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The purpose of bed material in the pyrolysis process is to reduce the need for heat energy. 

In this study, three kinds of sands were observed as bed material, namely iron oxide, 

zeolite, and ZSM-5 in the slow fixed bed pyrolysis of sunan candlenut oilcake (SCO). To 

evaluate the activation energy, pyrolytic kinetics were carried out using the iso-

conversional method with the KAS, OFW, and Friedman models. They involved 

calculating the data from the thermogravimetric analysis (TGA) test at heating rates of 5, 

10, 20 and 40 K/min. Furthermore, the results showed that SCO had a high volatile content 

of 82.80%, alongside a calorific value of 26.93 MJ/kg. The calculation results showed that 

the activation energy of SCO was 169.140 kJ/mol which decreased 1.45% in the KAS 

model, and 1.92% in the OFW model with the addition of ZSM-5 bed material. Therefore, 

the use of ZSM-5 bed material in the pyrolysis process reduces the activation energy. 
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1. INTRODUCTION

Sunan candlenut (Reutealis Trisperma Airy Shaw) is known 

as an abandoned poisonous seed. However, these seeds 

contain oil that has the potential to replace fossil fuels. This 

potential has started to be noticed by many researchers and has 

been included in Indonesia's national energy policy to support 

development efforts from the research stage to the processing 

business [1, 2]. The goal is to make sunan candlenut an 

alternative to palm oil, which is the main raw material for 

biodiesel. In contrast to oil palm which requires land with good 

tropical environmental conditions, sunan candlenut tends to 

adapt easily to marginal lands. These include extreme dry land 

and rocky, acid dry soils to sandy soils. Currently, there are 

million hectares of dry land in Indonesia with the potential to 

develop this plant. Sunan candlenut cultivation does not 

require deforestation like oil palm which threatens the 

ecosystem, especially since the demand for biofuels is 

increasing. 

Sunan candlenut seeds contain above 45-50% crude oil 

which can be processed into biodiesel through a press and 

esterification-transesterification process. This process leaves a 

residue in the form of dregs which still contains 12.9% crude 

oil [3]. Oil in the waste can still be used as raw material for 

biodiesel through thermochemical conversions, such as 

pyrolysis, gasification, and combustion [4]. Pyrolysis is the 

choice of several researchers as a biomass conversion method, 

as this is the best way to utilize agricultural and forest waste 

including mahua seeds [5], Algae [6], nyamplung seeds [7], 

and castor seeds [8]. Furthermore, through pyrolysis, biomass 

molecules are broken down into lighter molecules such as gas, 

bio-oil, and biochar, with bio-oil upgraded into fuel for diesel 

engines [9]. There are two main types of pyrolysis, namely 

slow and fast, which are differentiated by residence time, 

heating rate, and operating temperature range [10]. Slow 

pyrolysis occurs at a rate of 0.1–1℃/s, a long residence time, 

and a temperature range of 400–600℃. Fast pyrolysis 

produces high liquids through rapid heating rates of 10 to> 

1000℃/s, short residence times, temperatures of 400–650°C 

alongside rapid steam cooling [11]. 

The conversion of lignocellulosic biomass through 

pyrolysis technology still has many challenges, as bio-oil has 

a high viscosity, high oxygen content, and temperature 

instability. Therefore, a catalyst is required to improve the 

quality of pyrolysis vapor [12]. The yield and selectivity of 

catalytic pyrolysis depends on the type of catalyst, ratio of 

biomass amount to the catalyst, pyrolysis temperature, and 

residence time [13]. The type of catalyst usually refers to sand 

which has properties based on pore size, specific surface area, 

surface packing, and pore size distribution. Furthermore, some 

researchers report that natural zeolite catalysts increase the 

quantity and quality of bio-oil products [14, 15]. Another 

catalyst that has been widely studied is the molecular sieved 

zeolite such as ZSM-5 which significantly increases the non-

condensed gas fraction [16, 17]. Another potential catalyst 

material is iron oxide, as it is abundantly available in Indonesia. 

Several researchers have observed its ability as a catalyst and 

concluded that iron oxide has a positive effect [18, 19]. 

