
model are presented in Fig. 2. At a higher heating rate, 
it is found that the initial stage of pyrolysis in the DTG 
curve shifts towards higher temperatures, with higher and 
broader peaks [39]. The shift in the DTG curve is caused 
by increased thermal lag in the solid. A higher heating 
rate at the same solid temperature causes the solid to reach 
that temperature faster [40]. This causes a combined effect 
of heat and mass transfer, as well as solid decomposition 
kinetics at different heating rates, and is commonly found 
mainly in the pyrolysis of large-size particles. The effect 
of heating rate on the thermal characteristics of pellet 
pyrolysis is in line with Onsree et al. [41].

The heating rate significantly affects the maximum 
mass loss rate of the solid (−dw /dt max). The higher the 
heating rate, the greater the maximum mass loss rate. 
Based on experimental data, the maximum mass loss rate 
was increased from 2.64%/min at 5 K/min to 7.89%/min 
at 10 K/min and 27.05%/min at 40 K/min for non-cata-
lytic pyrolysis. The high heat flux at high heating rate can 
reduce the viscosity of the molten solid sample, thereby 
increasing the intensity of the volatile material formation 
and the mass loss rate [42]. Meanwhile, in catalytic pyrol-
ysis, there was an increase in the maximum mass loss rate 
from 2.32%/min at 5 K/min to 8.05%/min at 10 K/min and 
23.56%/min at 40 K/min. The maximum mass loss rate 
in catalytic pyrolysis tends to be slightly lower than in 
non-catalytic pyrolysis [43, 44]. Lower values of capacity 
and thermal conductivity of ash slow down the heat trans-
fer rate of solids.

Furthermore, based on the proposed kinetic model, 
the yield profile of each pyrolysis product in mass fraction 
can be obtained, both for primary pyrolysis products (Gas1, 
Tar1 and Char1 ) and secondary pyrolysis products (Gas2, 
Tar2 and Char2 ) as a function of reaction temperature. 
For  example, the yield profile of non-catalytic pyrolysis 
(RRH) and catalytic pyrolysis (ARH20) products at a heat-
ing rate of 10 K/min is presented in Fig. 3.

In the non-catalytic pyrolysis in Fig. 3 (a), it can be seen 
that biomass ( B ) decomposes quickly, starting at a  tem-
perature of around 500 K to a temperature of around 
650  K. Simultaneously with the decomposition of bio-
mass, primary pyrolysis products begin to form in the 
form of primary gas (Gas1 ), primary tar (Tar1 ), and pri-
mary char (Char1 ) in parallel. Primary gas products are 
considered permanent gases (CO, H2, CO2 and CH4 ) and 
are easily separated from solids.

Meanwhile, the primary tar and char products, both 
active, then react with each other, facilitated by the husk 
ash catalyst. This reaction is called a heterogeneous sec-
ondary reaction, which is thought to occur on the active 
surface of the char and ash catalyst, producing new gas, 
tar, and char compounds [26, 28]. The secondary reac-
tion causes a decrease in the yield of the primary tar and 
primary char after reaching a maximum above 600 K. 
The secondary reaction produces products in the form of 
secondary gas (Gas2 ) and secondary tar (Tar2 ), as well 
as secondary char (Char2 ). In this research, secondary 
gas products are considered permanent gas with the main 
contents of CO, H2, CO2 and CH4. Fig. 3  (a) shows that 
the secondary reaction produces more Gas2 products than 
Tar2 and Char2.

(a)

Fig. 2 Mass loss rate curve at various heating rates; (a) non-catalytic; 
(b) catalytic

(b)
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Meanwhile, for ARH20 catalytic pyrolysis in Fig. 3 (b), 
the product yield profile obtained in catalytic pyrolysis is 
similar to non-catalytic pyrolysis. However, more primary 
tar is formed in catalytic pyrolysis than in the non-cata-
lytic pyrolysis. Likewise, the secondary gas yield tends 
to be higher in catalytic pyrolysis than in non-catalytic 
pyrolysis. On the other hand, the yield of the secondary 
gas is higher than that of the secondary tar and char. 

