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EFFECT OF ZEOLITE ON THE CATALYTIC CRACKING OF 
TAR YIELDS MAHOGANY WOOD PYROLYSIS

Widya Wijayanti*, Mega Nur Sasongko, Musyaroh
Brawijaya University, Mechanical Engineering Departement, Malang, Indonesia

In this study, the effects of zeolite were observed to investigate the formation of a pyrolysis product, which is tar yield. 
Tar yields receive the most attention because of their potential as a bio-oil and chemical feedstocks. For this reason, 
efforts to increase tar yield were made, one of which was by adding zeolite to the pyrolysis process. The role of ze-
olite here was a pyrolysis catalyst. This is a study that uses mahogany wood as the feedstock for a real, pilot plant 
pyrolysis reactor. Moreover, 0–50% of the feedstock’s mass worth of zeolite was also introduced during the pyrolytic 
process. The temperatures set in this pyrolysis were 250 °C, 500 °C, and 800 °C. The test results were measured in 
terms of the tar yield’s volume and mass. The volume of tar yields produced increased as the temperature increased 
due to more biomass decomposed. Then, the chemical composition of tar yield was tested using a Gas Chromato-
graph Mass Spectrometry (GC-MS) to measure the percentage of its chemical constituent compounds. Then, the 
formation mechanism of tar compounds from pyrolysis was described by using HyperChem simulation. The results 
showed that an increase in zeolite catalyst percentage would generate more volume of tar yields. It was due to the 
breaking of biomass hydrocarbon chains, increasing the production of tar yields. Zeolite also affected the formation 
of hydrocarbon chains in tar yields where the chains became shorter as the percentage of zeolite catalyst rose. The 
mechanism of increasing tar product was due to the role of zeolite as a catalyst in the catalytic cracking process 
which is almost similar to acid-base reactions of Brønsted-Lowry and Lewis. This reaction took place when the pyrol-
ysis yields moved through the pores of zeolite, breaking the long hydrocarbon chains into shorter ones which were 
dominated by alkenes, aromatic, and acidic compounds formation. In addition, acidic compounds represented by 
acetic acid function as a flammable matter possess the potential of becoming oil-fuel.
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INTRODUCTION

Pyrolysis is a method for converting biomass into fuel, 
whether as a solid, gas, or liquid fuel. Various attempts 
have been made to increase pyrolysis production. During 
pyrolysis, complex hydrocarbon molecules in biomass 
break down into relatively smaller and simpler gas, liquid, 
and carbon [1]. In principle, pyrolysis is the breakdown of 
biomass into shorter compounds due to the complexi-
ty (length) of the biomass compounds. Therefore, other 
process is needed to break these long hydrocarbon com-
pounds into simpler ones. There are two methods to de-
compose these complex biomass compounds: thermal 
cracking and catalytic cracking process. There has been 
plenty of research on thermal cracking, but research on 
catalytic cracking has not yet been done. In this study, 
both methods were used, though the catalytic cracking 
effect was focused more. Catalytic cracking is the pro-
cess of breaking the chain of hydrocarbons into short-
chained hydrocarbons with the help of a catalyst [2].
An appropriate matter used as the catalyst is zeolite. 
Zeolite is commonly used as a catalyst and adsorbent. 
Previous research [3] to [4] described that zeolite as a 
microporous structure is capable of absorbing H+ ion de-
composed at the major compound. In thermal cracking, 
the condensed gas will be decomposed by introducing 
heat energy absorbed during the process to crack longer 
hydrocarbon compounds into shorter ones. If catalytic 