The use of a catalyst in pyrolysis is carried out through the 

following methods (1) the catalyst is mixed into the raw 

material; (2) the catalyst is placed in the pyrolysis reactor and 

allows direct contact between vapor with the catalyst; (3) the 

catalyst is placed in a secondary reactor located downstream 

of the primary reactor (pyrolizer). The first two methods are 

called in-situ, while the last one is ex-situ, and each has a 

different effect [20-22]. The effect of catalysts will be distinct 

for different biomass because pyrolysis products depend on 

the suitability of the catalyst. Therefore, finding a suitable 

catalyst for optimization of the pyrolysis process is an 

alternative way to reduce overall energy consumption [23]. 
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The transformation of biomass into products is highly 

dependent on the kinetic rate of the pyrolysis reaction. It is 

proven that an accurate kinetic model is required to design a 

proper pyrolysis process [24]. Thermogravimetric analysis 

(TGA) is a technique commonly used to obtain simple, precise 

information in studying kinetic events and energy 

consumption during pyrolysis [25]. Among the many existing 

procedures, there are three commonly used and widely known 

methods for evaluating kinetic parameters. These three are 

based on the constant heating rate for kinetic analysis and 

activation energy using thermogravimetric data into the 

Arrhenius formula. They include the Kissinger-Akahira-

Sunose (KAS) method, Flynn-Wall-Ozawa (FWO), and 

Friedman.  

This study aims to analyze the kinetic reaction and 

activation energy using three kind methods in the pyrolysis 

fixed bed of sunan candlenut oilcake using iron oxide, zeolite, 

and ZSM-5 as bed material or catalyst. 

 

 

2. MATERIALS AND METHODS 

 

2.1 Materials  

 

The sample tested in this study was sunan candlenut oilcake 

(SCO) which is a waste product of the manufacturing process 

of sunan candlenut biodiesel obtained from Garut plantations, 

Indonesia. There, the peeled candlenut is pressed hydraulically 

with a pressure of 146 kN to obtain crude oil before 

esterification, and the waste is the dregs used in this study. The 

cake contains non-uniform moisture; therefore, it must be 

dried in an electric oven at a temperature of 110℃ for 3 hours 

to reduce and uniform the moisture content. To obtain a 

uniform grain size, the oilcake was sieved at mesh size 35. 

Furthermore, the samples were analyzed using the proximate 

test to determine the moisture, volatile matter, fixed carbon, 

and ash content using TGA 701 Leco. The analysis method 

refers to ASTM D7582 MVA-biomass. To determine the 

content of C, H, N, and O, ultimate testing was carried out 

using the Leco Elementary CHN add-on type 628. The 

estimated data from the test results are shown in Table 1. 

 

Table 1. Proximate and ultimate analysis and predicted 

values HHV of SCO 

 
Proximate analysis (wt %) * Ultimate analysis (wt %) 

Moisture 3.23 C 59.10 

Volatile matter (VM) 82.80 H 8.33 

Fixed carbon (FC) 10.24 N 2.72 

Ash 3.73 S 0.32 

  O (by diff.) 25.80 

  HHV (MJ/kg) 26.93 
* dry weight basis 

 

Sand samples as bed materials consisting of ZSM-5 were 

obtained from Zibo Yinghe Chemical Co., Ltd, China, while 

natural zeolites were obtained from mining companies in West 

Java, Indonesia. Furthermore, iron oxide was obtained from 

sand mining at the foot of Mount Batur, Bali, Indonesia. The 

three kinds of sands were sieved to obtain a homogeneous size 

with a mesh size of 35. Afterwards, they were activated at a 

temperature of 400℃ for 6 hours in the furnace. Pore 

characteristics were observed by surface area analysis (SAA) 

testing and SEM (Scanning electron microscope).  

 

2.2 Thermogravimetric Analysis (TGA) 

 

The pyrolysis test was carried out using a 

thermogravimetric analyzer TGA-701 Leco (temperature 

measurement precision of ± 2℃, and microbalance sensitivity 

of 0.0001 g), under a continuous Nitrogen gas flow at 10 

mL/min. The test sample consisted of SCO without a mixture 

of bed material, and was mixed with the composition of SCO 

versus bed material set at 1:5 similar ratios used in previous 

studies [20, 26-28]. Furthermore, the sample mixture was 

stirred evenly to obtain a homogeneous composition. All 

samples were heated at dynamic operating temperatures, from 

room temperature (30℃) to 950℃ in variations of heating 

rates 5, 10, 20, and 40 K/min. 