The proposed modified Koufopanos' mechanism model 
can predict the yield of primary and secondary pyroly-
sis products at various heating rate variations, both in 
non-catalytic and catalytic pyrolysis. However, in prac-
tice, it is not easy to measure the yield and composition of 
each product quantitatively. In this research, quantitative 
measurements were only carried out on the mass of resid-
ual solids at various times (TG curve resulting from pyrol-
ysis with Macro-TGA) and the permanent gas composition 
(CO, H2, CO2, CH4 and N2 as carrier gas). Continuously 
at a specific temperature ranges, the product is stored in 
a gas bag with a particular volume and then analyzed using 
GC-TCD equipment. Examples of permanent gas compo-
sition analysis results in non-catalytic and catalytic pyrol-
ysis of rice husk pellets with a heating rate of 10 K/min 
are presented in Table 2.

Based on the gas composition (%mol) in Table  2, 
the molar flow rate of the components (mol/min) was then 
calculated. The gas resulting from pyrolysis is considered 
an ideal gas. The flow rate of N2 as a carrier gas (100 mL/min) 
was considered constant throughout the pyrolysis, and 
the gas temperature during analysis was 303 K. Thus, 
the molar flow rate of N2 (mol/min) can be calculated using 
the ideal gas equation. Next, the molar flow rate of H2 gas 
is calculated by multiplying the molar flow rate of N2 by 
the ratio between the mole concentration of  H2 and the 
mole concentration of N2 ( %mol H2 / %mol N2 ). The same 
method calculates the molar flow rate of other gases (CO, 
CH4 and CO2 ). Meanwhile, multiplying the component 
molecular weight quickly obtains the component mass 
flow rate (mg/min).

The time required for sampling the gas at certain tem-
perature intervals can be calculated at a constant heat-
ing rate (for example, 10 K/min). Thus, the mass of the 
gas component at the average sampling temperature can 

(a)

(b)

Fig. 3 Profile of pyrolysis products at 10 K/min based on the proposed 
model (modified Koufopanos' mechanism); (a) non-catalytic; 

(b) catalytic

Table 2 Gas composition (%mol) at 10 K/min

Comp.
Temperature intervals (K)

583–663 663–683 683–763 763–798 798–868 870–873

Non-catalytic

H2 0.05 0.04 0.03 0.30 0.56 0.65

N2 93.22 92.23 91.25 89.55 87.86 91.65

CO 3.71 3.80 3.89 3.67 3.46 2.33

CH4 0.09 0.13 0.16 1.01 1.87 0.84

CO2 2.92 3.80 4.67 5.47 6.26 4.53

Catalytic

H2 0.03 0.03 0.04 0.14 0.24 0.62

N2 95.08 93.60 92.12 89.64 87.16 85.06

CO 2.20 2.48 2.76 3.19 3.61 3.43

CH4 0.00 0.04 0.09 0.33 0.57 0.75

CO2 2.69 3.84 5.00 6.71 8.42 10.14
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be calculated as the cumulative mass fraction of perma-
nent gas (g/g of catalyst-free sample). On the other hand, 
the  residual solid mass fraction (solid product or char) 
is the catalyst-free w obtained from the mass loss data 
of the pyrolysis process with macro-TGA at a tempera-
ture corresponding to the average sampling temperature. 
Meanwhile, the cumulative mass fraction of the tar prod-
uct is calculated as the difference between the initial mass 
fraction of the sample with the remaining mass fraction of 
solids and the cumulative mass fraction of gas.

On the other hand, based on the proposed kinetic model, 
primary pyrolysis products (Gas1, Tar1, Char1 ) and second-
ary pyrolysis products (Gas2, Tar2, Char2 ) were obtained. 
Next, the total yield of gas (GasT ), tar (TarT ), and sol- 

id (SolidT ) products can be calculated using Eqs. (15)–(17). 
Biomass mass fraction ( B ) in Eq. (17) was added to calcu-
late the solid product yield, intended to adjust the residual 
solid mass fraction data resulting from pyrolysis experi-
ments using macro-TGA. Fig. 4 presents the total yield pro-
file of gas, tar, and solid (char) products based on kinetic 
models (solid lines) and experimental data for non-cata-
lytic and catalytic pyrolysis of rice husk pellets.