cracking is involved in the process, not only is the py-
rolysis process influenced by heat, but the catalyst will 
also absorb and dissociate the compounds which pass 
through the zeolite pores and then split into shorter-chain 
compounds. There are many studies [5] to [8] investigat-
ing the effects of zeolite. However, an explanation of the 
mechanism of tar yield formation has not been carried 
out. When the temperature starts to increase, the bio-
mass undergoes thermal cracking where its structure is 
split from solid into condensed gas. The biomass com-
pound decomposition is then met with the catalyst, zeo-
lite, which holds a crucial role during this stage.
The process of breaking biomass chains by catalytic 
cracking process involves the acid-base process of Brøn-
sted-Lowry and Lewis in zeolites [9]. Zeolite, a porous 
aluminosilicate mineral that carries a negative charge, 
is made of a tetrahedral structure of alumina (AlO4) and 
silica (SiO4). Zeolites act as cation exchangers, due to 
the negative nature of aluminum and the ability to ex-
change cations with compounds that pass through them. 
Zeolites are relatively cheap and easy to find. The con-
tent of AlO4 and SiO4 which form the tetrahedral structure 
of zeolites has two sources of acidity, namely the Brøn-
sted-Lowry and the Lewis acid site [10]. The negative 
charge of aluminum in the zeolite’s tetrahedral structure 
requires cations to balance it. This is because aluminum 
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substitutes silicon, making it a Brønsted-Lowry acid site. 
Therefore, Al will bind with H+ ions and form a strong 
Brønsted-Lowry acid so that one part of the zeolite struc-
ture will bind to the H+ ion as shown in Figure 1.

Figure 1: Brønsted-Lowry Acid Site at zeolite structure

Figure 2: Lewis Acid Site at zeolite structure

Lewis Acid Site as the catalytic process in breaking the 
biomass is formed from extra-framework Aluminum in 
the zeolite structure. The term “extra-framework” refers 
to the aluminum in zeolite compounds, despite not form-
ing a tetrahedral structure. Lewis acid site only acts as 
an acceptor or negative ion acceptor as determined in 
Figure 2. Both Brønsted-Lowry and Lewis acid-base 
reactions take place when the pyrolysis gas moves 
through the zeolite pores and breaks the long hydrocar-
bon chains into short ones [11].
This study takes into account the biomass compounds’ 
breaking process, which will help illuminate the mech-
anism of the chemical tar yield formation. It will predict 
the effect of adding zeolite as a catalyst, proven by any 
chemical tar yields’ compounds measurements. During 
the catalytic pyrolysis, zeolite was mixed with the ma-
hogany feedstock in the pyrolysis reactor to study its 
effect and chemical mechanism formations on the final 
product yields.

EXPERIMENTAL METHODS

Pyrolysis was carried out on a fixed bed reactor as shown 
in Figure 3. In this experimental study, a heater was used 
to heat the furnace from Ts=250 °C to 800 °C. The feed-
stock used in the pyrolysis process came from any craft 
waste; needle particles of mahogany wood. To reduce 
their moisture level to around 0-2%, the feedstocks were 
subjected to a temperature of 110 °C in an oven for an 
hour prior to the experiment. Besides, it was used zeolite 
mixed with mahogany wood to investigate the effect of 
catalytic cracking in the pyrolysis process. The zeolite 
was obtained from South of Malang, Indonesia which 
contains elemental composition of natural zeolite miner-
als determined in Table 1.

Figure 3: Experimental apparatus for obtaining tar yields of pyrolysis

Element Weight % Weight % σ Atomic %
Carbon 31.833 4.511 41.578
Oxygen 48.875 3.319 47.926