 

2.3 Kinetic study 

 

Biomass pyrolysis will show a different picture which is 

dependent on variations in the chemical composition of 

biomass materials [29]. Biomass pyrolysis is generally a 

complex process, and it is difficult to ascertain a precise 

kinetic model to describe the thermal degradation mechanism. 

However, some of the existing kinetic models are quite 

effective. These include the free-model kinetic based on the 

iso-conversional method mainly used to obtain and evaluate 

activation energy, which is a function of the rate of conversion 

of chemical reactions. 

The basic kinetic equation commonly used in all kinetic 

studies is formulated as: 

 
𝑑𝛼

𝑑𝑡
= 𝑘(𝑇)𝑓(𝛼) (1) 

 

where, k is a constant rate and f(α) is the reaction model, where 

the function depends on the actual reaction mechanism. Eq. (1) 

states the conversion rate, dα/dt, at constant temperature as a 

function of loss of reactant concentration and constant rate. In 

this study, the conversion rate (α) was determined by the 

formula: 

 

𝛼 =
𝑚𝑜 − 𝑚

𝑚𝑜 − 𝑚𝑓

 (2) 

 

where, m0 and mf are the initial and final mass values, 

respectively. while m is the instantaneous mass. The constant 

rate (k) is generally expressed by the Arrhenius equation: 

 

𝑘(𝑇) = 𝐴 𝑒𝑥𝑝 (−
𝐸𝑎

𝑅𝑇
) (3) 

 

where, Ea is the activation energy (kJ/mol), R is the universal 

gas constant (8.314 J/K.mol), A is the pre-exponential factor 

(min-1), and T is the absolute temperature (K). By entering Eq. 

(3) in (1), the formula is obtained: 

 
𝑑𝛼

𝑑𝑡
= 𝐴 𝑒𝑥𝑝 (−

𝐸𝑎

𝑅𝑇
)𝑓(𝛼) (4) 

 

In the pyrolysis process using TGA which is carried out 

dynamically, temperature is a function of time which increases 

at a constant heating rate (β), where 𝛽 =
𝑑𝑇

𝑑𝑡
 and if put into Eq. 

(4) then the formula is obtained: 
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𝑑𝛼

𝑑𝑇
= (

𝐴

𝛽
) exp (−

𝐸𝑎

𝑅𝑇
)𝑓(𝛼) (5) 

 

Eqns. (4) and (5) are the basic formulations of the analysis 

method used to calculate the kinetic parameters based on the 

TGA database. 

The most common model-free methods used to evaluate and 

explain the kinetics in pyrolysis are Kissinger-Akahira-Sunose 

(KAS), Flynn-Wall-Ozawa (FWO), and Friedman. These 

methods are recommended by many researchers [24, 29-32] 

because very suitable for low and medium conversion rate 

although may misestimate the activation energy and pre-

exponential factor for cellulose, hemicellulose and lignin [33]. 

The KAS method plots ln (β/T2) against 1/T for a series of 

experiments with different heating rates, therefore a slope is 

obtained which is the value -Ea/R. By calculating the 

conversion range from 0 to 1, the activation energy during the 

conversion can be calculated. The iso-conversional FWO is an 

integral method for determining the -Ea/R value of the slope of 

the curve plotting log β to 1/T at a certain conversion rate. 

Meanwhile, the Friedman method plots ln (dα/dt) against 1/T. 

The three methods used in this study are summarized in Table 

2.  

 

Table 2. Kinetic methods used to evaluate the activation 

energy in this study 

 
Method Formulation Plot Ref. 

Kissinger-

Akahira-

Sunose (KAS) 

ln (β/T2) = ln 

[AEa/Rg(α)]-Ea/RT 

ln (β/T2) 

on 1/T 
[34] 

Flynn-Wall-

Ozawa 

(FWO) 

log β = log [AEa/Rg(α)]-

2.315-0.4567Ea/RT 

log β on 

1/T 
[35] 

Friedman 
ln (dα/dt) = ln [Af(α)]-

Ea/RT 

ln (dα/dt) 

on 1/T 
[36] 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Characteristics of biomass and bed materials 

 

As shown in Table 1, the characteristics based on the results 

of proximate and ultimate analysis and the calorific value of 

energy show that SCO has a very high volatile content of 

82.80%. This means that the potential to convert it into bio-oil 

through pyrolysis is very high, as well as its use as a fuel in 

combustion and gasification. Based on the fixed ash and 

carbon content of less than 15%, the heat barrier to the bed 

material is reduced. When compared with the proximate and 

ultimate analysis of palm oil, the test results by Abd Aziz [37] 

where the values of moisture, volatile, fixed carbon and ash 

were 6-8%, 72-75%, 14-16%, and 2-5%, the volatile content 

of SCO is higher. Furthermore, compared with the C, H, N, O, 

and S content of palm oil, respectively 45-50%, 5%, 0.5%, 43-

48%, and 0.4%, it is observed that the carbon and hydrogen 

content in SCO are higher. Carbon and hydrogen elements are 

constituents of CH4 and CnHm compounds which are fuels. 