Gas Gas GasT � �
1 2

	 (15)

Tar Tar TarT � �
1 2

	 (16)

Solid B Char CharT � � �
1 2

	 (17)

Fig. 4 Profile of rice husk pyrolysis products at varying heating rates; (a) Gas (non-catalytic); (b) Tar (non-catalytic); (c) Solid (non-catalytic); 
(d) Gas (catalytic); (e) Tar (catalytic); (f) Solid (catalytic)

(a) (b)

(c) (d)

(e) (f)
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The yield of pyrolysis products at various heating rates 
for non-catalytic (RRH) and catalytic (ARH20) pyroly-
sis of rice husk pellets, as presented in Fig. 4  (a)–(c) and 
Fig. 4 (d)–(f), respectively, are calculated in the mass frac-
tion without catalyst (g/g catalyst-free sample). Fig. 4 shows 
that the proposed kinetic model is quite good in predicting 
the yield of rice husk pellet pyrolysis products. The  ten-
dency to shift the pyrolysis temperature towards higher 
temperatures due to increasing the heating rate [18, 45, 46] 
can be well represented. Based on Fig. 4, information was 
also obtained that increasing the heating rate tends to 
increase tar yield and reduce gas and char yield [11, 47, 48].

A high heating rate helps tar formation more quickly 
than gas formation. Meanwhile, a low heating rate causes 
the longer residence time of tar in the solid, which allows 
the cracking reaction of tar to become gas and the polym-
erization reaction to form char. Thus, a greater yield of gas 
and char is produced at a low heating rate.

Setting the heating rate to optimum conditions is usu-
ally necessary if a greater yield of a particular product is 
desired. In the heating rate range (5–40 K/min), pyrolysis 
occurs at a low heating rate if more gas product is cho-
sen. Meanwhile, pyrolysis occurs at a high heating rate if 
a higher tar yield is desired. 

Catalytic pyrolysis of rice husk using its ash as a cat-
alyst tends to increase gas yield [49–51], which is more 

significant at high heating rates. In addition, adding an ash 
catalyst tends to increase the yield of solid residue/char [46, 
50, 52] and decrease the tar yield [50]. The decrease in tar 
yield is likely due to the high resistance to heat transfer 
and mass transfer in the solid with the addition of the ash 
catalyst. The reduction in heat transfer and mass transfer 
rates causes the tar from the primary pyrolysis reaction to 
decompose at low temperatures. This promotes the deoxy-
genation reactions to produce gas, alkylation, and polym-
erization reactions to produce more solid residue products 
(char and coke) [50].

The apparent kinetic parameters of non-catalytic and 
catalytic pyrolysis of rice husk piles at varying heating 
rates are presented in Table 3. Optimization of the Gas2 
coefficient (x) aims to predict the yield of gas products 
so that it agrees with experimental data. Meanwhile, the 
Char2 coefficient (z) with a value of 2 produced the total 
mass fraction of all primary and secondary pyrolysis reac-
tion products and residual biomass solids with a value of 
1. Furthermore, the Tar2 (  y) coefficient is obtained from 
subtraction (z−x).

In Table 3, it can be seen that R2 for all samples is in the 
range of 0.961–0.985, and fit(%) is in the range of 3.165%–
4.873%. R2 values above 0.95 and fit(%) below 5% indicate 
that the proposed kinetic model can describe the non-cata-
lytic pyrolysis reaction and catalytic pyrolysis of rice husk 