Aluminum 3.481 0.299 2.024
Silicon 13.557 0.963 7.573

Potassium 1.724 0.198 0.692
Calcium 0.529 0.135 0.207

Table 1: Elemental compositions of zeolite

Simultaneously, the zeolite was activated and dried us-
ing a heating oven at a temperature of 400°C for one 
hour. This was also to ensure that the moisture content 
also reaches 0-2%, similar to the moisture content of 
mahogany, to initiate the pyrolysis process to suppress 
the moisture. The next step was to introduce 0-50% of 
the feedstock’s mass worth of zeolite into the mahogany 
wood in the form of sawdust. Each mixture was ensured 
to weigh 200 grams.
Then, the feedstock mixture was put into the furnace 
reactor. After placing the feedstock, nitrogen gas was 
flowed inside the furnace to suppress oxygen for pre-
venting combustion. Afterwards, the experiment was 
initiated with a designated heating rate of up to about 
1073 K/h. After each experiment was completed, the tar 
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yields of pyrolysis products were condensed in the bea-
ker glass inside an ice-cold trap. Afterwards, at each py-
rolytic setting temperature Ts, the volume of tar yield was 
measured using a flowmeter.
In addition to measuring the tar volume, the constituent 
chemical compounds of tar yield as the product of pyrol-
ysis were also analyzed using GC-MS for investigating 
the effect of zeolite on the formation mechanism of tar’s 
constituent compounds. Moreover, HyperChem simula-
tion was used to validate the way by which zeolite plays 
a role in the formation of tar.

RESULTS AND DISCUSSION

The effects of zeolite on the production of tar yields

In this study, it was found that the effect of thermal crack-
ing and catalytic cracking was indicated by the relation-
ship between pyrolysis temperature and tar volume yield 
produced by the pyrolysis of mahogany wood at tem-
peratures of 250 °C, 500 °C, and 800 °C. Moreover, this 
study also takes catalytic cracking affected by zeolite into 
account by adding zeolite at a percentage of 0%, 25%, 
and 50% as shown in Figure 2. First, in the absence of 
zeolite, the result suggests that temperature determines 
the volume of tar produced during the pyrolysis process 
[12]. The least volume of tar is produced at T=250°C be-
cause only softer compounds decompose at such low 
temperatures, such as cellulose and hemicellulose. On 
the contrary, a much higher temperature is needed to de-
compose harder compounds, which is lignin. At 500°C, 
there is an increase in the volume of tar yields (60 ml) by 
pyrolysis without zeolite. The reason for this increase is 
that hemicellulose begins to decompose at temperatures 
from 220–315°C, while cellulose at temperatures from 
315–400°C [13].
The volume of tar yields produced increases as the tem-
perature increases due to more biomass decomposing. 
When the pyrolysis temperature reaches above 500°C 
without the addition of zeolite, the volume of tar yields 
decreases because the primary tar begins to break down 
and forms secondary tar up to a temperature of 800°C 
when the primary tar has been finally used up [14].
Afterward, if we take a look at the effect of adding zeolite, 

Figure 4: Volume of tar yields

it shows that the produced tar yields with the addition of 
zeolite tend to be higher in terms of volume than with-
out zeolite. This study found that the highest tar volume 
is in pyrolysis with 50% zeolite, followed by the addition 
of 25% zeolite and 0% zeolite. In this process, zeolite 
contributes to a significant amount of obtained pyroly-
sis process yields. This is because in pyrolysis without 
zeolite, the biomass is only decomposed through the 
thermal cracking process, i.e. the breakdown of chem-
ical structures due to heat energy. Meanwhile, by add-
ing zeolite, two decomposition processes take place at 
once; thermal cracking and catalytic cracking. Zeolite, as 
a catalyst, contributes to the decomposition of hydrocar-
bon chains through a catalytic cracking mechanism. If 
comparisons are made among them, the absence of ze-
olite leads to the pyrolysis occurring solely by the thermal 
cracking process.
Beyond the pyrolysis temperature of 500°C, there is a 
decrease in the volume of produced tar yields in the ab-
sence of zeolite, whereas increased tar yields happen 
with the addition of zeolite. This is because zeolite op-
timizes secondary and tertiary pyrolysis processes by 
absorbing H+ ions in temperatures above 500 °C through 
the catalytic cracking method because zeolites are 
heat-resistant up to 1000°C [15]. Secondary pyrolysis 
reaction occurs above 500°C and produces secondary 
pyrolysis products, such as phenols and CnH2n alkene 
compounds as confirmed in section 3.2 below. Mean-
while, the addition of 25% and 50% zeolite indicates that 
the trend continues to increase. The addition of zeolites 
will continue to increase the yields because zeolites also 
have the ability to reduce the activation energy needed 
by biomass to be decomposed. In other words, com-
pounds with stronger molecular bonds, such as hemicel-
lulose and lignin can then be decomposed much easier.