Based on the HHV value, palm oil (EFB) was 17.79 MJ/kg 

[38] while SCO was higher at a value of 26.98 MJ/kg.  

The characteristics of the bed material based on the SAA 

test results are shown in Table 3 and pore surface features 

based on the SEM test can be seen in Figure 1. It is observed 

that the largest pore area is owned by ZSM-5, followed by iron 

oxide and zeolite. However, it is contrary to the size of the pore 

diameter where the largest is owned by zeolite, followed by 

iron oxide and ZSM-5. It can be termed ZSM-5 has many 

micropores, while zeolite and iron oxide are mesopore-sized.  

 

Table 3. Pore characteristics of bed materials 

 
Parameters iron oxide zeolite ZSM-5 

Surface Area (BET) (m2/g) 22.527 19.497 368.912 

Volume (cc/g) 0.612 0.105 0.552 

Average pore rad (Å) 54.31 107.3 29.93 

 

 
 

Figure 1. SEM images 

 

3.2 Thermal decomposition characteristics   

 

Changes in the conversion of SCO with different bed 

materials were studied using DTG in the temperature range of 

25–950℃, with heating rates of 5, 10, 20, and 40 K/min 

accompanied by the flow of inert Nitrogen gas. The length 

time for each stage process was based on ASTM D7582 MVA-

biomass. Figure 1(a) shows the conversion changes of SCO 

without bed material, (b) iron oxide bed material, (c) zeolite, 

and (d) ZSM-5. The four graphs show the same stages of 

change, where the pyrolysis of SCO experienced three gradual 

changes. These changes were experienced by each biomass 

[29]. The stages can be described as follows; (i) the drying 

process was carried out at temperatures between 100-110℃, 

(ii) pyrolytic cracking occurred at temperatures of 110 to 

550℃, and (iii) endothermic decomposition of the remaining 
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lignin occurred at temperatures above 550℃. The second 

stage consisted of two simultaneous exothermic processes, 

namely the decomposition on the main components of 

hemicellulose, cellulose, and lignin, as well as the formation 

of volatile fractions in large amounts. 

In Figure 2, the difference in heating rate for each bed 

material showed the same trend. The percentage change rate 

began from the highest to the lowest, specifically 40, 20, 10, 

and 5 K/min. An increase in the heating rate improved the 

maximum level of decomposition [39]. Based on the 

percentage conversion rate for a heating rate of 40 K/min, the 

three bed materials showed different peak values. SCO 

pyrolysis without bed material experienced the highest 

degradation, namely 26.87% at a temperature of 753.881 K, 

while iron oxide was 16.71% at a temperature of 701.544 K, 

and zeolite and ZSM-5 respectively 15.43% at 616.233K, and 

12.04% at 670.489 K. Therefore, SCO without bed material 

underwent decomposition with the highest percentage of peaks 

followed by iron oxide, zeolite and the lowest which was 

ZSM-5. According to the average peak temperature at all 

heating rates for each treatment, the pyrolysis of SCO without 

bed material occurred at a temperature of 724.921 K, iron 

oxide at 695.782 K, zeolite at 658.290 K, and ZSM-5 at 

680.640 K. This signified that the addition of bed material 

causes the peak temperature to be lower than without the 

material, but it affects the duration of the pyrolysis process. 

Comparing the three uses of bed material at a heating rate 

of 5 K/min in DTG diagram, the peak temperature of SCO 

pyrolysis using iron oxide occurred at 8,432 seconds, while 

zeolite occurred at 7,167 seconds, and ZSM-5 at 9,160 seconds. 