Table 3 Apparent kinetic parameters of the proposed kinetic model

Parameters
Non-catalytic Catalytic

RRH-5 RRH-10 RRH-40 ARH20-5 ARH20-10 ARH20-40

SSE 0.0023 0.0011 0.0011 0.0014 0.0010 0.0011

fit(%) 4.837 3.235 3.257 3.710 3.165 3.258

R2 0.961 0.978 0.985 0.980 0.979 0.984

A1 (1/min) 1.0 ∙ 1020 7.5 ∙ 1018 1.0 ∙ 1015 9.9 ∙ 1019 8.4 ∙ 1018 1.0 ∙ 1015

A2 (1/min) 9.3 ∙ 1019 7.0 ∙ 1019 1.0 ∙ 1010 9.9 ∙ 1019 5.7 ∙ 1018 1.0 ∙ 1010

A3 (1/min) 9.6 ∙ 1015 1.0 ∙ 1016 9.9 ∙ 1015 4.6 ∙ 1015 1.0 ∙ 1016 4.7 ∙ 1015

A4 (1/min) 4.9 ∙ 104 1.0 ∙ 105 8.8 ∙ 104 7.1 ∙ 104 1.0 ∙ 105 1.0 ∙ 105

A5 (1/min) 2.5 ∙ 107 2.9 ∙ 106 2.5 ∙ 107 3.6 ∙ 107 5.3 ∙ 107 1.1 ∙ 106

Ea1 (kJ/mol) 227.81 238.75 221.99 228.90 226.99 221.91

Ea2 (kJ/mol) 218.91 205.55 135.07 219.11 194.09 134.74

Ea3 (kJ/mol) 173.68 164.80 213.71 170.25 164.80 212.00

Ea4 (kJ/mol) 70.92 70.40 80.09 75.63 70.42 78.40

Ea5 (kJ/mol) 119.28 98.14 128.50 123.51 116.09 127.72

nB 3.7 2.4 2.0 3.8 2.5 2.2

nT 3.0 2.9 3.0 3.0 2.9 3.0

nC 3.0 2.4 2.3 3.0 2.5 2.5

Coeff. Gas2 (x) 1.5 1.3 0.3 1.8 1.5 0.8

Coeff. Tar2 (  y) 0.5 0.7 1.7 0.2 0.5 1.2

Coeff. Char2 (z) 2.0 2.0 2.0 2.0 2.0 2.0
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pellets at various variations in heating rate and pyrolysis 
temperature well. The thermogram curve in Fig. 2 also 
shows that the kinetic model accurately predicts solid 
mass loss rates.

The activation energy value for the formation of pri-
mary gas ( Ea1 ) is relatively high (above 220 kJ/mol) and 
higher than the activation energy for the formation of pri-
mary tar  ( Ea2 ) and primary char ( Ea3 ). Hence, the  for-
mation of primary gas is quite tricky at low tempera-
tures. High Ea1 values were also obtained in catalytic 
pyrolysis; a visible decrease was obtained at 10 K/min 
compared to non-catalytic pyrolysis. At low heating 
rates (5 and 10 K/min), the activation energy of primary 
tar formation ( Ea2 ) (205–219 kJ/mol) is higher than pri-
mary char formation ( Ea3 ) (164–174 kJ/mol). Primary tar 
formation tends to occur more as the reaction temperature 
increases  [53]. Meanwhile, primary char formation can 
occur at low temperatures. However, the opposite hap-
pens at a higher heating rate (40 K/min). The same trend 
was also found in catalytic pyrolysis but with slightly 
lower activation energy values ( Ea2 and Ea3 ).

In the secondary reaction kinetics, the activation energy for 
the formation of secondary gas and tar ( Ea4 ) (70–80 kJ/mol) 
is lower than the activation energy for the formation of sec-
ondary char ( Ea5 ) (98–128 kJ/mol). Thus, the formation of 
secondary gas and tar occurs more quickly than the forma-
tion of secondary char. This tendency is also found in cata-
lytic pyrolysis, with lower activation energy (70–78 kJ/mol), 
especially at high heating rates. On the other hand, the value 
of the secondary gas coefficient (x) decreases with increasing 
heating rate, indicating that secondary tar formation tends to 
be higher than secondary gas formation with increasing heat-
ing rate. Meanwhile, the x value tends to be higher in cata-
lytic pyrolysis than in non-catalytic. Thus, the addition of ash 
can increase the formation of secondary gases.