The effects of zeolite on the constituent compounds 
of tar yields

This study used the GC-MS measurement to shed light 
on the influence of zeolite on the underlying mechanism 
of how tar yields are formed. Aside from explaining the 
mechanism of tar yield formation using HyperChem sim-
ulation validations, the identification aims to determine 
the distribution of tar yields’ chemical composition that 
can be used as a liquid fuel (bio-fuel). In this study, we 
measured the tar yields by GC-MS, all in pyrolysis tem-
peratures of 250°C–800°C. However, it is determined 
that T=500°C represents all of the GC-MS results as 
shown in Table 2 to Table 4.
In the tables, different hydrocarbon chain molecules can 
be seen where they can be classified based on chain 
length. The length of carbon chains in hydrocarbons are 
grouped into short, medium, and long carbon chains. The 
short carbon chain is in the C1-C3 range, medium chain 
in the C4-C6, while long chain in the C7-C20 range [16]. 
In this case, the different colors distinguish the different 
chain lengths. The red color represents short-chain hy-
drocarbon compounds, the blue color represents medi-
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Table 2: Tar yields at 500°C without zeolite

Table 3: Tar yields at 500°C with 25% zeolite

Table 4: Tar yields at 500°C with 25% zeolite
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um-chain hydrocarbon compounds, while the yellow col-
or represents long-chain hydrocarbon compounds.
Table 2 shows the proportion of tar yield compounds 
resulted from the pyrolysis of mahogany wood at 500 
°C without zeolite. It can be seen that the compounds 
formed have carbon chain lengths from C1 to C11, com-
prising 20.63% short-chain hydrocarbons, 37.29% medi-
um-chain hydrocarbons, and 42.08% long-chain hydro-
carbons. Meanwhile, Table 3 displays the generated tar 
yields at 500 °C with 25% zeolite. It produces the same 
range of carbon chain length as the pyrolysis without ze-
olite, i.e., the carbon chain lengths formed range from 
C1 to C11. However, note that the percentage of carbon 
chain lengths differs from the previous one. 62.38% have 
short carbon chains, 24.87% with medium-chain carbon, 
and 12.75% with long carbon chains. Table 4 illustrates 
the tar yields components with the addition of 50% ze-
olite. It can be seen that the compounds of tar yields 
formed have carbon chain lengths spanning from C1 
to C15, with the percentage of compounds consisting of 
43.33% short-chain carbon, 43.96% medium-chain car-
bon, and 12.71% long-chain carbon.
If the lengths of the carbon chain are compared among 
others as shown in Figure 5, the pyrolysis with 25% ze-
olite produced the shortest chain compounds of them 
all. This is because, in the lignocellulose structure, the 
C-O and C-C bonds breaks down and results in Brønst-
ed and Lewis acid-base reactions. As a result, zeolite is 

Figure 5: The percentages of tar yields’ Carbon chain
then able to receive the H+ ions released by the biomass 
during the pyrolysis process. As increase pyrolysis tem-
perature, as much more biomass decomposed. It affects 
the cracking of long-chain hydrocarbons which are split 
into shorter-chained hydrocarbon compounds.
As it turns out, the addition of 50% zeolite can produce 
the most medium-chain carbon compounds than others. 
The abundant Medium-chain carbon in tar yields are 
caused by the catalytic cracking process in which zeo-
lites produce aromatic compounds through the aromati-
zation process of the already formed alkene compounds 
[13] classified as Medium-chain carbon compounds due 
to β scission process that will be explained in the next 
section below.

During the pyrolysis process, as the pyrolysis tempera-
ture increases, the aromatic components increase as 
well. Then, by measuring the tar yields compounds, we 
can prove that zeolite is able to decompose hydrocar-
bons in biomass from longer-chained carbons to short-
er-chained ones. Furthermore, the tar formation mecha-
nism that occurs as shown by the GC-MS test results will 
be explained further below.