Likewise, a similar phenomenon occurred in the length of the 

pyrolysis process. In addition, regarding the surface area 

analysis in Table 3, there was a correlation between pyrolysis 

time and pore area. ZSM-5 with the largest pore area 

underwent the longest pyrolysis time reaching 11,000 seconds, 

followed by iron oxide and zeolite at 1,000 and 9,000 seconds 

respectively, as shown in Figure 3. It is therefore concluded 

that the pore characteristics of the bed material influences the 

duration of the pyrolysis process. However, because pyrolysis 

with the addition of bed material is very complex with many 

influencing parameters, it is necessary to investigate the 

influence of other factors on the bed material characteristics. 

Table 3 showed that iron oxide and zeolite have a little 

difference in pore area, namely 22.527 and 19.497 m2/g. This 

value is very low compared to the ZSM-5 which is 368.912 

m2/g, but the conversion degree of the drying stage showed 

that zeolite was greater compared to iron oxide. This is due to 

the physical properties of zeolite with a greater heat 

conductivity than iron oxide. 

 

3.3 Kinetic analysis 

 

In this research, the iso-conversional method was used to 

determine the relationship between conversion and activation 

energy. The kinetic parameter of SCO pyrolysis, specifically 

the activation energy, was determined using the iso-

conversional model of KAS, OFW, and Friedman. According 

to the KAS Model and the formulation in Table 3, the 

activation energy (Ea) is determined by plotting ln (β/T2) 

against 1/T which produces a gradient (slope) -Ea/R. The data 

analyzed were the results of SCO pyrolysis testing with each 

bed material using TGA at heating rates of 5, 10, 20 and 40 

K/min. Figure 4 showed the plotting results of the KAS model, 

where each line represented the degree of conversion.  

 
 

Figure 2. Changes in conversion experienced 
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Figure 3. DTG diagram 

 

 
 

Figure 4. KAS model 
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Figure 5. OFW model 

 

 
 

Figure 6. Friedman model 
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Table 4. Activation energy (Ea) and the correlation factor 

(R2) 

 

 KAS method OFW method 
Friedman 

method 

α 
Ea 

(kJ/mol) 
R2 

Ea 

(kJ/mol) 
R2 

Ea 

(kJ/mol) 
R2 

Sunan Candlenut Oilcake (SCO) 

0.1 71.407 0.994 76.063 0.995 82.008 0.577 

0.2 81.450 0.998 86.598 0.998 116.642 0.990 

0.3 114.587 0.999 118.768 0.999 115.385 0.999 

0.4 152.906 0.999 155.699 0.999 147.232 1.000 

0.5 196.863 0.977 197.782 0.979 178.024 0.986 

0.6 203.358 0.991 204.253 0.992 183.825 0.983 

0.7 209.364 0.995 210.235 0.996 207.538 0.991 

0.8 297.996 0.985 294.794 0.987 265.196 0.997 

av 165.991  168.024  173.406  

iron oxide + SCO 

0.1 135.258 0.992 136.738 0.993 38.722 0.403 

0.2 150.660 0.994 152.323 0.995 143.610 0.992 

0.3 227.987 0.991 226.585 0.992 236.653 0.986 

0.4 252.803 0.991 250.593 0.992 268.082 0.978 

0.5 261.645 1.000 259.418 1.000 241.120 0.999 

0.6 205.986 0.997 207.077 0.997 201.676 0.996 

0.7 207.902 0.983 209.236 0.985 239.095 0.975 

0.8 245.580 1.000 245.393 1.000 349.818 0.986 

av 210.977  210.920  240.008  

zeolite + SCO 

0.1 335.095 0.999 324.431 0.999 98.276 0.813 

0.2 117.029 0.998 118.799 0.998 -18.102 0.715 

0.3 234.587 0.999 231.693 0.999 195.298 0.987 

0.4 319.699 1.000 313.324 1.000 317.173 0.997 

0.5 349.726 0.996 342.537 0.997 377.954 0.993 

0.6 300.747 0.998 296.549 0.998 325.016 0.999 

0.7 395.023 0.993 386.642 0.993 471.811 0.987 

0.8 600.794 0.998 582.867 0.998 820.734 0.992 

av 331.587  324.605  417.998  

ZSM-5 + SCO 

0.1 189.758 1.000 186.278 1.000 23.460 0.669 

0.2 114.802 0.997 115.287 0.997 105.508 0.754 

0.3 107.257 0.999 110.249 1.000 - 6.870 0.015 

0.4 122.910 1.000 126.174 1.000 109.131 0.999 

0.5 175.484 1.000 177.077 1.000 157.033 0.985 

0.6 201.032 0.999 202.054 0.999 170.737 0.996 

0.7 193.531 0.999 195.410 1.000 210.346 0.990 

0.8 203.850 0.997 205.821 0.997 264.306 0.958 

av 163.578  164.794  182.311  

 

In Figure 4(d), ZSM-5+SCO showed the conversion 

degrees of 0.1 and 0.2, far apart from each other. This signified 

that the conversion in the drying stage caused mass 

degradation of up to two degrees as shown in Figure 2(d). 