5.2 Effect of pyrolysis temperature
Based on the discussion of the influence of heating rate, 
information was obtained that the catalytic activity of 
rice husk ash began to appear at high heating rates. Under 
these conditions, the ash catalyst tends to encourage the 

secondary reaction of tar decomposition to produce gas 
products in larger quantities. On the other hand, pyrolysis 
at high temperatures ( ≥ 973 K) causes tar products to tend 
to decompose into char through a polymerization reac-
tion [54]. Therefore, the use of the proposed kinetic model 
in predicting the yield of pyrolysis products at high tem-
peratures needs to be reviewed, especially the effect of ash 
addition on secondary pyrolysis products.

Furthermore, the results obtained were similar in the 
maximum mass loss rate (−dw /dt max) at various variations 
in final pyrolysis temperature (see Table 4). The maximum 
mass loss rate in non-catalytic pyrolysis is 27.6–30.0%/min; 
in catalytic pyrolysis, it is obtained in the range of  
28.7–30.6%/min. Meanwhile, the temperature when the 
maximum mass loss rate occurs ( Tmax ) is 572–590 K in 
non-catalytic pyrolysis and 577–586 K in catalytic pyrolysis. 
Table 4 shows that the kinetic model is quite good in predict-
ing maximum mass loss velocity and Tmax, with an absolute 
error below 4%.

This study obtained the maximum yield of primary tar 
and char, which was relatively stable (Table 5); this shows 
that the final pyrolysis temperature and the addition of ash 
did not significantly affect the primary pyrolysis reaction 
at high heating rates. In this study, the maximum yield 
of primary tar was more significant than that of primary 
char, indicating that tar formation at high heating rates 
was more dominant [48, 55, 56]. Meanwhile, the primary 
gas produced is much less than the primary tar and pri-
mary char products, and relatively more gas is formed at 
low heating rates [56].

On the other hand, increasing the pyrolysis tempera-
ture impacts changes in the yield distribution of secondary 
pyrolysis products, where secondary reactions generally 
occur at high temperatures. Based on Table 5, pyrolysis 
with a high final temperature increases secondary gas 
products significantly.

More gaseous products are formed at pyrolysis tem-
peratures above 973 K [56]. Increasing the final pyrolysis 
temperature from 973 K to 1173 K causes an increase in 
secondary gas yield from 6.4% to 15.9% in non-catalytic 
pyrolysis and an increase from 8.9% to 18.5% in catalytic 

Table 4 Thermal characteristics of rice husk pellets pyrolysis at various final pyrolysis temperatures

Thermal characteristics Type
973 K 1073 K 1173 K

Measured Model Measured Model Measured Model

−dw /dt max (%/min)
Non-catalytic (RRH) 27.7 27.6 27.6 28.0 30.0 29.4

Catalytic (ARH20) 30.6 30.1 30.2 29.8 28.7 27.6

Tmax (K)
Non-catalytic (RRH) 590 587 572 568 576 573

Catalytic (ARH20) 585 586 577 575 586 584
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pyrolysis. Even though the increase is relatively the same, 
secondary gas production in catalytic pyrolysis is higher 
than in non-catalytic pyrolysis [50]. The higher second-
ary gas yield in catalytic pyrolysis can be attributed to the 
alkali metal content in the ash having a catalytic effect on 
the tar decomposition reaction and promoting the forma-
tion of gas products [47].

Secondary tar decomposition reactions can occur het-
erogeneously on the surface of the char and catalyst 
and occur homogeneously within the char and catalyst 
pores  [54, 57]. Homogeneous reactions in the gas phase 
can include cracking reactions, partial oxidation, conden-
sation, and polymerization. These reactions also occur in 
heterogeneous tar reactions catalyzed by the active sur-
face of char and catalyst [58]. The heterogeneous reac-
tion between tar and char/catalyst forms additional char, 
CO, and CO2 gas, producing many condensed tar frac-
tions [59]. Meanwhile, homogeneous gas-phase hydrocar-
bon cracking generally occurs at high temperatures [60].