The effects of zeolite on the mechanism of pyrolysis 
cracking during the formation of tar yields

Making use of the GC-MS method, this study examined 
the production of tar yields through the pyrolysis of ma-
hogany wood under the influence of zeolite. Zeolite acted 
a catalyst that assists the cracking process of hydrocar-
bon chains, involving the Brønsted and Lewis acid-base 
reactions. These acid-base reactions occur when the 
lignocellulose structure breaks down the C-C and C-O 
bonds and when the gas product moves through the ze-
olite pores, breaking down long-chain hydrocarbons into 
shorter ones. There are three stages in which zeolite is 
involved in the breaking of hydrocarbon chains, which 
are initiation, propagation, and cracking (β scission).
The initiation stage consists of the formation of carbeni-
um ion or positively-charged hydrocarbon compounds, 
wherein the alkene hydrocarbons either receive H+ ion 
at the Brønsted site or release H+ ions at the Lewis site. 
The propagation stage consists of the exchange of H+ 
ions in the alkanes adjacent to the carbonium ions, turn-
ing carbonium ions into alkanes, and vice versa.
The final step in the cracking of hydrocarbon chains by 
zeolites is the β scission process. In this process, the 
carbonium ions formed in the propagation process are 
split into new carbonium ions and alkenes with shorter 
chains. This breaking process occurs continuously to 
produce hydrocarbons with shorter chains. After the pro-
cess of breaking the hydrocarbon chain takes place, the 
aromatization process occurs, which is the process of 
forming aromatic compounds by alkene compounds that 
have been formed from the catalytic cracking process.
The steps of the biomass cracking mechanism are il-
lustrated graphically in Figure 6 using the HyperChem 
simulation. It shows that the formation mechanisms of 
tar yield are due to the zeolite effect. It can be seen that 
the pyrolysis process causes the formation of shorter 
compounds from more complex biomass compounds; 
cellulose, hemicellulose, and lignin. The breakdown of 
cellulose without zeolite only involves thermal cracking 
process, so furan compounds and some acidic com-
pounds are formed. Whereas, in the cracking of cellulose 
with the help of 25% and 50% zeolite, the catalytic crack-
ing process begins by breaking down furan compounds 
into alkenes, followed by the aromatization process.
In the breakdown of hemicellulose compounds without 
zeolites—similar to cellulose—the thermal cracking pro-
cess also produces only furan compounds and acidic 
compounds. However, in the breakdown of hemicellu-
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lose with 25% and 50% zeolite, it also forms furan com-
pounds and then produces aromatic compounds and 
alkenes. Lastly, this study will discuss the pyrolysis pro-
cess of lignin. In the absence of zeolite, the dissociation 
process of hydrocarbon chains only involves thermal 
cracking, which forms aromatic and acidic compounds. 
It is only after adding both 25% and 50% zeolite that 
the process also takes catalytic cracking into account. 
The catalytic cracking serves to break the C-O and C-C 
bonds in the lignin structure due to its stronger bonds. 
However, this study believes that the pyrolysis of lignin 
has no effect on the overall gas products because of its 
rich aromatic compounds with a much larger molecular 
size compared to the zeolite pores. The difference in size 
prevents the gas to pass through the zeolite pores.

Figure 6: The chemical mechanism formations of tar 
yields

CONCLUSION

After investigating the mechanism formation of tar yields 
in the pyrolysis process with the help of zeolite as a cat-
alyst, it can be concluded that:
1. The volume of tar yields increased significantly with

the addition of zeolite catalyst because the biomass 
decomposition was affected by both thermal crack-
ing and catalytic cracking;

2. The catalytic process reveals that the more zeolite
was added, the shorter the carbon chain of the pro-
duced tar, whereas the volume of the tar yields in-
creases;

3. This study found similarities in the formation of tar
through the thermal and catalytic cracking with the 
Brønsted-Lowry and Lewis acid-base reactions.

The mahogany wood component, cellulose, turned fu-
ran compounds into alkenes. Hemicellulose converts fu-
ran compounds into aromatic compounds and alkenes. 
Then, lignin was decomposed into aromatic and acidic 
compounds.
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