Pyrolysis for the decomposition of the volatile fraction began 

from a conversion degree of 0.3 to 0.8. Furthermore, zeolite 

began the pyrolysis of the volatile fraction at the conversion 

degree of 0.2, while the iron oxide and SCO began at 0.1. The 

calculation on the average activation energy with the KAS 

model for SCO, iron oxide+SCO, zeolite+SCO, and ZSM-

5+SCO, showed the respective results of 165.991, 210.977, 

331.587, and 163.578 kJ/mol. 

The next kinetic analysis used to calculate the activation 

energy was the OFW model. This model plotted log β against 

1/T and produced a slope of -0.457 Ea/R for each conversion 

degree, with the plotting results shown in Figure 5. The OFW 

line showed similarities to the KAS model because both are 

integral equations plotting the same parameters, namely 

heating rate (β) and temperature (T). The results of the OFW 

model for SCO, iron oxide, zeolite, and ZSM-5 were 168.024, 

210.920, 324.605, 164.794 kJ/mol, respectively. Comparing 

the calculation results between the KAS and OFW models, it 

is observed that the values were not significantly different. 

Activation energy can also be calculated based on the 

Friedman model formula, by plotting ln (dα/dt) against 1/T to 

produce a -Ea/R slope. As it is a derivative of the change in 

conversion to time changes, the linear gradient display of the 

plot results showed an uneasy or random picture, as in Figure 

6. In the use of ZSM-5 bed material, it was observed that the 

plotting lines of conversion degrees 0.1, 0.2 and 0.3 showed 

different directions from the conversion degree of 0.4 to 0.8. 

A similar phenomenon occurred with zeolite but only two 

degrees, while iron oxide and SCO were at 0.1 degrees which 

showed different gradient directions.  

The slope represented by all linear lines in each method, 

including SCO and three bed materials, is then multiplied by 

the gas constant (R) to obtain the activation energy value (Ea). 

To test the reliability of the relationship between data points, 

we can use the correlation value (R2). The complete data can 

be seen in Table 4. 

According to the correlation value (R2), several lines 

showed values below 0.900 especially in the Friedman method 

group. Therefore, in the calculation of the average activation 

energy with this Friedman model, the value generated by the 

line slope was not included [24].  

 

3.4 Evaluation of activation energy 

 

Based on the calculation of the KAS, OFW, and Friedman 

models, the activation energy of SCO ranges from 71.407 to 

297.996 kJ/mol with an average of 165.991 kJ/mol for KAS, 

while the OFW model begins from 76.063 to 294.794 kJ/mol 

at an average of 173.406 kJ/mol. The Friedman model yields 

116.642 to 265.196 at an average of 173.406 kJ/mol. From the 

three results, it can be averaged to be 169.140 kJ/mol. This 

value is included in the biomass activation energy range, as 

well as other biomass previously studied, such as rice straw; 

192.66 kJ/mol [40], hazelnut husk; 131.1 kJ/mol [29], corn 

stalk; 148 kJ/mol [41], empty fruit bunch (EFB) of oil palm; 

213.22 kJ/mol [42].  

The calculation results of the average activation energy 

obtained values of iron oxide+SCO at 210.977 kJ/mol by KAS, 

210.920 kJ/mol by OFW and 240.008 kJ/mol by Friedman. 

From the three results, it can be averaged to be 220.635 kJ/mol. 

While the final average for zeolite+SCO is 417.998 kJ/mol and 

ZSM-5+SCO is 182.311 kJ/mol.  