This study showed a significant decrease in secondary 
tar yield in catalytic pyrolysis with increasing final pyrol-
ysis temperature, from 35.6%wt at 973 K to 27.8%wt at 
1173 K. However, the secondary tar yield was constant 
at around 30%wt in non-catalytic pyrolysis. Meanwhile, 
the secondary char yield in catalytic pyrolysis tends to 
decrease with increasing final pyrolysis temperature, in 
contrast to non-catalytic pyrolysis. Thus, increasing the 
final pyrolysis temperature tends to encourage secondary 
gas formation reactions, which can be improved by add-
ing a husk ash catalyst. In addition, adding an ash catalyst 
can inhibit additional char formation or coke formation, 
which increases secondary char products at high tempera-
tures [54]. Catalytic pyrolysis at high temperatures makes 
the decomposition more complex, reducing char yield [57].

Increasing the pyrolysis temperature tends to increase 
the gas yield, while the tar yield and solid (char) yield 
tend to decrease. Previous researchers reported the same 
trend in rice husk pyrolysis [9, 61]. In this research, a sig-
nificant increase in gas yield was obtained by increasing 

the pyrolysis temperature from 973 K to 1173 K, namely 
an increase of 83% in non-catalytic pyrolysis and 86% in 
catalytic pyrolysis. The gas yield produced in catalytic 
pyrolysis is greater than that of non-catalytic pyrolysis at 
all pyrolysis temperatures [47, 49, 62]. The increase in gas 
yield is due to the secondary reaction of tar decomposi-
tion, which occurs more significantly at high temperatures 
and causes a decrease in the yield of tar products. This 
can be proven based on the yield data for non-catalytic 
pyrolysis products in Table 5; the primary tar fraction con-
sumed  ( Tar1,max − Tar1,final ) (subtraction of 9th column by 
4th column of Table 5) in the secondary reaction increased 
from 52.7% to 64% when the pyrolysis temperature 
increased from 973 K to 1173 K, resulting in a decrease in 
tar yield as well as an increase in gas yield.

On the other hand, there was a decrease in solid (char) 
yield of 5% in non-catalytic pyrolysis and 11% in cata-
lytic pyrolysis with increasing pyrolysis temperature from 
973 K to 1173 K. The decrease in char yield with increas-
ing pyrolysis temperature could be caused by the primary 
decomposition of rice husks, which is more significant 
at high temperatures, or through secondary reactions of 
decomposition of char residues [11, 61]. The secondary 
reaction of char decomposition at high temperatures can 
also produce permanent (non-condensable) gas products, 
thereby increasing the yield of gas products with increas-
ing pyrolysis temperature [62].

Based on the yield of primary and secondary pyroly-
sis products resulting from kinetics modeling, the yield 
of gas, tar, and solid (char) products is then calculated 
using Eqs.  (15)–(17). The overall yield profile of pyroly-
sis products at various final pyrolysis temperatures is pre-
sented in Fig. 5. Using the proposed kinetic model is quite 
good in predicting the yield of rice husk pellets' non-cat-
alytic and catalytic pyrolysis products at high tempera-
tures. However, at temperatures above 1050 K, the pro-
posed kinetic model cannot define the residual solids yield 
well (Fig. 5 (c) and Fig. 5 (f)). The decrease in the yield of 
residual solids (char) could be due to the partial oxidation 

Table 5 Yield of primary and secondary pyrolysis products at various final pyrolysis temperatures based on the model

Type Final pyrolysis temperatures
Products yield at final pyrolysis temperature (%wt) Maximum yield

Gas1 Tar1 Char1 Gas2 Tar2 Char2 Tar1 Char1

Non-catalytic (RRH)

973 K 0.71 26.2 10.7 6.4 30.0 25.8 55.5 36.3

1073 K 0.22 24.4 8.3 10.2 30.6 26.3 55.8 35.3

1173 K 0.01 19.7 4.2 15.9 29.6 30.6 54.6 34.3

Catalytic (ARH20)

973 K 1.11 20.0 5.4 8.9 35.6 29.0 54.1 36.6

1073 K 0.00 22.3 8.6 15.4 28.6 25.1 54.6 37.1

1173 K 0.03 23.0 4.6 18.5 27.8 26.0 57.0 34.0
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(reduction) of char by carbon dioxide (C + CO2 → 2CO) 
which generally occurs at high temperatures [60]. The pro-
posed kinetic model has not considered the gasification or 
other char decomposition reactions.