The results of the activation energy calculation show that 

the use of zeolite as a bed material gives the highest value, 

followed by iron oxide and the lowest is ZSM-5. If seen, this 

value has a correlation with the pore characteristic value of the 

bed material as shown in Table 3. It shows the surface area 

(BET) from low to high values is zeolite; 19,497 m2/g, iron 

oxide; 22,527 m2/g and ZSM-5; 368,912 m2/g. There is an 

inverse correlation where ZSM-5 with the lowest activation 

energy has the highest surface area, and vice versa for zeolites. 

This shows that the larger the surface area, the better the ability 

to reduce activation energy. This process is in line with the 

function of the bed material in the pyrolysis process as heat 

storage, so a large surface is needed to be able to transfer more 

heat. The stored heat is intended to cracking the biomass, so 

that further heat supply from the source can be reduced. 

The kinetic test to calculate the activation energy using 

TGA is like slow pyrolysis, so that the heat transfer to the bed 

material takes place from the start of the furnace operation to 

a temperature of 950℃. At this stage, the energy supplied to 
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heat the bed material is large enough to ignore the energy of 

biomass decomposition. This can be seen in Figure 7 where 

the activation energy curve of SCO+bed material is higher 

than without bed material. However, the bed material will play 

an important role in fast and flash pyrolysis, when the 

temperature has been reached and the biomass is fed 

spontaneously, less energy is required for decomposition. 

However, the fast dan flash pyrolysis kinetic testing still 

requires further research because the challenge is to weigh the 

mass of biomass in a conversion range in a very short time. 

The calculation results for predicting the activation energy, 

where its distribution on the conversion degree was shown in 

the graph, are shown in Figure 7(a) for the KAS model and (b) 

for Friedman. Meanwhile, the OFW model was not shown 

because the curve had similarities to the KAS model. In the 

KAS method, part of the ZSM-5+SCO curve was below the 

SCO curve, specifically at degrees of 0.3 to 0.8, while degrees 

of 0.3 and below, the SCO curve was above. This signified that 

in SCO pyrolysis with the addition of ZSM-5 bed material, the 

activation energy in the devolatilization stage is lower than 

that of SCO pyrolysis without bed material. The distribution 

graph of activation energy based on the Friedman model 

showed that the ZSM-5+SCO curve with conversion degrees 

of 0.4 to 0.7 were under the SCO curve. Therefore, the 

activation energy of SCO pyrolysis with the addition of bed 

material ZSM-5 is lower at the conversion degree of 0.7, 

although the average value was slightly higher than the 

average SCO. 

 

 
 

Figure 7. Distribution graph of the activation energy (Ea) in 

the conversion degree 

 

Based on the average activation energy in the KAS and 

OFW models for ZSM-5+SCO of 163.578 kJ/mol and 164.794 

kJ/mol, there were differences of 2.413 and 3.230 kJ/mol, 

compared to SCO. Therefore, the addition of ZSM-5 bed 

material only reduces the activation energy by 1.45% based on 

the calculation of the KAS model, with a 1.92% decrease using 

OFW. This value is quite small compared to the energy 

required to prepare bed materials in the pyrolysis process, 

unless it has other specific purposes such as producing bio-oil 

or gas products with certain characteristics.  

 

 

4. CONCLUSION 

 

Thermogravimetric analysis (TGA) on sunan candlenut 

oilcake showed a volatile content of 82.80%, and a calorific 

value of 26.93 MJ/kg. The high carbon and hydrogen contents 

make the sunan candlenut oilcake a potential raw material for 

bioenergy in form of bio-oil and bio-gas. The decomposition 

of the volatile fraction with the highest percentage occurred at 

an average temperature of 724.921 K. Furthermore, the kinetic 

pyrolysis successfully modeled and evaluated the activation 

energy using the iso-conversional method of KAS, OFW, and 

Friedman models. The results showed that the activation 

energy of the sunan candlenut oilcake is 169.140 kJ/mol 

decreased by 1.45% in the KAS model and 1.92% with OFW, 

by adding of ZSM-5 bed material. Therefore, the use of ZSM-

5 bed material in the pyrolysis process reduces the activation 

energy.  
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NOMENCLATURE 

 

A Pre-exponential factor, 1/s 

Ea activation energy, kJ/mol 

HHV high heat value, MJ/kg 

k Constant rate 

KAS Kissinger–Akahira–Sunose 

OFW Ozawa, Flynn and wall 

R Gas constant, 8.314 J/K.mol 

R2 Correlation coefficient 

T Temperature, K 

TGA Thermogravimetric analysis 

 conversion degree 

 heating rate, K/min 
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