Regarding the potential for improving the quality 
of bio-oil products, it has been demonstrated that add-
ing a  catalyst increases the proportion of low molecular 
weight molecules that enhance bio-oil quality by lower-
ing viscosity and enhancing thermal stability [63]. Adding 
an ash catalyst will likely strengthen the bio-oil quality 
by increasing its calorific value and reducing its viscosity, 

density, and acid number [7, 11]. Numerous investigations 
have revealed that the heavy phenolic content of bio-oil 
can be considerably decreased by adding an ash catalyst. 
During pyrolysis, heavy phenolic compounds that lead to 
bio-oil corrosion, low heating value, high acidity, high vis-
cosity, and instability [64] can be converted into lighter 
phenolic compounds or coke [65]. Meanwhile, strong 
Bronsted acid on the catalyst surface has been shown to 
improve aromatic selectivity, increasing the production 
of aromatic compounds [66, 67]. A higher concentration 
of light fraction phenolic compounds and monocyclic 

Fig. 5 Profile of pyrolysis products at various final pyrolysis temperatures; (a) non-catalytic at 973 K; (b) non-catalytic at 1073 K; (c) non-catalytic at 
1173 K; (d) catalytic at 973 K; (e) catalytic at 1073 K; (f) catalytic at 1173 K. Solid lines represent the kinetic model.

(a) (b)

(c) (d)

(e) (f)



Wibowo et al.
Period. Polytech. Chem. Eng., 68(3), pp. 491–506, 2024 |503

aromatic hydrocarbon compounds (such as ethylbenzene 
and p-xylene) can increase the energy density of bio-oil 
and improve its miscibility with raw fossil fuels [67].

6 Conclusion
A modified kinetic model of the Koufopanos mecha-
nism provides a good description of the impact of operat-
ing parameters on the kinetics and yield of catalytic and 
non-catalytic rice husk pellet pyrolysis products. A higher 
heating rate results in higher tar production and a lower 
yield of gas and char. In the meantime, raising the pyrolysis 
temperature can result in a higher gas output and a  lower 
yield of tar and char. Adding husk ash catalysts impacts the 
yield distribution of primary pyrolysis products, as primary 
gas forms more readily during catalytic pyrolysis. Using the 
husk ash catalyst promotes the secondary pyrolysis reaction 
to generate gas, which happens more frequently at higher 
pyrolysis temperatures and heating rates. This effect is more 
evident in the distribution of secondary pyrolysis product 
yields. The proposed kinetic model can be further verified 
by monitoring the yield of the tar product at narrow tem-
perature intervals at more significant heating rates.

Acknowledgment
The authors thank the Directorate General of Higher Edu- 
cation, Ministry of Research Technology and Higher Educa- 
tion, Republic of Indonesia, for their support and funding. 

Nomenclature
RRH		  rice husk pellet without ash catalyst
ARH20		  rice husk pellet with 20% ash catalyst
B		  mass fraction of virgin biomass
Gas1		  mass fraction of primary gas
Tar1		  mass fraction of primary tar
Char1		  mass fraction of primary char
Gas2		  mass fraction of secondary gas
Tar2		  mass fraction of secondary tar
Char2		  mass fraction of secondary char
GasT		  mass fraction of total gas
TarT		  mass fraction of total tar
SolidT		  mass fraction of total solid (residue)
wexp		  mass fraction of solids (experiment)
wmodel		  mass fraction of solids (model) 
t		  time (min)
ki		  reaction rate constants (1/min)
Ai		  pre-exponential factor (1/min)
Eai		  activation energy (kJ/mol)
nB		  reaction order to B
nT		  reaction order to Tar1

nC		  reaction order to Char1

x, y and z	 coefficient for Gas2, Tar2 and Char2

R2		  coefficient of determination
fit(%)		  fitness factor
SSE		  sum of square error
subscript i	 reaction number 1, 2, 3, 4, 5
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